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Metal-organic frameworks comprise a class of crystalline porous coordination polymers with unique chemical and
physical properties. On the one hand, due to high specific surface area, biocompatibility and stability in
biological media, framework materials are ideal candidates for the development of new dosage forms, in
particular, for drug delivery systems. On the other hand, the modular structure of frameworks provides an
opportunity for computational screening and predictive calculations. This opens new prospects for the design of
modern functional materials. The computational screening and simulation of adsorption—desorption processes
play a key role in the development of drug delivery systems, as they provide data that are difficult to obtain solely
from experiments. These data can greatly assist in the development of drug delivery systems. The first part of the
review gives a brief overview of the metal-organic frameworks which have already proved to be potential drug
carriers as well as frameworks which are currently being extensively studied and gain attention in this area. The

second part addresses the concept of rational design and computer-aided design of such systems.
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1. Introduction

Framework materials, or frameworks (metal-organic
and covalent organic frameworks) are a rapidly devel-
oping family of hybrid porous compounds applicable

for a variety of purposes including gas storage,'-?
optics 3 and catalysis.*

First of all, let us clarify the terminology: in the liter-
ature, the term ‘coordination polymers’ may sometimes
rufer to mean framework materials; most often, this con-
cerns metal-organic frameworks. In this review, we adhere
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to the terminology accepted at the expert IUPAC meeting >
held in 2013, according to which coordination polymer is ‘a
coordination compound with repeating coordination enti-
ties extending in 1, 2 or 3 dimensions’. Coordination net-
work is ‘a coordination compound extending, through
repeating coordination entities, in 1 dimension, but with
cross-links between two or more individual chains, loops or
spiro-links, or a coordination compound extending through
repeating coordination entitiesin 2 or 3 dimensions’. Metal-
organic framework (MOF) is a coordination network with
organic ligands containing numerous pores.®

Currently, there are two key methods for loading active
ingredients (Als) into the framework materials, differing by
the stage in which this operation is performed: direct
addition of the therapeutic agent (TA) during the synthesis
and post-synthetic methods.”

In the former case, therapeutic agents are incorporated
into the framework pores during the synthesis via encapsu-
lation or doping. The key feature of the direct loadingis that
Als are added during the synthesis as dopants in order to
impart materials with additional functions, with the
obtained particles preserving the properties and morphol-
ogy of the initial materials. During the direct loading,
molecules are encapsulated in the pores, mainly, as a result
of covalent interactions. This method has been used to
encapsulate a number of agents for the subsequent applica-
tion of the resulting framework-based hybrid materials as
chromophores, chemotherapeutic agents, drug delivery sys-
tems, etc. The preparation of MOFs with biologically active
components (bioMOFs)canalso be attributed to this group.

The second group of methods comprises post-synthetic
modification of MOFs. First, the framework material is
synthesized and activated. Then the active ingredient is
loaded via sorption, most often, from a solution. This
method inolves non-covalent binding of guest molecules
(Fig. 1 a). The development of MOF-based drug delivery
systems provides good results regarding both drug loading
into MOFs and drug release. For example, an ibuprofen
storage capacity of 1.4 g g—! has been achieved,® as well as

Figure 1. Scheme reflecting non-covalent (¢) and covalent (b)
ways of loading active ingredients into framework materials.

The model metal-organic framework is depicted as a cage and the
model therapeutic agent is shown as spheres.

prolonged and stable release from the cavities without
prematuredegradation of the material. Post-synthetic cova-
lent modification giving rise to a prodrug attached to the
framework material has been reported (Fig. 15),° with drug
release being due to material degradation.!® Co-crystalliza-
tion has also become a popular method for post-synthetic
loading of TAs into framework pores.!!

The following abbreviations are used in the review:

Al —active ingredient;

API — active pharmaceutical ingredient

bioMOF — metal-organic framework containing bio-
logically active molecules

IRMOF —iso-reticular metal-organic framework

COF — covalent organic framework

TA — therapeutic agent

siRNA — small interfering RNA

MOF — metal-organic framework

NMOF — nano metal-organic framework

AASBU — automated assembly of secondary building
units

AmAc— amino acid

AmD — amphiphilic dendrimer

AuToGraFS — automated topological generator for
framework structures

B97 — Becke exchange-correlation functional

BDC — benzene-1,4-dicarboxylic acid

B3LYP — Becke, 3-parameter, Lee-Yang-Parr func-
tional

BTC — benzene-1,3,5-tricatboxylic acid

BTW-FF — Bristow — Tiana — Walsh force field

CADD — computer-aided drug design

CD — cyclodextrin

CNTs—carbon nanotubes

CP correction — counterpoise correction for basis set
superposition error

CS —chitosan

CSD — Cambridge Structural Database

CuJAST — [Cux(BDC)(ted)], (ted is triethylenedi-
amine)

CYCU — Chung Yuan Christian University MOFs

def-SV(P) — Alrichs split valence double- polarized
basis set

def2-TZVP — Alrichs split valence triple-{ polarized
basis set

DFT — density functional theory

DMA — dimethylammonium cation

DNP —double-{ polarization function basis set

DWES — Dubbeldam — Walton — Ellis — Snurr force
field

ESP — electrostatic potential methods

FA — folicacid

FACS —folic acid conjugated chitosan

5-FAM — 5-carboxyfluorescein

FITZ-HSA — canine endothelial sarcoma cell line

5-FU — 5-fluorouracil

6-311**G — Gaussian type orbital basis set

GGA — generalized gradient approximations

HA — hyaluronic acid

HeLa — human cervical carcinoma cell line

HKUST — Hong Kong University of Science and
Technology materials

HL60 — human acute myeloid leukaemia cells;

