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Mephedrone (4-MMC), due to its psychoactive effects similar to amphetamines and cocaine, and much lower 
price, is currently one o f the most abused drugs by adolescents. Due to its commonness and low price, it is one o f 
the stimulants that causes a strong mental and physical addiction, even leading to overdosing or the occurrence 
o f strong withdrawal effects. In this work, w e 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 o f both 4-MMC and MOF, spectroscopic signals overlap and the 
use o f 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 as well 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% o f adsorption. Additionally, by using the modulated 
synthesis o f UiO-6 6 2 5 % 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 o f 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 o f MOFs.

1. Introduction

A m ong m any psychoactive substances, lega l highs and “club drugs” 

keep gain ing m ore and m ore popu larity  am ong young people. Their 

ava ilab ility , price, and lega l loopholes make them  m ore and m ore easily 

ava ilab le and thus cause numerous health and socia l problem s. A c 

cord ing to the European M on itoring Centre for Drugs and Drug A dd ic

tion, every  year 50 n ew ly  reported psychoactive substances are reported 

[ 1]. The drug black m arket in the EU is estim ated to be w orth  about 24

b illion  each year [2 ]. A ccord ing to the recent report by  the European 

M on ito rin g Centre fo r Drugs and Drug A dd ic tion  (EM CD D A), the Eu

ropean m arket is dom inated by  cannabis (3 8 % ), hero in  (2 8 % ), and 

cocaine (2 4 % ) w ithou t taking into consideration the amounts o f  

so-called “ lega l highs” or “new  psychoactive substances” (N PS ) w h ich  

are not on the list o f  illega l substances due to their fast synthesis and 

w id e  distribution. It is estim ated that every  w eek  about 2 n ew  psycho

active  substances are introduced into circulation, w h ich  constitutes 8%  

o f  drug use am ong adolescents [2 ]. D ifficu lties related to  the detection  o f
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NPS in the environm ent and the ease o f  distribution o f  precursors for 

their production make them  w id e ly  ava ilab le on  the black m arket as 

w e ll as on  Darknet. The e ffe c tive  preven tion  and m onitoring o f  illic it 

drugs are challenging since drug use usually takes p lace in drug un

dergrounds, closed events, or private homes. The recent report on drug 

abuse at Glastonbury Festival 2019 show ed that the prob lem  o f  drug 

abuse not on ly  has a negative im pact on human health and life  but also 

has a negative  e ffec t on fauna [3 ]. During the G lastonbury Festival in 

2019, increased drug content downstream  o f  W h itelake R iver reached 

m aximum  concentrations equal to  32.33 ng/L, 548.41 ng/L, and 322.77 

ng/L fo r cocaine, benzoylecgon ine, and M D M A, respectively. The high 

cocaine concentration in  the W h itelake R iver resulted in the disruption 

o f  European ee ls ’ endocrine system w h ich  hypothetica lly  caused the 

extinction o f  this species.

The prob lem  o f  drug abuse is not lim ited  to annual rock festivals but 

occurs g loba lly . In Tab le 1 the occurrence o f  the m ost popular illic it  

drugs was summarised based on m onitoring o f  drug abuse based on 

measuring drugs and/or drug m etabolites in urban wastewater. The 

m ethod ca lled  sewage-based ep idem io logy  (SBE) a llow s fo r the accurate 

determ ination o f  drug concentration based on drug m etabolites from  

untreated urbane w astew ater [4 ]. The analysis o f  the data shown in 

Tab le 1 illustrates the w ide  spectrum o f  illic it  drugs that w ere  detected 

in urban wastewater. In Europe, high concentrations o f  such drugs as 

m ephedrone (4 -M M C ), amphetam ine, m etham phetam ine, cocaine, and 

M D M A  w ere  recently  detected. It is w orth  m ention ing that the prob lem  

o f  w ater po llu tion  is not lim ited  to the psychoactive compounds in 

Tab le 1, but also includes other compounds such as m ethcathinone, 

butylone, and isomers (1-(2 -m ethoxyphenyl)p iperazine, 1-(4-m ethox- 

yphenyl)p iperazine; 1-(2 -flu rophenyl)p iperazine, 1-(4 -flu rophenyl) 

p iperazine; 1-(3 -trifluorom ethylphenyl)p iperazine, 1-(4-tri-

flu orom ethylph enyl)p ip erazine ) [ 5 ], m ethylened ioxypyrova lerone 

(M D P V ), benzylp iperazine (B ZP), trifluorom ethylphenylp iperazine 

(TF M PP ), and 1-(3 -ch lorophenyl)p iperazine (m C PP ) [ 6 ] and m any 

others.

The presence o f  drugs in dom estic sewages that end up in w astew ater 

treatm ent plants is an enormous challenge from  a technolog ica l po int o f  

v ie w  due to the fact that standard w astew ater treatm ent procedures are 

not fu lly  effic ien t in the case o f  drug-contam inated water. As previously 

reported in w ork  by  Haalck et al. [ 7 ] the rem oval e ffic iency  (R E % ) o f  

illic it  drugs in  w astew ater treatm ent plants (W W T Ps ), the com plete 

rem oval using standard W W TPs clean ing m ethods w as ach ieved on ly  for 

am phetam ine (100  RE% ), and nearly 100 RE% for benzoylecgon ine and 

cocaine (94  and 98 RE% in W W TPs in Uppsala, 98 and 99 RE% in 

W W TPs in Stockholm , respectively ). The rem oval e ffic iency  fo r other 

illic it  drugs like M D M A  or m etham phetam ine, the RE%, w as equal to 26 

and 64 RE% in W W TPs in Uppsala and 21 and 37 RE% in W W TPs in 

Stockholm , respectively . M ore im portantly, the nega tive  RE% was 

observed fo r ketam ine and 4-M M C reaching — 28 and — 31 RE% in 

W W TPs in Uppsala. The nega tive  RE% indicates that h igher amounts o f  

drugs w ere  detected a fter the w astew ater treatm ent process w h ich  was 

probab ly due to  the b iodegradation  o f  precursors in sew age or

post-treatment re-partition ing o f  drug m etabolites to  the processed 

sewage. The prob lem  o f  drug rem oval during the w astew ater treatm ent 

becom es acute w hen  com paring the amounts o f  4-M M C and ketam ine in 

Bologna and Cam bridge w h ere the m aximum  measured concentrations 

o f  those drugs w ere  equal to 24 ng/L and 57.8 ng/L (B o logna ) and 

5.49-105 ng/L and 9.72-104 ng/L (Cam bridgesh ire w astew ater), 

respectively.

A m ong the numerous drugs o f  abuse, m ephedrone ((RS )-2-m ethyl- 

am ino-1-(4-m ethylphenyl)propan-1-one, 4-M M C) am ong the others 

have a h igh priority  on detection  and deve lopm en t o f  the methods for 

rem ova l from  w astew ater or human detox ification  due to the fact that it 

is the m ost recreationally  abused drug around the w orld . Due to its 

sim ilar effects to am phetam ine, M D M A, or cocaine, low  price, easy 

accessibility, and h igh purity, it has been a predom inant drug o f  abuse in 

seizures. Until the 4-M M C w as listed as an illega l substance, it was 

w id e ly  ava ilab le in  drug markets, “ lega l h igh ”  shops, the internet, and 

even  gas stations [ 8 ]. Despite its banning in most countries in 2010 [ 9 ], 

its popu larity  w as still g row in g  resulting in an increase in the death rate 

o f  drug addicts. In addition  to its w id e  popu larity  am ong the youth, 

4-M M C is gain ing popu larity  am ong the clubbers and so-called “ chem- 

sex” . The trend o f  the “chemsex” abbreviated from  the term  “ sex under 

the in fluence”  is rap id ly grow in g  m ain ly w ith in  the group LGBT and 

refers to the use o f  the drug o f  abuse like m ephedrone, M D M A, and 

am phetam ine in the presence o f  cocaine, ketam ine, GHB and/or a lcoho l 

( “ date-rape drug” ) to enhance the sensations during sexual intercourse 

[ 10]. The com bination  o f  multi-drug abuse has been reported as 

responsible fo r serious health problem s or deaths [9 -1 1 ].