HMSN — hollow mesoporous silica nanoparticles

HRP — horseradish peroxidase;
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HT-29 — human colon adenocarcinoma cells

IBU —ibuprofen

ipa—isophthalic acid

LANL2DZ — Los Alamos National Laboratory basis
set of double zeta quality

MBP — metal-binding protein

MD — molecular dynamics

MIL — materials of Institut Lavoisier

MP — Moller —Plesset perturbation theory

MPF — metal peptide framework

MSN — mesoporous silica

MCF-7 — human breast cancer cell line

MCM-41 — a sort of mesoporous silica (mobil compo-
sition of matter No. 41)

mtz— S-methyltetrazole

MW — microwave radiation

MWCNTs — multi-walled carbon nanotubes

NCI-H292 — non-small cell lung cancer cell line

NIH/3T3 — murine fibroblast cells

PAA —polyacrylic acid

PAMAM — polyamidoamine

PBS — phosphate-buffered saline

PBE — Perdew — Burke — Ernzerhof exchange correla-
tion functional

PBEsol — modified exchange correlation PBE func-
tional

PCN — porous coordination network

PD/MNMOF — photodynamic magnetic NMOF

PEG — polyethylene glycol

Periodic DFT — density functional theory calculations
in periodic boundary conditions

PWO91—Perdew—Wangexchange correlation functional

PAW — projector augmented wave method

pcS-n— pseudocontact chemical shift basis set

Phen — phenanthroline

PMNP — polymeric magnetic nanoparticles

QD — quantum dot

QSAR — quantitative structure — activity relationships

REF52WT —rat embryonic fibroblasts

RI— resolution of identity

SBA-15—asort of mesoporous silica

SBU — secondary building unit

SCS — spin-component scaling

thb — tetrahydrobiopterin

tpta— 5,5 -(pyridine-2,5-diyl)diisophthalate anion

TTI-COF — triazine triphenyl imine-based covalent
organic framework

UFF — universal force field;

USPIO — ultrasmall superparamagnetic iron oxide

vdW-DF — non-local exchange-correlation functional

ver — verapamil

VV10 — Vydrov—Van Voorhis non-local exchange-cor-
relation functional

ZIF — zeolite imidazolate frameworks

2. Metal-organic frameworks

Although metal-organic frameworks were classified as a
separate type of chemical compounds only in the early
21st century, quite a few publications addressing MOF-
based drug delivery systems have already appeared,
demonstrating the efficiency of both sorption of drug
molecules in the framework cavities!> and drug
release.!?

The combination of crystallinity, unique porous struc-
ture, high specific surface area and mechanical flexibility
favourably distinguishes this class among other materials.
The combination of metal ions and organic ligands gives
freedom to control both structural and physical (e.g., mag-
netic) properties, while high sensitivity to external condi-
tions gives an additional option for the control of material
characteristics.?

2.1. Structural features of metal-organic frameworks

While classifying and integrating the knowledge on
MOF structures, O’Keeffe and Yaghi!* developed a
system based on network topology analysis. According
to their classification, the inorganic and organic com-
ponents are considered as secondary building units
(SBU), from which it is possible to fabricate the whole
structure (Fig. 2).

+ @
Metal
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O ic ligand
rganic ligan MOF

Figure 2. Basic diagram of the structure of metal-organic frame-
works.

The identification and description of the networks pro-
viding understanding of the key MOF topologies resulted in
a database of these networks and opened up a way for the
rational structure design. From the practical standpoint,
this knowledge is of crucial importance for the control over
MOF synthesis and parameterization of the synthesis via
modular process, which is called reticular synthesis.

Furthermore, by varying the basic units that compose
MOFs, itis possible to fabricate complex multilevel materi-
als with unique properties. The structural complexity of
MOFs can be compared with the structure of proteins and
described using a similar four-level hierarchy:!5-16-17

— primary structure: organic ligands, metal cations and
the coordination sphere. This is the first structural level
comprising the key framework units such as building blocks
or secondary building units;

— secondary structure: the specific assembly of the
building blocks for the formation of crystal structure,
which may give rise to different network topologies;

— tertiary structure: interaction between the linkers and
the formation of interlaced networks. This structural level is
associated withimportanteffectssuch asstructuredynamics
and flexibility. It can be considered the first supramolecular
level;

— quaternary structure: this level refers to a possible
interaction with other structural units such as the frame-
work — guest interactions. It can be regarded as the second
supramolecular level.
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Due to the considerable interest in MOFs as drug
delivery systems, a large body of data on various MOF-
based containers has now been accumulated and needs to be
classified. Most popular is the classification system devel-
oped for porous polymers by Kitagawa and Kondo,!8 which
can be adapted to MOFs.!? In the classical version, all
framework materials are subdivided into three generations.
First generation compounds disintegrate as the guests are
removed. Second generation materials have a strong rigid
structure and retain crystallinity when no guests are in the
pores. Third generation materialsare transformableand can
undergo structural modifications.

This classification has been further developed in a recent
review 20 dealing with biomedical applications of MOFs, in
which a more detailed interpretation of the three MOF
generations is presented.

(1) First generation (Fig. 3 a): parameters of the starting
material (surface area and pore volume) are employed for
encapsulation of active molecules, which should be subse-
quently released in the target cells, while the early material
degradation before the target is reached should be avoided.
Furthermore, this first generation includes materials com-
posed of simple biomolecules and biocompatible metal
cations (bioMOFs5).

(2) Second generation (Fig. 3 b): surface modification
to increase the biocompatibility of MOFs and to attain
targeted delivery (nMOFs). Second generation frameworks
are expected to overcome the existing restrictions on the
controlled drug release. This class comprises MOFs that are
relatively tolerant to guest molecules (can contain an adsor-
bate within the cavities for a long period of time without

Figure 3. Model representation of three generations of metal-
organic frameworks according to Kitagawa classification.!'?