Taking a ll the above-m entioned issues related to the rem oval o f  illic it 

drugs from  urban w astew ater it m ay be concluded that there is an urgent 

need to deve lop  nove l and e ffic ien t m ethods fo r the rem oval o f  illic it 

drugs w h ich  cou ld  be characterized as effic ien t, reliable, and safe for 

liv in g  organisms.

The recent developm ents in the synthesis and application  o f  m etal- 

organ ic fram ew orks (M O F ) as adsorbents make them  good  candidates 

fo r the application  to  the rem oval o f  illic it drugs during w astew ater 

treatm ent. Since the MOFs have been first been announced to the 

research com m unity in the early  ‘90s [ 12],  numerous literature reports 

on  their successful use in various applications including catalysis 

[ 13 -15 ], energy storage [ 16], adsorption [ 17,18], drug de live ry  [ 19,2 0 ] 

and m ed icine [21,22 ]. The rem arkable success o f  the application o f  

MOFs fo r adsorption purposes triggered  increased research into their use 

fo r the adsorption o f  hazardous m aterials from  w ater. The w ide  range o f  

possible applications o f  MOFs fo r the rem oval o f  hazardous materials 

includes the rem oval o f  hazardous dyes [23 ],  herbicides/pesticides in 

groundw ater [24,25 ], hazardous organics [26 ], heavy metals [27 ], and 

radionuclides [28 ]. Am ong the m any possible applications o f  MOFs, 

their possible application  fo r the adsorption o f  hazardous m aterials from  

aqueous m edia is currently under intense investigation. The m ain lines 

o f  research focus on the adsorptive rem oval o f  pharm aceutical drugs and 

personal care products (PPCPs) that are instantly produced and released 

to  the environm ent from  hospitals and households. Several studies on

Table 1
The concentrations o f illicit drugs in wastewater samples worldwide.

Area Highest compound concentration, [ng/L]

4-MMC AMPH METH MDMA COC 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 effic ien t rem oval o f  such contam inants as d ic lofenac sodium (DCF), 

ch lorprom azine hydroch loride (CLF), am odiaqu ine d ihydroch loride 

(A D Q ) [29 ], ibuprofen and acetam inophen [3 0 ], m ethotrexate [31 ], and 

m any others [32 ].

A m ong the numerous synthesised MOFs presented in  the literature, 

zirconium -based MOFs are under intense investigation  due to their h igh 

therm al and chem ical stability, high b iocom patib ility , and lo w  cyto

tox ic ity  properties [3 3 -3 5 ]. The previous successful application o f  

U iO - 6 6  and NU-1000 fo r m ed ica l purposes, especia lly  as drug carriers 

[ 36,3 7 ] and adsorbents o f  hazardous compounds like urem ic toxins [ 18] 

m ade them  a natural choice in the search fo r potentia l NPS adsorbents. 

The selected fo r this study MOFs are com posed o f  Zr6-oxo-clusters 

connected by  terephthalate ligands fo r U iO - 6 6  [38 ] and 1,3,6,8-tetrakis 

(p -benzoate )pyrene (T B A P y 4- ) fo r NU-1000. The differences betw een  

organ ic linkers in both Zr-based MOFs result in d ifferen t topologies and 

porous characteristics o f  U iO - 6 6  and N U -1000) (Fig. 1). The U iO - 6 6  

topo lo gy  m ay be summarised by  the form ula [Z r6(p 3-O )4(p 3-O H )4 ] 12+ 

w here tetrahedral and octahedral cages are present [39 ]. The NU-1000 

is characterized b y  the form ula [Z r6(p 3-O )4(p 3-O H )4(O H )4(O H 2) 4] 8+, 

w here pyrene-based linkers (1 ,3,6,8-tetrakis(p-benzoic-acid )pyrene, 

H 4T B A P y ) form  characteristic triangular and hexagonal pores [3 9 ]. It 

should be also em phasised that the structure o f  U iO - 6 6  m ay be rich in 

structural defects in the form  o f  the m issing linker or missing node w h ich  

makes the overa ll structure far from  “ idea l”  [40 ]. In this study for 

com parison reasons, the U iO - 6 6  and U iO - 6 6 25% HCl samples w ere  syn

thesised, w h ere increasing amounts o f  concentrated hydroch loric acid 

w ere  used to  increase structure de fectiv ity.

In this paper, inspired b y  the achievem ents in the fie ld  o f  MOFs and 

their successful use as adsorbents fo r hazardous m aterials so far, w e  

present a com prehensive study on the use o f  zirconium -based MOFs as 

an e ffic ien t adsorbent o f  4-M M C w h ich  is a step fo rw ard  to their 

application in detox ification  in an acute drug overdose. Despite 

numerous literature reports on the use o f  MOFs, their composites, or 

derivatives, the in form ation  about their use fo r the adsorption o f  illic it  

drugs is scarce. The current literature describes the use o f  MOFs fo r the 

rem oval o f  m ain ly com m on ly used m edicaments such as personal care 

products (PC P ), analgetic, or antibiotics. The instant developm en t o f  

M OF syntheses and their application  fo r m ed ica l purposes requires in

depth characterization b y  using liv in g  organisms.

M ore im portantly, the e ffect o f  the use o f  MOFs as e ffic ien t 4-M M C

adsorbents on liv in g  organisms has not been described in  the litera

ture before. Based on experim enta l and theoretical considerations w e 

answer key questions: i )  w hether zirconium -based MOFs m ay be suc

cessfu lly used fo r the rem oval o f  4-M M C from  aqueous solution, i i )  w hat 

are the mechanisms describ ing the adsorption o f  4-M M C in prepared 

U iO - 6 6  and NU-1000 MOFs, and fin a lly  i i i )  are the MOFs po ten tia lly  safe 

fo r the use in liv in g  organisms in 4-M M C detox ification  treatment?

Therefore, w e  present fo r the first tim e, accord ing to our best 

kn ow ledge, the usability o f  MOFs as sorbents o f  a w ide  range o f  drugs, 

and the use o f  the fish larvae as the detectors o f  the detox ification  e ffi

c iency (rem ova l o f  drugs o f  abuse), and, simultaneously, the lo w  tox icity  

and card ioprotective effects o f  the studied MOFs.

2. Experim ental

The m aterials used in this study w ere  reagent grade and used w ithout 

further purification. A  de ta iled  list o f  the reagent used in this study is 

p rov ided  in  Supplem entary In form ation  File.

2.1. M ateria l synthesis and characterization

The zirconium -based MOFs used in this study: U iO-6 6 , U iO-6 6 25% 

HCl, and NU-1000 w ere  prepared accord ing to the procedures described 

previously  in the literature [ 18,37 ]. The synthesis protocols are pro

v id ed  in the Supporting In form ation  File. The prepared M OF materials 

as w e ll as the samples a fter sorption o f  4-M MC, 4-M M C @ M O F, w ere 

characterized by  pow der X-ray d iffraction  (PX R D ), low -tem perature 

n itrogen  adsorption, dissolution 1H nuclear m agnetic resonance 

(N M R ) spectroscopy, attenuated tota l reflectance Fourier transform  

in frared spectroscopy (A TR -FT IR ), pRaman spectroscopy and scanning 

electron  m icroscopy (SEM ). D etailed characterization in form ation  is 

p rov ided  in the Supporting In form ation  File.