The model metal-organic framework is depicted as a cage and the
model therapeutic agent is shown as spheres.

considerable destruction of the crystal structure and also
survive the drug release).

(3) Third generation (Fig. 3 ¢): development of multi-
functional and biocompatible drug delivery systems with
targeted action by means of special signals and contrast
agents.

2.2. Metal-organic framework containers for drug delivery
systems

The metal-organic frameworks are proposed more and
more often as drug delivery containers owing to their
properties such as well-defined highly porous structures,
switchability of the inner surface nature from hydro-
phobic to hydrophilic, the ability to incorporate func-
tional groups, use of biorelevant metals and/or bioactive
linkers as well as the controlled stability of materials.

Since the appearance of MOFs and until now, the most
popular MOFs for drug delivery considered in the greatest
number of publications are those developed by a research
team at the Lavoisier Institute, which are, therefore, called
materials of Institut Lavoisier (MIL).?! In the most widely
used structures suitable for TA loading, such as MIL-100
and MIL-101, the coordination unit comprises a trivalent
metalatom (Al, Cror Fe)and di- or tricarboxylicacids (BDC
and BTC) as bridging ligands (Table 1). The MIL group of
frameworks is characterized by a large surface area
(3100—5900 m? g—1) 23 and pore volume (the diameter
varies in the 25— 34 A range). These properties render MIL
perfect candidate containers for drug delivery.

Zeolite-like imidazolate frameworks (ZIFs) represent a
family of metal-organic frameworks consisting of imidazo-
late linkers and metal sites with tetrahedral coordination
(Zn, Co, Cd, Li, etc.)?* and combine broad structural
variability with the possibility of formation of functional-
ized imidazolatelinkers (see Table 1). Therefore, ZIFs form
one of the largest families of MOFs known to date with more
than 100 different topologies synthesized experimentally
and some other topologies predicted by computer simula-
tion.

Finally, the UIO materials 2526 developed at the Uni-
versity of Oslo and named after it form the third popular
group of frameworks (see Table 1). The bestknown MOF of
this family, UIO-66, consists of the ZrsO4(OH)4 octahedra,
which are connected to neighbouring octahedra by the
benzene-1,4-dicarboxylate (BDC) linkers; this gives rise to
a structure with high stability provided by the Zr — O bonds
between the cluster and the carboxylate ligands.

All of the MOFs listed above have passed biocompati-
bility and stability tests.?” In addition, these structures are
often used as components of complex composite materials.

Unlike other well-known nano-sized porous materials
such as zeolites and carbon nanotubes, in the case of MOFs,
the material architecture can be controlled and the frame-
work can be functionalized directly during the synthesis.
Besides, aconsiderableadvantageisthe possibility tochoose
the desired components, size, shape, and chemical proper-
ties of the material by using various building blocks. Owing
to the broad choice of metal sites and organic linkers, it is
possible to synthesize virtually infinite number of structures
with specified physicochemical properties. For example,
since the MOF synthesis is temperature-dependent, the
change in the synthesis temperature makes it possible to
control the geometry of the inorganic component of MOFs.
In addition, the MOF skeleton can consist of virtually any
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Table 1. Most popular metal-organic framework families used as drug delivery containers.

Family MIL ZIF UIO
MIL-100(Fe,Cr) ZIF-8-Zn(C4N>Hs), UIO-66

Metal Fe, Cr, Al Zn Zr, Hf

Ligand Carboxylate Imidazolate Benzenedicarboxylate

Most popular structures MIL-53, 88, 100, 101 ZIF-7, 8,90 UIO-66, 67

Considerable increase in the
release time

Advantages

Stability at pH 7.4 and
decomposition in acid medium 22

High stability of materials;
popular compounds for the
design of theranostic materials

cations, whereas zeolites, most structurally similar hybrid
materials, usually contain only Al and Zn. For example,
unlike mesoporous silica, MOF has a regular porous struc-
ture, which ensures reproducibility of drug loading and
release; this can also be controlled by varying the composi-
tion of MOF nanoparticles (if they are formed in the syn-
thesis).

An important challenge in the field is related to the
selectivity of action of anticancer drugs, as they not only
act on the damaged sites in the body, but also have a toxic
effect on healthy tissues. For example, 5-fluorouracil (5-
FU), which is a pyrimidine derivative, prevents nucleoside
metabolismand canbeerroneouslyincorporatedinthe body
RNA and DNA, which induces toxic damage and apoptosis
of both cancer and normal cells. In addition, there are some
other shortcomings of this drug, including unstable oral
availability (with variable absorption in the gastrointestinal
tract and fast degradation), short elimination half-life from
the plasma and development of drug resistance.?® 3% One
moreillustrative exampleis doxorubicin (DOX), an efficient
chemotherapeutic drug against lymphoma, the application
of which is also restricted by numerous adverse effects such
as short biological lifetime and acute cardiotoxicity caused
by its nonspecific biodistribution.?! Therefore, these com-
pounds are perfect candidates for the use in drug delivery
systems, as this approach improves the bioavailability of
such drugs, prevents untimely in vivo decomposition and
decreases the adverse effects of drug administration

Using 5-FU and DOX, we will compare the efficiency of
MOFs with other widely employed containers (Table 2).
First, MOF-based delivery systems allow prolonged action
of the drug without the burst effect. It can be seen in Table 2
that the general trend is to provide pH-controlled drug
release. This is due to the fact that the pH level in the
malignant tumour cells is below normal. Using MOF-
based delivery systems, one can attain this type of drug
release. Indeed, 5-fluorouracil incorporated in Fe-MIL-53-

NH>-FA-5-FAM isreleased faster in acid medium 32 than in
a medium with pH 7.4. A considerable difference between
the drug release rates at different pH has been vividly
demonstrated for a P@ZIF-8-based DOX delivery system
(the release in acid medium is ~ 5 times faster).** As noted
above, the ZIF frameworksarestableatpH 7.4, whileinacid
medium, they are hydrolyzed, which accounts for the popu-
larity of these materials for the design of drug delivery
systems with pH-dependent release. The efficiency of drug
loading is, in this case, comparable with that for other
carriers. In the case of systems containing MIL frameworks,
steady-state drug release for more than 10 days has been
attained; this is obviously an important advantage, because
the frequency of drug administration is thus reduced.3?