2.2. Mephedrone adsorption studies

T o  determ ine the adsorption e ffic iency  o f  4-M M C on U iO-6 6 , UiO- 

6 6 25% Hci, and NU-1000, the k inetic studies w ere  perform ed according 

to  the procedure described in our previous w ork  [ 18] w ith  som e m od

ifications. The 4-M MC adsorption kinetic tests w ere  perform ed by 

exposing 10 m g o f  previously activated M OF samples to 2 mL o f  1000

Fig. 1. Crystal structures and Zr6 nodes in prepared Zr-based MOFs (A ) UiO-6 6 , (B ) NU-1000, (C) mephedrone (4-MMC) structure.



pM 4-M MC aqueous solution under therm ostatic conditions (25  °C ). The 

4-M M C concentrations w ere  determ ined at specified  tim e intervals by 

co llecting  the 0.1 m L solutions. The co llected  samples w ere  d ilu ted to 

the required concentration, centrifuged at 6000 rpm fo r 5 m in, and 

measured b y  using a U V -V is  spectrom eter (AvaSpec-ULS3648 

h igh-resolution spectrom eter). T o  determ ine the Freundlich adsorption 

isotherms, the experim ents w ere  perform ed by  exposing 1 0  m g o f  pre

v iously  activated M OF samples to 2 mL o f  1000, 1500, and 2000 pM 

4-M M C aqueous solution under therm ostatic conditions (25  °C ). The 

4-M M C concentrations w ere  measured as described above fo r 4-M M C 

kinetic experiments. The adsorption experim ents w ere  described by 

using pseudo-first and pseudo-second-order m odels using the equations 

previously described elsew here [ 18,41 ]. The adsorption e ffic iency  o f  

4-M M C on NU-1000 w as also perform ed from  1000 pM 4-M M C from  SBF 

solution under therm ostatic conditions (25  °C ). The SBF solution was 

perform ed accord ing to the procedure described elsew here [42 ]. The 

adsorption and 4-M M C concentration determ ination protocols w ere  as 

described above.

T o  determ ine Qmax, the experim ents w ere  perform ed b y  exposing 10 

m g o f  previously activated M OF samples to 2 mL o f  250, 500, 750, 1000, 

1500, and 2000 pM 4-M M C aqueous solution under therm ostatic con

ditions (25  °C ). The 4-M M C concentrations w ere  measured as described 

above fo r 4-M M C kinetic experim ents. T o  obtain Qmax values, the dual

site Langmuir m odel w as applied  [43 ].

T o  dem onstrate the sequential purification o f  4-M M C solution w ith  

M OF adsorbent, the cascade 4-M M C adsorption studies w ere  perform ed 

fo r the most e ffic ien t adsorbent - NU-1000. In this experim ent, the 10 mg 

o f  the previously  activated M OF sample w as added to  2000 pM 4-M M C 

aqueous solution fo r 24 h under therm ostatic conditions (25  °C ). A fter 

that tim e, the resulting 4-M M C concentration was measured spectro- 

photom etrically . The 4-M M C solution a fter the adsorption process was 

centrifuged at 6000 rpm fo r 5 m in to  rem ove M O F w ith  adsorbed 4-M M C 

and the fresh-activated 10 m g M O F sam ple was added to the 4-M M C 

solution. The procedure w as trip le repeated. Prior to the adsorption 

experim ents, the M O F sample w as activated in a vacuum oven  at 120 °C 

fo r 1 2  h.

The additional recyc lab ility  experim ents on purification  o f  4-M M C 

solution w ith  4-M M C adsorbent w ere  perform ed fo r NU-1000 w ith  the 

regeneration  o f  spent NU-1000 in the previous regeneration  step. In this 

experim ent, the 10 m g o f  the previously activated M OF sam ple was 

added to  1000 pM 4-M M C aqueous solution fo r 24 h under therm ostatic 

conditions (25  °C ). A fter  that tim e, NU-1000 w as separated from  the 

solution b y  centrifugation at 6000 rpm  fo r 5 min. Subsequently, the 

spent NU-1000 sam ple w as regenerated by  soaking in m ethanol fo r 1 h 

under v igorou s stirring. A fter that tim e, the NU-1000 w as centrifuged, 

dried  under am bient conditions overn ight, and subsequently dried 

under vacuum at 120 °C fo r 10 h. The recycling  procedure w as trip le 

repeated.

2.3. Periodic density functiona l theory (D F T ) calculations

The adsorption process w as m odeled  at the quantum -chem ical 

Density Functional Th eory  (D FT ) lev e l w ith  the period ic boundary 

conditions w ith  the use o f  the VASP package [44,45 ]. The com putational 

details concern ing both  the m ethodo logy  and the m odels are g iven  in the 

Supplem entary In form ation  file . The geom etrica l relationship betw een  

the planes o f  the arom atic ring o f  the 4-M MC m olecules and the aromatic 

p latform  o f  the M OF hosts w ere  described in the v ie w  o f  their n-n or

bitals, and the interaction energetics w as rationa lized  as the n-n orbita l 

stacking (in  the paralle l or the staggered/parallel-d isplaced geom etry ). 

The geom etric relationship has been determ ined by  the analysis o f  the 

average (as the least squares fit ) planes o f  the arom atic rings.

2.4. In  vivo studies

2.4.1. Zebrafish maintenance

Danio rerio o f  the AB strain (Experim ental M ed ic ine Centre, M ed ical 

U n iversity  o f  Lublin, Po land ) was m aintained as described previously

[ 46 ]. For the experim ents, the em bryos w ere  treated w ith  4-M M C (25 or 

200 pM ) alone and w ith  MOFs in a sterile E3 m edium  at 28.5 °C, fo r 24 

h. A ll experim ents w ere  conducted in accordance w ith  the National 

Institute o f  Health Guidelines fo r the Care and Use o f  Laboratory A n i

mals and the European Com m unity Council D irective fo r the Care and 

Use o f  Laboratory Anim als o f  September 22, 2010 (2010/63/EU). The 

concentrations o f  4-M M C w ere  chosen based on our pre lim inary studies.

2.4.2. Ecotoxicity

T o  determ ine the tox ic ity  o f  4-M MC, the fish em bryo tox ic ity  (FET ) 

test was perform ed on Danio rerio accord ing to OECD Test G u ideline 236

[ 47 ]. Briefly, n ew ly  fe rtilized  zebrafish eggs w ere  exposed to 4-M M C 

alone or w ith  MOFs fo r a period  o f  96 h at concentrations ranging up 

to  900 pM. The system applied  in the experim ent w as static, as the 

changes in solution concentrations d id  not exceed  the range o f  2 0 %  o f 

nom inal concentration values. The fo llow in g  endpoints after 96 h in

cubation w ere  noticed: the coagu lation  o f  fe rtilized  eggs, lack o f  som ite 

form ation , lack o f  detachm ent o f  the tailbud from  the yo lk  sac, and lack 

o f  heartbeat. Based on m orta lity  the va lue o f  LC50 was calculated. For 

the evaluation  o f  ca rd iotoxic ity  o f  4-M MC, the heartbeat per m inute 

(bp m ) w as measured.

2.4.3. Locom otor activity assay

The test w as perform ed on 5 days post fertiliza tion  (d p f) larvae. 

Larvae w ere  incubated in 4-M M C solution (200  pM ), or 4-M M C (200 

pM ) +  MOFs fo r 30 min. Then  one larva per w e ll w as placed in 96 m ulti

w e ll plates in E3 solution (each  group o f  n =  20). A fter 5 m in o f  

habituation, EthoVision X T  15 v id eo  tracking software (Noldus In fo r

m ation Tech n o logy  b. v., The Netherlands) was used fo r the evaluation 

o f  the locom otor activity. The distance m oved  in 10 m in period  was 

calcu lated in cm, in a ligh t condition.

2.4.4. Co lor preference assay

The test was perform ed on 5 days post fertiliza tion  (d p f) larvae. The 

equ ipm ent consists o f  three types o f  P e tr i’ s plate: 1) w ith  a blue- 

co loured bottom ; 2 ) w ith  a ye llow -co lou red  bo ttom ; 3 ) w ith  a bottom  

d iv id ed  into tw o  equal parts blue and ye llow . One larva  per w e ll was 

p laced on a plate. Our pre lim inary studies show ed that 5 d p f larvae 

prefer blue to  y e llo w  (Supporting In form ation ). The test consists o f  

phases.