2.3. Biological metal-organic frameworks

Despite the indisputable and obvious advantages of
framework materials as drug delivery containers, an
acute problem in this case is cytotoxicity, because
these materials can be potentially hazardous for
humans. This problem can be avoided by using bio-
logical metal-organic frameworks. Materials of this
group are composed of biologically significant molecules
that have been tested for cytotoxicity and shown to be
safe, such as API or other biologically active additives,
proteins, peptides and amino acids. Furthermore, if for
the previous group (see Table 2), destruction of the
material is undesirable, in the case of bioMOFs, this
will surely bring no harm to the body, but will lead to
release of the biologically active component. The pres-
ence of Al in the MOF structure facilitates solution of
the synthetic problem, as the target product can thus be
obtained in one stage. However, a multistage synthesis
including sorption of an Al in bioMOF may enable the
simultaneous delivery of several active ingredients. Fur-
thermore, since the biologically active ingredient is
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Table 2. Comparison of characteristics of MOF-based delivery systems for anticancer drugs with several popular container compounds (since
2017 until now).

Container compound Particle Surface Loading Drug release Ref.
size /nm area /m? g—! efficiency
(mass %) medium amount time /h
of the drug (%)
0}
HN F
5-Fluorouracil (5-FU) By \
0" "N
H
Fe-MIL-53-NH,-FA-5-FAM 120 198 23 pH 7.4 100 25 32
pH 5 100 20
FA-IRMOF-3 100 24 PBS 68 96 33
[Zne(L)3(DMA)4] - SDMA 100 21.1 PBS 95.8 96 34
pHS 91.6 96
{[H3O][Cus(tpta)3(DMA)4(COO)] - 1487 47.3 PBS 88 96 35
-12H,0-7DMA} Acid 92 96
CS/Ag-Au 12 19 PBS, pH ~5 67.6 72 36
AmD 68.6 — 31.8 pH 5.0 56 — 37
pH 6.5 61 -
pH 7.4 72 -
m-MCM-41-NH, — ~ 1000 97 DMSO 99 - 38
MSN 100 1193.19 75 Acid 50 4 39
MWCNTs 863.4 99.8 PBS, pH 7.4 88 16 40
Acetate buffer, 90 16
pH 5.0
FACS-Mn:ZnS 218 60 pH 7.4 56-75 60 41
O OH

ici H
Doxorubicin (DOX) 0 0 oH O o
QJ\/OH

NH>2
PD/MNMOF — 4.3 PBS 95 = 42
ZIF-8-HA 200-300 8.9 pH 7.4 9 48 43
P@ZIF-8 85 47.2 pH 7.4 21.1 24 44

pH 5.0 81.20 24

pH 4.2 100 24
PEG-FA@ZIF-8 185 DOX = 8.9 pH 7.4 29.8 132 45

(2 =409,
DOX + Ver)

HMSN@ZIF-8 360 712.5 50.3 pH 6 17.1 60 46

pHS 46.6 60

pH 4 71.4 60

pH 3 85 60
MIL/USPIO-cit(10) 130 1.310 14 PBS, pH 7.4 89 25days 47
Fe304@MIL-100 10-20 2000 19.4 PBS, pH 7.4 38 10 days 48
Fe;04-NH,@MIL-101-NH, 140-300 96.04 48.8 PBS, pH 7.4 50 = 49
Au-PEG-PAMAM 48.8 pH 7.4 5 96 50

pH 4 50 96
AmD 68.6 16.0 pHS 10 25 37

pH 6.5 20 25

pH 7.4 32 25



A.A.Simagina, M.V.Polynski, A.V.Vinogradov, E.A.Pidko  Russ. Chem. Rev., 2018, 87 (9) 831858

837

Table 2 (continued).