1) Evaluation o f  in itia l preference (pre-test) -  incubation on a plate 

w ith  the bottom  d iv ided  into tw o  equal parts -  b lue and y e llo w  (5  

m in)

2 ) Condition ing:

a. incubation in a m ore preferred (b lu e ) co loured p late w ith  E3 so

lution (5  m in );

b. incubation in less preferred (y e llo w ) in 4-M M C solution (25  pM ), 

M OFs solution, or 4-M M C (25  pM ) +  MOFs (5  m in );

3 ) Evaluation o f  final preference (test) - incubation in a p late w ith  the 

bottom  d iv id ed  into tw o  equal parts blue and y e llo w  (5  m in).

T im e spent on y e llo w  and b lue parts was evaluated in the first and 

th ird steps o f  the experim ent during a 5 m in period  using EthoVision XT 

15 v id eo  tracking software, in a ligh t condition.

For statistical analysis, Prism  software (GraphPad Software, San 

D iego, CA) w as used. Data w ere  presented as m ean ±  SEM. Data w ere 

analyzed using a tw o-w ay  analysis o f  variance (A N O V A ). For the co lor 

preference test, a SCORE w as calculated, le . ,  the differences betw een  

post-condition ing and pre-cond ition ing tim e spent in the drug- 

associated (y e llo w ) part o f  the plate.



3. Results and discussion

3.1. Synthesis and characterization

The successful preparation o f  Zr-based M OF m aterials w as con firm ed 

w ith  PXRD analysis (Fig. 2A ). The com parison o f  PXRD patterns o f  

prepared M OF m aterials w ith  the literature data confirm s their h igh 

crysta llin ity  [48,49 ].

The porous structure o f  prepared m aterials was con firm ed b y  low - 

tem perature N 2 adsorption experim ents (Fig. 2 B, C). A ccord ing to the 

IUPAC  classification the n itrogen  adsorption isotherms o f  U iO - 6 6  and 

U iO -6 6 2 5 % Hci w ere  I-type and the b iggest increase in sorption capacity 

was obta ined in the range 0 <  0̂ <  0.05. For NU-1000 IV -type isotherm  

was observed and the ranges o f  greatest increase in sorption capacity 

w ere  in a range o f  0 <  <  0.05 and 0.25 <  0̂ <  0.3. A dd itiona l hys

teresis o f  H2-type w as also noticed. Based on the N 2 adsorption equ i

librium  points, the structural parameters w ere  calcu lated (Tab le 2). The 

specific surface area SBET and SLang w ere  determ ined based on the 

m ultilayer and single-layer fillin g  m odel, respectively  [ 50, 51]. For 

U iO-6 6 , the specific surface area SBET w as 1060 m 2/g and SLang was 1517 

m 2/g. The use o f  the h igher amount o f  hydroch loric acid  as a m odulator 

fo r the synthesis o f  U iO - 6 6 25% HCl resulted in structural changes and an 

increase in surface area values to SBET =  1278 m 2/g and SLang =  1803 

m 2/g, respectively. The total vo lum e o f  meso- and fin e m acropores w ere  

0.08 cm 3/g fo r U iO - 6 6  and 0.32 cm 3/g fo r U iO - 6 6 25% HCl samples w ith  

average pore diam eters o f  4.9 nm and 14.5 nm, respectively. In the case 

o f  NU-1000, the determ ined SBET was equal to 2259 m 2/g w hereas SLang 

was 4095 m 2/g, w h ich  is in agreem ent w ith  the literature data [ 52 ]. The 

pore vo lum e VBJH w as much h igher than that o f  U iO - 6 6 25% HCl and 

reached 1.07 cm 3/g and the D BJH =  2.5 nm. The pore size distribution 

(PSD ) fo r MOFs was carried out based on the NLDFT m odel (Fig. 2 C). 

The NU-1000 exh ib ited  increased pore vo lum e w ith  diam eters in the 

range o f  2 .1 -3 .0  nm and one dom inant peak in the pore size o f  3 .2-3 .8 

nm w ith  increased volum e. These pore sizes correspond to  m esopores in 

the low er  diam eter size range, and NU-1000 can be considered a mes

oporous m aterial. The vo lum e o f  m icro- and m esopores was 1.26 cm 3/g. 

A  peak o f  increased pore vo lum e in the range 0.5-1  nm was detected for 

U iO - 6 6  and tw o  peaks in the ranges: 0 .8-1 .2  nm and 1 .5-2 .0  nm in the 

U iO - 6 6 25% HCl sample.

The m olecu lar nature o f  prepared MOFs samples be fore  and a fter the 

4-M M C adsorption from  aqueous 4-M M C solution was determ ined by 

transmission FTIR and pRaman spectroscopies. The results o f  the FTIR  

analysis o f  crystalline 4-M MC and M O F samples a fter 4-M MC adsorption 

are shown in Fig. 3A . The broadband in a range o f  3000-2500 cm ~1 m ay 

be attributed to ring stretching vibrations. The band at 2715 cm ~1 can be 

attributed to N H 2 vibrations [ 53]. The m ost characteristic band at 1689 

cm ~1 originates from  stretching vibrations o f  the carbonyl group [ 53]. 

The FTIR spectra o f  pristine M OF samples show ed typ ica l vibrations for 

U iO - 6 6  and NU-1000 that can be found in the literature. The obtained 

results support the d iffraction  patterns obta ined b y  PXRD analyses. The 

broad band at 3500-2500 cm ~1 m ay be attributed to OH  vibrations o f

Table 2
Sample characteristics.

Parameter Unit UiO-66 UiO-

66250/0 HCl

NU-1000

Sorption capacity at a cm3/g 336.0 603.3 835.8
0.1 MPa STP

BET surface area SBET m2/g 1060.0 ± 1278.0 ± 2258.5 ±
22.9 42.2 188.6

Langmuir surface Slang m2/g 1516.5 ± 1802.6 ± 4095.2 ±
area 1.7 2.4 131.7

BJH surface area SBJH m2/g 63.5 88.3 1703.6
BJH total pore VBJH cm3/g 0.08 0.32 1.07

volume0

BJH adsorption DBJH nm 4.9 14.5 2.5
average pore
width

NLDFT total pore VNLDFT cm3/g 0.55 0.66 1.26
volume*1

Maximum 4-MMC wt% 24.01 ± 35.17 ± 44.75 ±
loading0 0.37 1.74 3.22

where.
a pores with a width o f 1.7 nm-300 nm.
b pores with a width o f less than 23.7 nm.
c in a single adsorption experiment 10 mg MOF/2 mL 1000 pM 4-MMC aq. 

Solution at 25 °C.

adsorbed w ater. The small bands in a 3000 cm ~ 1 reg ion  orig inate from  

CH m odes from  benzene rings [ 54]. The most characteristic bands at 

1585 and 1395 cm ~ 1 correspond w ith  in- and out-of-phase stretching 

vibrations o f  carboxylate groups. The bands in the 750-650 cm ~ 1 range 

orig inate from  OH  and CH bending and Z r-O  m odes [ 54 ]. The trans

m ission FTIR  spectra o f  M OF samples a fter 4-M M C show  band broad

ening in a 4-M M C fingerprin t reg ion  w h ich  is an e ffect o f  overlapp ing o f  

both  m etal-organic fram ew orks and adsorbed 4-M M C m olecules. The 

predom inant band broadening was observed fo r the 4 -M M C @ N U -1000 

sample, fo r w h ich  the highest 4-M M C loading was determ ined. M ore 

im portantly, the m arking band at 1689 cm ~ 1 orig inating from  4-M M C 

C- O vibrations considerably increases in the case o f  the 

4 -M M C @ N U -1000 sample (Fig. 3A )  w h ich  indicates successful 4-M M C 

adsorption. The analysis o f  pRaman spectra o f  pure and M O F samples 

a fter 4-M M C adsorption are shown in Fig. S1 A  and Fig. S1 B. The 

pRaman spectra o f  both  NU-1000 and U iO - 6 6  are in good  agreem ent 

w ith  the literature data [ 55,56 ]. Parent NU-1000 sam ple shows bands at 

1180, 1160, 900, 840, and 430 cm ~ 1 w h ich  correspond w ith  

pyrene-based ligand vibrations [ 55]. W h ile  U iO - 6 6  exh ib ited  charac

teristic bands at 1621, 1454, 1434, and 1135 cm ~ 1 w h ich  are attributed 

to  C-C  arom atic stretching, O -C -O  carboxylate stretching, C-C 

stretching from  carboxylate and C-C sym m etric breathing, respectively. 

The Raman spectrum o f  pure 4-M M C (Fig. S1 B) shows bands at 1678, 

1606, 1184, and 804 cm ~ 1 w h ich  correspond w ith  C- O stretching, 

C- C stretching, asym m etric C -N -C  stretching, and benzene ring v i 

brations, respectively  [ 57]. The pRaman spectra o f  M OF samples after 

4-M M C adsorption do not show  the signals from  4-M M C probab ly due to 

the overlapp ing o f  characteristic bands o f  both  MOFs and 4-M M C or

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



Fig. 3. (A ) Transmission FTIR spectra o f 4-MMC@MOF samples; (B ) 1H NMR spectroscopy results.

because there is not enough 4-M M C adsorbed to g ive  a good  Raman 

signal in  M OF m atrix. In w ork  by  M abott et al. [ 57 ] the analysis o f  

4-M M C perform ed by  Surface-Enhanced Raman Scattering shows its 

great advantage in the determ ination o f  4-M M C even  at concentrations 

as lo w  as 1.6 pg/mL. A lthough the concentrations o f  4-M MC in our 

samples exceeds LOD determ ined b y  M abott et al. [ 57], in our study w e 

perform ed conventional pRaman analysis and the w ork  o f  M abott et al. 

[ 57] does not consider the com p lex MOFs matrix.

The com p lex ity  o f  our system pushed us to design the spectroscopic 

m easurem ent w h ich  w ill  a llow  us to detect the 4-M M C in the M OF 

matrix. Based on previous w ork  b y  Shearer et al. [ 49 ] w e  applied 

dissolution 1H N M R  spectroscopy, to d igest the M OF m atric to determ ine 

the presence o f  4-M M C adsorbed in M OF pores. The results o f  dissolu

tion spectroscopy are presented in Fig. 3B and Figs. S2-S6. The 1H N M R  

spectrum o f  4-M M C dilu ted in 1 M  NaOD (Fig. 3 B, Figure exhibits signals 

at 5 7.61 (d, J  =  8.2 Hz, 1H ), 7.14 (d, J  =  7.9 Hz, 1H ), 2.22 (s, 3H ), 2.11 

(s, 3H ) and correspond w ith  the 1H N M R  spectrum o f  1-(4-m ethyl- 

phenyl)-1,2-propaned ione (M P P D ) w h ich  is degradation  the product o f  

4-M M C at h igh ly  basic conditions w h ich  w ere  applied  during the M OF 

digestion  [ 58,59]. The degradation  pathways o f  4-M M C under basic 

conditions w ere  recently  described in w ork  b y  Tsujikawa et al. [ 58]. In 

their w ork , the degradation  mechanism  o f  4-M M C in the pH  =  12 bu ffer 

a fter 0, 6, 12, and 48 h o f  storage w as determ ined b y  using the GC-MS 

m ethod. Th ey  found that under those conditions 4-M M C degrades to 

the fo llow in g  m olecules in order: 4-M M C - >  M PPD  - >  M BA  - >  DMBA 

(M PPD : 1-(4 -m ethylphenyl)-1,2 -propanedione; MBA: 4-m ethylbenzoic 

acid; DMBA: N, 4-d im ethylbenzam ide), respectively . T o  con firm  the 

purity o f  pristine 4-M M C and its decom position  under h igh ly  basic 

conditions that w ere  used fo r our study, w e  perform ed the 1H NM R. The 

experim ental 1H N M R  and 13C N M R  spectra o f  4-M M C are in good  

agreem ent w ith  the literature [ 53, 58,60 ] data and sim ulated patterns 

(Figs. S2-S6). One cou ld  expect that under these conditions after 12 h o f  

d igestion, the 1H N M R  gives the signals fo r DM BA rather than M PDD as 

suggested by  Tsu jikaw a et al. [ 58]. It must be kept in mind, how ever, 

that 4-M M C was adsorbed in the M O F m atrix and the exact tim e o f  

in teraction o f  NaOD w as shorter than 12 h due to  its reaction w ith  M O F ’ s 

fram ework.

The electron ic structure o f  pristine and MOFs after 4-M M C adsorp

tion w as determ ined by  DR U V -V is  spectroscopy (Figs. S7-S8). Upon 

adsorption o f  4-M MC, the bathochrom ic e ffec t (fo r  N U -1000) or hyp- 

sochrom ic (fo r  U iO -66) effects w ere  observed, and its interpretation as 

the result o f  the n -n orb ita l in teraction is analogous to that recently 

noted by  Sun et al. [ 61 ] in the porous pyrene-based organ ic cage w here 

the C -H  ... n in teraction took  place.

The m orpho logy  o f  the M OF samples after the 4-M M C adsorption is

shown in Fig. 4 . The M O F samples showed m orpho logy that was pre

v ious ly  reported in the literature fo r NU-1000 and UiO-66 samples [36, 

52 ]. The NU-1000 m ay be characterized as 3 pm (d iam eter) crystals in a 

form  o f  a hexagonal prism. The U iO -6625% HCl and UiO-66 samples w ere 

detected as agg lom erated  crystals w ith  ca. 2 pm size. It must be 

emphasised that the m orpho logy  o f  MOFs is strongly a ffected  b y  the 

synthesis parameters. As previously  described in the literature [ 49,6 2 ] 

the size and the m orpho logy  o f  the resulting M OF can be tuned b y  the 

choice o f  the m odulator concentration and acidity. As shown by  Shearer 

et al. [ 49 ], the m orpho logy  o f  crystals o f  U iO -66 becom es m ore distinct 

and the crystals in the form  o f  the octahedron are m ostly  detected w ith  

increasing m olar equ ivalents o f  the organ ic m odu lator used during the 

synthesis. W hen  analysing the SEM im ages o f  U iO -6625% HCl and UiO-66 

a fter the 4-M M C adsorption ( Fig. 4 B, C) w e  did not observe the changes 

in  the m orpho logy o f  MOFs in com parison w ith  their pristine 

counterparts.

The adsorption properties o f  4-M M C w ere  tested on UiO-66, UiO- 

6625% HCl, and NU-1000 samples ( Fig. 5 A ). The most effic ien t adsorp

tion  o f  4-M M C takes place in the first 1 h o f  adsorption. In the first 5 m in 

o f  4-M MC adsorption from  1000 pM  solution, the adsorption w as equal 

to  8.7, 5.1, and 3.0 m g/g fo r NU-1000, U iO -6625% HCl, and UiO-66, 

respectively . It must be emphasised, that the benefic ia l e ffec t o f  the 

m odu lated synthesis on the adsorption e ffic iency  in  the case o f  U iO-66 

fam ily  samples m ay be observed in the first 1 h o f  the adsorption pro

cess. In the case o f  U iO -6625% HCl m odulated synthesis w ith  hydroch loric 

acid  causes easier access to the M OF channels, w h ich  is reflected  in the 

greater sorption capacity fo r 4-M M C m olecules. Th is phenom enon m ay 

be also observed w ith  the overa ll adsorption e ffic iency  o f  U iO -6625% HCl 

g iv in g  the final 4-M M C loading equal to 24.01 ±  0.37 w t% . On the other 

hand, w hen  considering the prepared m aterials in terms o f  their po 

tential application fo r the rem oval o f  4-M M C during their overdose, the 

adsorption p ro file  should have a much gentler grow th  and high overa ll 

adsorption spread over time. Such requirem ent is m et by  NU-1000 

w h ich  at 1 and 2 h o f  adsorption e ffic iency  places in betw een  UiO-66 

and U iO -6625% HCl, w hereas its m aximum  loading is tw ice as high as 

fo r U iO -66 reaching 22.9 m g/g. The deta iled  kinetic parameters o f  the 4- 

M M C adsorption are also shown fo r U iO -6625% HCl and NU-1000 samples 

in  the form  o f  deta iled  calcu lated pseudo-first order and pseudo-second 

order k inetic curves fitted  to Freundlich adsorption m odel (Figs. S9-S11, 

Tab le  S1).