Container compound Particle Surface Loading Drug release Ref.
size /nm area /m? g—! efficiency
(mass %) medium amount time /h
of the drug (%)
O OH
Doxorubicin (DOX) 0 O OH O,,l/-' o
QIOH
NH2
ZnO QDs ~3 83.4 pH 7.4 36 80 51
pH 5 72 80
PAA/SBA-15 356.8 78.6 pH 2 20 — 52
pH 7.4 64 —
PMNP 5-10 40-60 — — 53
Table 3. Most well-known metal-organic frameworks based on biologically active molecules.
Bioactive molecules Examples of MOFs/MOF groups Substrate Metal Ref.
Amino acids ZnBTC Adenine (ade) Zn?* 58
(AmAc) ZnBDC Zn?t 59
PCN-530 Zn?t 60
(Et4N)[Cd3(ade)a(ipa),Br]- 3 MeOH - 3.5 DMA Cd?* 61
(EtsN)[Cd3(ade)»(thb),Cl]-3 MeOH - 3.5 DMA Cd?* 61
Zny(5-mtz)s(AmAc), - 2 (DMF) AmAc is L-alanine, D-alanine, Zn?+ 62
L-serine, L-valine
Oligopeptides MPF-2, MPF-9 Z-1-Val-L-Val-L-Glu(OBu')OBu!, Cu?*, Ca?t, 63
Z-L-Val-L-Val-L-Glu(OH)OH» Zn?*
CuJAST-1, HKUST-1 Diphenylalanine Cu?* 64
Proteins Ferritin MOF Ferritin Zn?*, Co?*, Ni?* 64, 65
ZI1F-8 Cytochrome Zn? 66
MOF-74 Myoglobine Cu?™ 67
MBPPhen, Cytochrome cb562 Zn, Ni 68
Enzymes CYCU-4 Trypsin 69
PCN-333(A) HRP, microperoxidase-11 Cyt, Al 70
Z1F-70 Glucose dehydrogenase, methylene green 71
Nitrogenous bases  BioMOF-1 Adenine Zn?t 72
BioMOF-100 73
Zn7(ade)s(BTC)s(DMF)O -4 DMA -3 DMF -4 H,0
DNA/RNA NH,-UIO-68 siRNA Zr> " 9
API/AI Ma(olz), [Mga(olz)(PEA)] Olsalazine (olz), Mg, Fe, 67
phenylethylamine (PEA) Co, Ni, Zn
BioMIL-1 Nicotinic acid Fe3* 74
[Fe3(OH),[0,C=CsH4N]s[0>,CCH3] (vitamin B6)
BioMIL-2 (CaO4OH>CsHg) Glutaric acid Ca2+* 75
BioMIL-3 Azobenzene-3,3',5,5 -tetracarb- Caz* 76
[Cax(azbz-TC)(H,0)(DMF)]- x H,O - y DMF oxylate (azbz)
BioMIL-4 [Ca(Hzalen) - H,O] Alendronic acid (Hjalen) Ca2* 77
BioMIL-5 [Zn(CoO4H 4)] Azelaic acid Zn?t 78
[Zn3(bdc)2(dfp)a] Deferiprone (dfp) Zn%* 79
Mg(H,gal) Gallic acid (Hagal) Mg?+ 80

2 These protein molecules were associated with the metal-organic framework via encapsulation.
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already present in the metal-organic material, a high
porosity is not necessary.

It is known that biologically significant molecules with
different structures and sizes have been used as ligands for
the design of MOFs. This issue is addressed in several
reviews, forexample,inareview of Imazetal.,>* who present
abroadrange of biomolecules used as MOF building blocks,
and a recent paper of Rojas er al.,>> which focuses on 3D
bioMOFs, their composites and in vivo studies of these
structures. The above publications consider in detail the
morphology of bioMOFs, ranging from description of
secondary building blocks of bioMOFs ¢ to analysis of the
preparation routes and investigation of MOF composites.3’
Therefore, in this review, we intended to shed the light on
MOF structures thatare mostinteresting, in our opinion, for
the development of drug delivery systems. Briefinformation
about these structures is summarized in Table 3.

Amino acids are key compounds in the biochemistry of
living organisms, which also characterizes them as a rather
promising class of ligands for the formation of MOFs. Also,
amino acids are chiral, thus opening up the way to chiral
supramolecular structures; therefore, separation of optical
isomers and asymmetric catalysis are equally important
applications of these MOFs.

For example, a chiral 3D MOF with a tripeptide as an
organic ligand has recently been obtained.®! The validity of
the concept was confirmed by using this MOF for enantio-
selective separation of methamphetamine and ephedrine. It
was shown that solid-state extraction of ephedrine as the
target component leads to 50% efficiency of component
separation in 4 min.

Considering the synthesis of MOFs with protein mole-
cules as secondary subunits, three structures obtained via

coordination of the protein ferritin to Zn, Co and Ni metal
sites are known.%% 93 Initially, taking advantage of the high
symmetry of this protein complex, the authors were able to
generate additional metal sites on the protein surface via
coordination of Zn atoms to the specially added histidine
groups. Thus, zinc-modified ferritin was transformed into a
large integrated metal unit for the construction of MOFs. It
is of interest that protein MOFs can be prepared both using
organic linkers (a set of bidentate ligands was utilized) and
without them. In the next publication,’? the range of protein
MOFs was extended by using the fabricated Co- and Ni-fer-
ritin metal units with 5-ditopic ligands (Fig. 4).

Recently, it has been found that crystallization of cyclo-
dextrins with alkali metal salts in the presence of alcohols
gives rise to a class of porous metal-organic structures,
which have been called cyclodextrin MOFs (CD-MOF) and
which can also be classified as bioMOFs. Cyclodextrins
(Fig. 5a)arereadilyaccessible, natural, cyclicoligosacchar-
ides, which have occupied long ago their own niche in
pharmaceutics, food technology, analytical chemistry and
biotechnology. Depending on the number of glucose resi-
dues that constitute the ring, the following types of cyclic
structures are distinguished: a- (6 units, a-CD), B- (7 units,
B-CD) and v- (8 units, y-CD) cyclodextrins (Fig. 5b). These
molecules have a hydrophilic outer surface able to undergo
structural changes and modifications and a hydrophobic
inner cavity, which can accommodate diverse biologically
active molecules via non-covalent interactions and hydro-
phobic effects;®* this makes them perfect candidate con-
tainer structures for such molecules. Development of cyclo-
dextrin-based framework materials resulted in the genera-
tion of a new, in principle, class of crystalline 3D materials,
CD-MOFs, withseveral different types of pores: CD cavities
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7.5—8.3 Ain diameter and CD-MOF pores with an average
diameter of 17 A.