T o  determ ine the 4-M M C adsorption process in liv in g  organisms, the 

adsorption experim ents fo r the most e ffic ien t sample - NU-1000 w ere 

also perform ed in the sim ulated body  flu id  solution (SBF) (Fig. 5A ). It 

m ay be found that the overa ll adsorption e ffic iency  is a lmost 1.5 times 

h igher than in the case o f  the adsorption o f  4-M M C from  w ater solution.



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).

Fo llow ing  the findings in the literature [63 ], it can be presumed that in 

our case the analogous functionalisation o f  NU-1000 b y  the SBF solution 

m ay lead to the form ation  o f  hydroxyapatite (H A ) on  the M OF surface. 

The differences in  surface charge distribution, im posed b y  the presence 

o f  various ions in SBF solution, favour the 4-M M C adsorption. As e v i

denced in the w ork  o f  Hohn et al. [ 63 ], the soaking o f  bioglasses in SBF 

solution turns the inert structure into the b iocom patib le, charged surface 

w ith  enhanced human serum albumin (BSA ) adsorbents. In other w ork  

by Liu et al. [ 64 ], the SBF surface functionalisation w as perform ed to 

obtain a carbonated hydroxyapatite layer to  im prove the b ioac tiv ity  o f  

bio-MOF-1.

T o  further test the hypothesis w hether the ions that form  the SBF 

solution w ere  also adsorbed together w ith  the 4-M M C m olecules from  

the SBF solution, the EDS elem ental analysis o f  pristine NU-1000 and 

NU-1000 after 4-M M C adsorption form  SBF solution w as perform ed 

(Tab le 3 ). As it  can be in ferred, the elem ents that are present in an ion ic 

form  in an SBF solution (N a, K, Ca) w ere  not detected 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 sam ple a fter 4-M M C adsorption 

the elem ents like Na, K or Ca w ere  detected. M oreover, the prom inent 

elem ent that is present in  the SBF solution -  Na, w as detected as 3.74 w t 

%. Indeed, it  is w orth  m ention ing that the values obta ined from  the EDS 

analysis should be treated as sem i-quantitative rather than qualitative. 

H ow ever, the presence o f  the surface charge induced b y  SBF can be a 

rationale fo r the enhanced sorption properties in SBF, as previously

Fig. 4. SEM images o f 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



reported by  Höhn et al. [ 63 ]. The obta ined results g ive  new  insights into 

the research on 4-M M C adsorption and w ill  be the subject o f  further 

research using other methods o f  M O F surface characterization. Another 

im portant factor that influences the 4-M M C adsorption is the structural 

de fectiv ity  o f  MOFs. A ccord ing to  the literature data, the structural 

defects m ay be engineered v ia  several methods including m odulated 

synthesis, tem perature, Zr/ligand ratio, therm al activation , or m etal 

cation substitution [65 ]. Num erous w orks have been devoted  to defect 

generation  through m odulated synthesis, w here numerous acids like 

benzoic acid, hydroch loric acid, acetic acid, or trifluoracetic acids are 

used [49,62,6 6 -6 8 ]. A ccord ing to the literature describ ing the structural 

defects in various MOFs, it m ay be observed that the determ ination o f  

structural defects is challenging and requ ire the application  o f  numerous 

methods fo r the proper characterization o f  structure de fectiv ity . In an 

exem plary w ork  o f  Koschnick et al. [ 69 ] to describe the structure defects 

in Zr-based PCN-221 M OF, numerous m ethods w ere  used including 

single-crystal X-ray d iffraction  (SCXRD), tota l scattering pair distribu

tion function (PD F ), R ietveld , and chem ical analysis as w e ll as 

solid-state nuclear m agnetic resonance spectroscopy (ssNM R). In their 

w ork, they revea l that the Zr6O 4(O H ) 4 clusters in  prepared PCN-221 

m ay be m isinterpreted as ZrgO 6 clusters. A dd itiona lly , they found that 

in h igh ly  d e fective  MOFs (up to 50%  o f  linker vacancies), vacancy 

ordering m ay occur. Indeed, although in our w ork  the considerable 

4-M M C adsorption e ffic iency  in U iO -6625%  HCl and U iO - 6 6  samples 

m ay be due to  the generated structure d e fectiv ity  in  the m odulated 

synthesis, the unambiguous determ ination o f  the number and nature o f  

the generated structure defects w ou ld  require the use o f  advanced 

characterization techniques as presented by  Koschnick et al. [6 9 ].

T o  calculate the m aximum  loadings o f  4-M M C in prepared NU-1000 

and U iO-6 6 25% HCl samples (Q max), the isotherms w ere  calculated 

(Fig. 5B). As can be seen, the adsorption resem bles the dual-site Lang- 

m uir m odel [43 ]. The calcu lated Qmax values w ere  equal to  74 and 23

m g/g, fo r NU-1000 and U iO-6 6 , respectively.

T o  determ ine the rem oval e ffic iency  o f  4-M M C w e  perform ed the 3- 

cyc le  experim ent consisting o f  three-fold  purification  o f  the starting 

2000 pM 4-M MC aqueous solution ( Fig. 5C). Such an approach is 

d ictated by  the potentia l application  o f  Zr-MOFs fo r 4-M M C controlled, 

gradual w ithd raw al (d e tox ifica tion ) from  liv in g  organisms. For that 

reason, although a cyclic adm inistration o f  the adsorbent m ay increase 

the costs o f  the entire treatm ent, it  is com m on ly practiced in the case o f  

adsorption o f  intoxicants by, e.g., active carbon [70 ]. F o llow in g  this w ay  

o f  thought, to simulate the m ultip le dosing o f  the adsorbent during a 

clean-up treatm ent, 3-step adsorptive rem oval o f  4-M M C w ith  fresh 

M O F is proposed. In each step after 24 h o f  adsorption, the spent 

NU-1000 w as rep laced b y  a fresh M OF sample, and the adsorption was 

continued fo r the next 24 h. The results o f  the 4-M M C rem oval by  trip le 

dosing o f  4-M M C clearly  show  that the 4-M M C is successfully rem oved  

from  the aqueous solution. The gradual rem oval o f  4-M M C in the pre

sented w a y  a llow s to avo id  w ithd raw al effects such as increased anxiety, 

depression, d igestive problem s, or tremors, w h ich  can occur in h igh ly  

addicted peop le [71 ]. The additional experim ent show ing the possible 

application  o f  NU-1000 to  the adsorptive rem oval o f  4-M M C from  

aqueous solution w as perform ed, w here the NU-1000 sam ple w as re

generated a fter each adsorption cyc le and regenerated M OF was reused 

fo r the adsorptive rem oval o f  4-M M C (Fig. 5D). As shown in Fig. 5D, the 

adsorption e ffic iency  rem ains at the same lev e l reaching ca. 60%  in each 

recycle cycle.

3.2. Mephedrone loading -  a D F T  com putational approach

T o  com prehensively understand the mechanisms o f  the adsorption o f  

4-M M C over prepared samples w e  perform ed DFT calculation. The 

op tim ized  m odels o f  4-M M C adsorbed on prepared m ateria l are shown 

in  Fig. 6  and Figs. S12-S16. The calcu lated sorption energies are shown

Fig. 6 . DFT optimized structure o f 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 Tab le S2.