Currently CD-MOFs represent a developing class of
framework materials with a large variety of topologies and
functionalization options (Fig. 5¢). It is also notable that
single crystals have been grown for many compounds of this
family and their crystal structures have been determined. A
typical feature of the crystal structures of these materials is
the presence of areas consisting of two conjugated cyclo-
dextrins, which are called dual cyclodextrin units.®3 In many
cases, exactly these structural motifs provide strong binding
sites for drug molecules.

As indicated by analysis of the literature, despite the
considerable progress in the synthesis of bioMOFs, which
consistsinalargediversity of biologically significant entities
used for the framework formation and the final structures
based on them (Table 4), there are still a number of points
that need to be clarified. For example, because of low
symmetry of biological molecules as ligands, it is difficult
to apply the known topology screening algorithms to bio-
MOF systems, which extremely complicates modelling of

fTaken from J.Q.Sha, Z.H.Zhong,
RSC Adpy., 6,82977 (2016).

L.HWu, A.D.Liu, N.Sheng.
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Table 4. Cyclodextrin MOFs and drug delivery systems based on them.

Name M+ CD Therapeutic agents Loading (mass %) Ref.
CD-MOF-1 K+ v-CD Captopril 12.59 84
Lansoprazole 12.07 86
23.2 87
Ibuprofen 13 86
26 88
Fenbufen 19.6 89
Sucralose 27.9 90
Na-a-CD-MOF Na™ a-CD S-Fluorouracil 8.5 91
Methotrexate 38.15 91
Silibinin 12.8 91
Ferulic acid 10.87 91
Quercetin 32 91
Na-B-CD-MOF Na™* B-CD 5-Fluorouracil 23.2 92

their self-assembly. In addition, in the case of large entities
such as proteins, it is difficult to predict whether or not the
active sites of these molecules would be accessible after their
incorporation into MOFs.

Studies of MOFs are often associated with the problem
of hydrolytic stability. Nevertheless, many MOFs that are
relatively stablein water have beenreported.®3 In particular,
such stable structures are encountered among Zn-contain-
ing ZIFs. For example, a ZIF-7-based membrane for gas
separation °* is hydrolytically stable for 50 h. The H and
CO, permeability decreased during the stability assay by
10%, whereas the separation factor did not change.

Approaches forincreasing the material stability in aque-
ous media have been developed; one of them includes cross-
linking of functional groups, which increases the hydro-
phobicity of the framework. Thus, active research along this
line is in progress and new solutions are being continuously
developed.

2.4. Biocompatibility of metal-organic frameworks

Riding on the popularity wave of MOFs as drug
delivery agents, numerous new framework materials
have been developed, parameters of drug loading into
framework cavities have been verified, and the drug
release from MOFs has been evaluated. However, the
issues of biocompatibility and destruction of materials
in biological media are not entirely clear and require
further research, data accumulation and subsequent
data analysis.

The biomedical application of new materials imposes
certain requirements on the design of new drugs and dosage
forms. Therefore, it is very important to provide an appro-
priate dose to obtain the desired therapeutic effect, while
minimizing harm to the patient. Indeed, due to the presence
of metal sites in MOFs, it is necessary to select the metal
considering its toxicity. In particular, iron and zinc are
present in the body in relatively high concentrations and
have high half-lethal doses (LDsg) (Table 5), which makes
them most popular for the development of new MOFs. Any
compound or element should be checked for biorelevance
using Bertrand’s diagram,”® which establishes the relation-
ship between the deficiency in the body, the optimal physio-
logical response and toxicity depending on the administered
dose. However, toxicity also depends on other factors such

Table 5. Toxicity of the most widely used components of metal-organic
frameworks.>> %>

Element Average composition LDsq for rats
in humans /g /mg kg—!
Metal cations
Al — 200- 1000
Au 42-420x10—° —
Bi 0.0005 >2000
Ca 1000 1940
Co 0.003 691
Cr — 50-150
Cu 0.072 30
Fe 4-5 450
K 140 3020
Li 0.007 590
Mn 0.012 1484
Mg 1.9 5000
Zn 2.3 100-600
Zr — 4100
Ligand LDso for rats /mg kg !
Organic linkers
Terephthalic acid 5000
Trimesic acid 8400
Naphthalene-2,6-dicarboxylic acid 5000
1-Methylimidazole 1130
2-Methylimidazole 1400
Isonicotinic acid 5000
5-Aminoisopthalic acid 1600

as the administration route, exposure time and time of
accumulation/elimination from the body. Therefore, even
the elements and compounds that are considered to be toxic,
may have therapeutic effect when used in micro and nano
quantities. On the other hand, metals that are usually
classified as non-toxic may be hazardous when present in
large quantities.>>

The choice of organic linkers is dictated by their half-
maximal inhibitory concentration (ICsg),°” which can be
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determined in in vitro studies in cell lines. Endogenous
organic molecules are usually preferred as they are biocom-
patible. For example, the amino acid histidine contains an
imidazole moiety, which is also used in ZIFs; therefore,
imidazole derivatives can serve as MOF ligands.

Several in vitro studies of the MOF toxicity have been
reported. A standard experiment for such studiesisthe MTT
assay,>*measuring theeffect of both TA-loaded and TA-free
MOF particles on variouscelllines. The MTT assay,’® which
was first described more than 30 years ago, is widely used for
cellsurvivalassaysandisincluded inmost molecular biology
and medicine protocols.?® The test is based on the reduction
of a tetrazolium yellow dye [3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide] with mitochondrial
dehydrogenases of living cells to purple formazan crystals,
which are insoluble in the aqueous medium of cell habita-
tion. The formazan crystals are dissolved in DMSO or in an
HCl-isopropyl alcohol mixture and are quantified by col-
orimetry. During this procedure, living cells are destroyed,
i.e., the MTT assay is destructive. Furthermore, the MTT
assay for cytotoxicity is poorly applicable to cases where
suspended cell cultures are used, because it implies complete
removal of the culture medium at the stage of dissolution of
formazan crystals. Nevertheless, benefits of this method
include economic feasibility and excellent reproducibility
of the results.!90 In addition, this method can be used to
monitor the decomposition of the material and the release of
the drug.