The equ ilibrium  loading w as estim ated by  means o f  the M onte-Carlo 

(M C ) simulations in the tem perature o f  298 K, w ith  the use o f  the 

M etropolis a lgorithm  and w ith  U niversal Force F ield  (U FF ) (Tab le S3). 

The isotherms w ere  m odeled  fo r fugacity  up to 100 kPa. The r ig id  host 

approxim ation w as used, and it can rationalize the underestim ation o f  

the m odeled  load ing fo r the M OF structures w ith  tigh t channels.

Besides the sorption isotherm , the MC/UFF simulations w ere  also 

used for the crude determ ination o f  the op tim al sorption sites o f  the M OF 

structures. Such qualitative pre-screening w as unavoidable due to  the 

size o f  the phase space (positions and orien tation  o f  the sorbent m ole

cu le) that should be sampled. The obta ined positions o f  4-M M C m ole

cules in M OF m atrices w ere  subsequently refined at the D FT+D  lev e l o f  

theory w ith  the use o f  the VASP code [44,45 ] (see SI fo r details). Such an 

approach was deem ed appropriate as w as shown in our previous article 

[36 ].

The geom etrica l relationship betw een  the arom atic ring o f  the 4- 

M M C m olecules and the arom atic rings o f  the M O F linkers was 

described in v ie w  o f  their n-n orb ita l stacking (see Tab le S4 and 

Fig. S16). The geom etric descriptors have been determ ined by the 

rela tive  position  o f  the average (as the least squares fit )  planes o f  the 

arom atic rings.

Based on the M onte Carlo fo rce-fie ld  simulations, 3 stable locations 

o f  4-M MC m olecu le in the large channel o f  NU-1000 and 1 stable posi

tion in the small channel have been found and further reop tim ized  at the 

D FT+D  lev e l o f  theory. Out o f  the 3 form er locations, the m ost stable one 

is characterized by  the strongest adsorption, Eads =  —0.897 eV, w h ile  for 

the latter position, the sorption is s ligh tly  w eaker, Eads =  —0.882 eV. In 

the case o f  4-M M C sorption in U iO-66, the adsorption w as stronger and 

the optim al position  o f  the adsorbate gave Eads =  —2.528 eV.

For the sake o f  com parison, the other drugs (fen tanyl, cocaine, and 

m orph ine) have been used in  the sorption m odeling and hence the 

representability o f  4-M M C sorption in NU-1000 and U iO -66 has been 

shown (Tab le S3). N am ely, the M onte-Carlo rig id  host m odeling has 

been perform ed and the resultant positions o f  drug m olecules in the 

M OF fram ew orks have been refined b y  the DFT optim ization . Upon 

com paring the m odeled  sorption to the experim enta l data, it can be 

clearly  seen that the studied MOFs can be used as generic sorbents o f  a 

w ide  set o f  abused drugs.

3.3. M etal-organic frameworks display protection against 4 -M M C  toxicity  

and cardioprotective properties

The use o f  MOFs a llow ed  fo r avo id ing developm en ta l m alform ation 

at 1000 pM m ephedrone and saved from  death at h igher m ephedrone 

concentrations ( Fig. 7A  and B, Fig. S17). Based on our study w e  observed 

the protective  effects o f  MOFs on 4-M M C treatm ent (Fig. 7 B). Out-of

tox ic ity  tests revea led  the dose-dependent in fluence o f  4-M M C on the 

deve lopm en t o f  heart m alform ations and dysfunctions (Fig. 8 A, B). W ith  

increasing 4-M M C doses, w e  have observed the occurrence o f  heart 

m alform ation  starting at 300 pM and disturbances in heart functions 

(heart rate) even  earlier, at 150 pM. M oreover, the use o f  MOFs sign if

icantly  im proved  heart functions, measured as heart rate, a fter 4-M M C 

adm inistration at doses 200 and 250 pM (Fig. 8 C and D).

3.4. The effect o f  metal-organic frameworks on the expression o f  

mephedrone-induced locom otor activity and co lo r preference

Locom otor a ctiv ity  tests revea led  that MOFs, statistically significant, 

in fluence on locom oto r activ ity  o f  5 d p f zebrafish [tw o -w a y  A N O V A : 

M O F pretreatm ent F (3 , 149) =  5.952; p =  0.0023, 4-M M C treatm ent F 

(1 , 149) =  13.60; p =  0.0014, M OF treatm ent x 4-M M C treatm ent F (3, 

149) =  13.45; P <  0.0001, Fig. 9 A , Fig. S18]. Post hoc Tu key ’ s showed 

that 4-M MC (200  pM ) increased observed param eter (p  <  0 .001) in 

com parison w ith  E3 treated contro l group, whereas 4-M M C m olecules in 

MOFs: U iO -662 5 %  H C l (p  <  0 .001), U iO-66 (p  <  0 .001), and NU-1000 (p 

<  0 .05 ) decreased hyperlocom otion  in 5 d p f zebrafish as com pared w ith  

4-M M C treated group. N one o f  the used MOFs change locom otor activ ity  

as com pared w ith  E3 treated contro l group.

Fig. 9 B indicates the e ffec t o f  MOFs on the expression o f  4-MMC- 

induced co lor preference in 5 d p f zebrafish [tw o -w a y  A N O V A : M OF 

pretreatment: F (3 , 139) =  6.042; p =  0.0009; 4-M M C - treatment: F(1, 

139) =  0.4934; p =  0.4845; interaction: M OF treatm ent x 4-M M C - 

treatm ent: F (3, 139) =  5.968; p =  0.0010]. As the results showed, in

cubation in 4-M MC (25  pM ) in the in itia lly  non-preferred part o f  the 

p late (y e llo w ) increased the tim e spent in this part during the test tim e 

(p  <  0.05). The addition  o f  1 m g o f  M O F to the 4-M M C solution reverse 

this co lor preference during the test day: U iO -662 5 %  H C l  (p  <  0 .05 ), UiO- 

66 (p  <  0 .05 ), and N U-1000 (p  <  0.05). N one o f  the used MOFs changed 

co lor preference as com pared w ith  E3 treated control group. In v iv o  

studies show, fo r the first time, that M O F matrices preven t toxic, cardiac 

as w e ll as central nervous system effects o f  4-MMC.

4. Conclusions

In this w ork, w e  aim ed at the application o f  m etal-organic fram e

w orks fo r the effic ien t rem oval o f  nove l psychoactive substances- 

m ephedrone. The successful 4-M M C adsorption was perform ed on 

UiO-66, U iO - 6 6 2 5 %  H C l prepared under m odulated synthesis w ith  hy

droch loric acid and NU-1000 MOFs. The adsorption tests revea led  that 

the adsorption kinetics is not on ly  a deriva tive  o f  M O F pore vo lum e but 

is correlated w ith  the structure o f  the M OF and 4-M M C location  in M OF 

pores. A m ong prepared MOFs, NU-1000 ach ieved m axim um  4-M M C 

adsorption, reaching 44.75 w t% . M ore im portantly, the NU-1000

Fig. 7. Toxicity o f 4-MMC alone and with MOFs. (A ) the value o f LC50 for 4-MMC at 96 hpf. (B ) Effectiveness o f MOFs: NU-1000, UiO - 6 6 2 5 %  h c i ,  UiO-66, against 
toxicity o f 4-MMC at 1000, 1500 and 2000 pM.



Fig. 8 . Cardiotoxicity o f 4-MMC in zebrafish. (A ) Dose-dependent occurrence o f heart developmental malformations -  pericardial edema. (B ) Cardiotoxic effects o f 4- 
MMC expressed as heart beats per minutes (bpm). (C ) Cardioprotective effects o f MOFs: NU-1000, UiO-6625% HCl, UiO-66, against toxicity o f 4-MMC at 200 pM, (D ) 
Cardioprotective effects o f MOFs: NU-1000, UiO-6625% HCl, UiO-66, against toxicity o f 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: nnp<0.005: nn n p<0.001 vs 4-MMC treated group, post hoc Tukey's test.

exh ib ited  a m ild  adsorption p ro file , w h ich  is necessary w hen  consid

ering its potentia l application  fo r the cathinone overdose treatment.

W e  found that the spectroscopic characterization o f  4-M M C over Zr- 

based MOFs m ay be challenging due to m olecular sim ilarities betw een  

adsorbed 4-M M C and the m olecules bu ild ing MOFs structure. The 

overlapp ing o f  both  m etal-organic-fram ew orks and adsorbed 4-M M C 

m olecules m ay blur the overa ll spectroscopic characterization o f  ob

tained systems and a com prehensive approach utilising several methods 

including FTIR, pRaman, 1H NM R, DR-UV-Vis and DFT studies p rov ide 

the actual state o f  the 4-M M C @ M O Fs system. Due to the both 4-M M C 

and MOFs overlapp ing, the characterization b y  conventional FTIR  and 

pRaman techniques d id  not g ive  unequivoca l in form ation  about the 

system. The use o f  com bined DR U V -V is/1H N M R  a llow ed  us to 

com prehensively characterize described systems.

The 1H N M R  dissolution spectroscopy results have con firm ed that 

the 4-M M C w as successfully adsorbed in prepared MOFs. The in-depth 

analysis o f  1H N M R  has con firm ed that under h igh ly  basic dissolution 

conditions, 4-M M C degrades to  1-(4-m ethylphenyl)-1,2-propanedione.

The DFT calculations showed that the 4-M MC can be adsorbed in  the 

large channels o f  NU-1000 and the sorption energies w ere  in the range o f  

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

the sorption w as stronger, and the energy w as equal to  — 0.921 eV. The 

tota l bond order betw een  the 4-M M C m olecu le and the M O F linker was 

in  the range o f  0 .677-1.033 (la rge channel) and equal to 0.885 fo r the 

sm all channel. The charge transfer betw een  the m olecu le and the linker 

was neg lig ib le  (< 0 .0 8  atom ic unit, to the absolute va lu e) in all studied 

cases. The introduction o f  the po larizab le continuum environm ent 

w eakened  the sorption in a ll cases, as expected.

The sorption in U iO - 6 6  in its tigh t channel is much stronger, 

com pared to NU-1000. The sorption energy is a fe w  times h igher (to  the 

absolute va lu e), w h ich  is caused by a much stronger perturbation o f  the 

electron ic structure: the bond order betw een  the 4-M M C m olecu le and 

the M OF linker is a lmost 1.5 and the charge transfer is significant, h igher 

than 0.5 at. u. (partia l electron  density dep letion  o f  the 4-M M C 

m olecu le ).

The in vitro  and in vivo experim ents have con firm ed the lo w  cy to 

tox ic ity  o f  prepared MOFs. The superior ca rd ioprotective and em bryo 

protective  e ffec t o f  m etal-organic fram ew orks has been con firm ed b y  the 

in vivo  experim ents using the Danio rerio m ode l organism . Based on 

experim enta l results the calcu lated LC 50 o f  4-M M C w as equal to  609.9 

pM. Furtherm ore, based on in vivo  experim ents w e  con firm ed the car

d ioprotective  e ffec t o f  m etal-organic fram ew orks w hich  a vo id  cardiac



Fig. 9. (A ) The effects o f 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 o f 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 o f  average heart rate at the concentration 

above 200 pM o f  4-MMC.

Zebrafish larvae display sw im m ing at 4 -5  dpf, a fter the developm en t 

o f  a sw im  bladder, and they exh ib it a w id e  reperto ire o f  behaviors such 

as m em ory, depression, aggression, anxiety, and social interaction 

[ 7 2 -7 5 ]. Furtherm ore, neurons using serotonin, dopam ine, and 

noradrenalin as neurotransm itters have been iden tified  in the zebrafish 

central nervous system. Th eir eyes have cells in the retina sim ilar to 

these o f  other vertebrates, including humans, and detect ligh t from  3.5 

d p f [76 ]. This small organism  distinguishes a rich palette o f  colors, 

w h ich  is a clear advantage over rodents in behaviora l studies [ 77 ]. The 

innate co lor preference o f  zebrafish w as used to assess the rew arding 

effects o f  psychoactive substances. Our experim ents con firm ed that 

zebrafish larvae prefer blue co lor com pared to  y e llo w  one [7 8 ]. Subse

quently, w e  observed that incubation at the solution o f  4-M M C in the 

less preferred co lor reversed in itia l preference, observed as m ore tim e 

spent in the y e llo w  (in itia lly  less p re ferred ) during the test. Our exper

im ent con firm ed that 4-M M C possesses rein forcing properties and these 

results correspond w ith  our studies in rodent m odels [79 ]. Interestingly, 

incubation o f  zebrafish larvae at the solutions o f  MOFs blocked changes 

in co lor preference. Sim ilar effects o f  MOFs w ere  observed in the test o f  

locom otor activity. The selected dose o f  4-M M C (200  pM ) increased 

locom otor activity. M ost probably, the 4-M M C-induced increase in 

m ob ility  is due to  a lterations in serotonergic and dopam inergic neuro

transmission. This hyperlocom otion  was reversed by incubation in 

MOFs solution. Thus, w e  m ay suggest that 4-M M C d id  not obtain  the 

appropriate concentration to induce rew ard ing or locom otor effects.

The result o f  our study clearly  indicates that the MOFs m ay be 

considered an e ffic ien t adsorbent o f  illic it  drugs. The perform ed in vivo 

and in v itro experim ents have clearly  con firm ed their superior effic iency 

in the rem oval o f  4-M M C from  the testing environm ent. The obtained 

results have dem onstrated that the use o f  MOFs can be poten tia lly  

considered e ffic ien t adsorbents during illic it  drug overdose treatment.

Due to  the sign ificant high sorption e ffic iency  o f  prepared m aterials 

fo r the rem oval o f  illic it  drugs, w e  are currently planning in vivo ex

periments on h igher organisms to  d eve lop  e ffe c tive  doses o f  MOFs for 

the 4-M M C overdose treatment.

The practical aspects, like activ ity  in the sorption or the exh ib ition  o f  

h igh b iocom patib ility , w ere  regarded as the selection criterion, rather 

than the ligand sim ilarity. Obviously, both  studied m aterials have high 

surface area w h ile  possessing d ifferen t channel systems w hich  w as re

flected  in the m odeling studies. Based on our experim enta l and

sim ulation studies, w e  have shown that the necessary condition  fo r the 

e ffic ien t sorption w as the presence o f  the n-n interactions w h ich  

occurred in both  M OF structures, w h ile  in NU-1000 the sorption was 

particu larly effic ien t due to the presence o f  tw o  kinds o f  channels. 

Therefore, NU-1000 for its high 4-M M C sorption capacity, durability, 

h igh b iocom patib ility , and card ioprotective properties m ay be consid

ered as a prospective m ateria l fo r the rem oval o f  illic it  drugs being, at 

the same tim e, safe fo r liv in g  organisms.

5. O utlook

The m ethod o f  the rem oval o f  4-M M C from  liqu id  solutions presented 

in  this study opens new  strategies in one hand fo r the purification  o f  

w ater that is contam inated by  drugs o f  abuse and the potentia l 4-M M C 

rem ova l during the detox ification  treatment. The obta ined results 

clearly  ind icate the possible routes o f  the deve lopm en t o f  M OF as e ffi

cien t 4-M M C adsorbents. The potentia l consideration o f  the application 

o f  Zr-MOFs to the rem oval o f  4-M M C from  liqu id  m ed ia  should also 

consider raw  m aterials and the possib ility  o f  large-scale synthesis. 

H ow ever, due to their w ell-kn ow n  stability, durability, and reported 

numerous possible scale-up syntheses, NU-1000 and U iO - 6 6  seem  to be 

the m ost prom ising candidates for future applications.
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