Experiments in which MOF particles were delivered
directly to the cells were carried out for various cell lines
such as rat embryonic fibroblasts (REF52WT),!°! non-
small cell lung cancer cells (NCI-H292), human breast
cancer cells (MCF-7), human acute myeloid leukaemia
cells (HL60),'°2 human colon adenocarcinoma cells (HT-
29),103.104 hyman leukaemia and human multiple myeloma
cells,!93 canine endothelial sarcoma cells (FITZ-HSA),!06
human cervical carcinoma cells (HeLa!'7) and murine
fibroblasts (NIH/3T3).108

The cell viability, efficiency of malignant cell killing
through apoptosis, targeted delivery of particles to the cell,
and MOF uptake by various cells via endocytosis have been
studied in considerable detail. The conjugation of targeted
moieties to MOFsenhanced thedelivery of loaded drugsand
helped todetectdamaged cells or tissues (targets), such as for
example, cancer cells. The targeted molecules used for this
purpose include various affinity ligands, peptides, oligonu-
cleotides, antibodies, drugs and biologically active com-
pounds, which ensure the binding of the particle to target
markers on the cell surface.!%?

Itisnoteworthy that, despiteitssignificance, the number
of publications devoted to the in vivo effect of MOFs is still
moderate.''® Mohamed er al.l'! studied the impact of
MIL-89 and poly(ethylene glycol)-coated MIL-89 nano-
particles on rats. The authors concluded that these com-
pounds are applicable in drug delivery systems and are not
hazardous to humans. In another study, three carboxylate
MOFs based on Fe!ll cations were intravenously adminis-
tered to rats in high doses (up to 220 mg kg—1)."'2 The
animals were observed for three months, and the toxicity
was estimated from the behaviour of animals, change in the
body weight, water and food intake, and results of histopa-
thological examination (liver, spleen, heart, lungs, brainand
kidneys) and biochemical studies. The particles were accu-
mulatedintheliver and spleen, butnosigns of histological or

functional changes were noted upon their progressive deg-
radation and elimination of excess iron and metabolized
exogenous ligands.

In yet another study, Danio rerio fish was chosen as a
subject for toxicity studies.!!3 The introduction of Zn-based
2D MOFs in concentrations below 125 ug ml—! over a
period of 24 h and below 62.5 pg ml—! over a period of
48 h did not induce notable morphological changes in
comparison with the control group. These results indicated
that this MOF in these concentrations is not toxic to the
given species.

A recentstudy on the in vivo toxicity of Gd'''-based MOF
nanoparticles after intravenous administration to mice
showed no deviations of the biochemical blood values.
Only minor changes in the state of liver associated with
particle accumulation were detected.!#

An important characteristic of MOFs (except bioMOF)
is the size of the obtained crystals. From the standpoint of
medical applications, nanometre-sized MOFs (often called
nano metal-organic frameworks, NMOFs) are efficient. The
particle size of NMOFs ranges from tens to hundreds of
nanometres, with the structural diversity and physicochem-
ical properties inherent in bulk MOFs being retained.!!> An
inappropriate choice of the dispersion properties of the
material can not only reduce the efficiency of the drug, but
also induce serious toxicity-related problems. This can be
illustrated by the fact that intravenous administration
requires stable suspensions with rather small (<200 nm)
uniform particles in order to avoid fast particle aggregation
or precipitation, which could cause severe embolism.!1® The
particle size also affects the metabolic pathways. For exam-
ple, relatively small nanoparticles (20—30 nm) are usually
eliminated via renal excretion, whereas larger particles
(30—300 nm) can be rapidly taken up by the cells of mono-
nuclear phagocytic systems and are mainly encountered in
tissue macrophages (of mainly liver and spleen).!17- 118 Also,
the particle size and the surface properties of MOFs mark-
edly influence penetration of various barriers on the way
toward the target and, hence affect, the biodistribution and
efficiency of their biological action.!'!?

Metal-organic frameworks are sophisticated multilevel
materials. This is reflected in the properties and character-
istics of these compounds and brings about the necessity to
use dedicated methods for their investigation. It is note-
worthy that drug-loaded MOFs are three-level composite
materials. Any subsequent modification such as particle
coating with polymers, biomineralization and so on
increases the number of levels in the system and, hence,
makes the system more sophisticated. Therefore, the kinetic
and thermodynamic aspects of the MOF-based drug deliv-
ery systems are quite ambiguous and complex for descrip-
tion. Different theories may be efficient for the description
of processes taking place in different systems, and correct
and most comprehensive understanding may be provided by
the use of several models.

Due to these difficulties, there is a pressing need to
streamline the work and rationalize the stages of design of
MOF-based drugdelivery systems. Materials of this type are
promising candidates for application of the rational design
concept. This approach, which was first established as an
important toolin biology and biomolecular engineering and
proved to beefficientin the development of TAs, iscurrently
becoming more and more popular in materials science.
Rational design is the strategy of development of new
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materials with a desirable functionality based on the ability
to predict, relying on physical models, how the structure of a
molecule would affectits behaviour. Thisisusually achieved
by means of computer simulation, the role of which in the
context of the design of MOFs and MOF-based drug
delivery systems is discussed in the next Section.

3. Computer simulation for the rational design of
MOPF-based materials for targeted drug delivery

The use of computer simulation in the design of new
materials has markedly extended the methodologies used
for their design. Computational methods can serve to
optimize and guide the experiment from the initial
stages to the completion.

As applied to the design of drug delivery systems, com-
puter simulation can be used to study the self-assem-
bly,!20- 121 gtructural and dynamic characteristics of the
obtained aggregates,'?2-123 drug loading capacity,!22-125
distribution and localization of TA molecules in the con-
tainer cavity,'?6-127 stability of TA -container com-
plexes,!2% 128 mechanisms and rate of TA release '?° and
competitive sorption and release in drug delivery sys-
tems 130-131 and to develop or optimize the possible targeted
delivery.!3? In addition, computational methods make it
possible to evaluate the role of environment conditions such
as pH, temperature, type and concentration of salts present
in the biological medium, the nature of counter-ions,!27- 133
external stimuli such as magnetic fields '34 133 orinteraction

with other biomolecules (such as serum proteins, siRNA,
heparin).!36- 137

Currently, the key approach to the development of new
functional materials is based on the rational design concept.
In the context of medicinal chemistry, thisimplies predictive
modelling of new compounds possessing certain function-
ality. In the English-language literature, this has long been
termed as ‘computer-aided drug design’ (CADD) (Fig. 6),
which implies the use of computer simulation in the drug
design.'3® The capacity of this method is not limited to
screening of potential therapeutic agents and most promis-
ing structural units for the design of drug carriers; the
method is also suitable for predicting the possible deriva-
tives of the developed compounds and for modelling TA
interaction with components of the environment and TA
metabolic pathways. Most often, CADD is utilized to solve
three global tasks: (1) considerably reduce the search
domain for desired molecules and identify the most appro-
priate candidates for experimental studies; (2) search for
new, more efficient derivatives of known compounds;
(3) develop modification pathways for known therapeutic
agentsand platformsin order toincrease the bioavailability,
stability and other parameters.

Although conventionally the CADD-based approach
mainly targets the search for new active candidate pharma-
ceuticals, in the context of modelling of drug delivery
systems, CADD is also an important tool for determining
the mechanism of binding of a drug molecule to a receptor
and drug affinity, i.e., the mechanism of TA action.!?® To
perform the pharmacological function, a therapeutic agent
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Figure 6. Diagram depicting computer-aided drug design/search for new drugs.!3®
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hastointeract in vivo with a particular substrate ligand. Itis
known that receptors are biological structures responsible
for binding of the therapeutic agent at the cellular level.!40
Most often, receptors are complex protein molecules. Bind-
ing of TA to receptor may occur via the same interactions as
binding to the delivery container, namely, via the hydro-
phobic and electrostatic interactions and hydrogen
bonds. 14!

3.1. Screening of framework materials

The structures of drug delivery systems are complex and
hierarchical; therefore, the same features are inherent in
the computer simulation of these systems. The minimum
set of modelling elements comprises three objects: the
TA, the TA container and the medium in which the TA/
container system will interact (for the convenience, the
latter will be denoted biomedium). Therefore, before
simulating the system operation as a whole, it is
necessary to solve a number of primary problems that
bring us closer to the understanding of how the system
function. In particular, it is crucial to (1) resolve the
container structure and determine interaction parame-
ters between the container and the medium, (2) under-
stand the mechanism of TA action and (3) estimate the
strength of the interaction between the TA and the
container. Thus, computer simulation of functioning of
drug delivery systems based on framework materials is a
many-objective labour-intense problem.

Framework materials are sophisticated ordered struc-
tures consisting of repeating subunits and belonging to the
subject matter of reticular chemistry; hence, the search for
new configurations is a priority task for the development of
thisarea. In the context of application of framework materi-
als as drug containers, the possibility of fast and efficient
adjustment of the framework structure to a definite type of
drug may considerably facilitate screening of drug delivery
system components. This is due to the fact that in the case of
any difficulties in the delivery system design such as ineffi-
cient drug sorption, too fast drug release and so on, it would
be more easy and efficient to change the container rather
than the API. A way out of this situation is provided by iso-
reticular frameworks (IRMOFs). However, enumeration of
all possible configurations will take an enormous amount of
time.

A software programaimed at the targeted search forsuch
structures is AuToGraFS (Automated Topological Gener-
ator For Framework Structures).'#?> This program performs
the search for both periodic and non-periodic systems
proceeding from the known bond topologies. The AuTo-
GraFS program can be used as either autonomous software
or a module in the Python Atomistic Simulation Environ-
ment (ASE).!1#3 In this environment, AuToGraFS is by
default connected to the UFF4MOF force field 144 for fast
geometry optimization of the modelled structure. In general,
the approach comprises the following stages: the initial
topology is specified and boundary conditions are imposed;
thetopologyisscaled and a periodic model with definite slots
for the framework building blocks is generated; the slots are
filled with the building blocks via geometric operations; the
connections between the blocks are generated taking into
account the known topologies (defective units are elimi-
nated); and the structure is derived and optimized using a
force field. A successful example is MIL-53 in which the
central Cr atoms were replaced by Al (Fig. 7). Good agree-

Figure 7. Unit cell used to generate MIL-53 analogues.'4?
The four ditopic linkers (/) and four metal sites (2) are the objects
located in the AuToGraFS$ field. (I', 2’) Periodic images.

Table 6. Unit cell parameters of MIL-53 determined experimentally
and calculated by AuToGraFS.!42

Unit cell Calculated Experimental Error (%)

parameters values values

a 6.213 6.812 —8.8
16.124 16.733 —3.6

¢ 13.231 13.038 1.5

ment between theoretical and experimental data is observed
(Table 6); visualization of this structure is presented below
in Fig. 13 a.

In the case of extended conjugated polymeric structures
such as MOFs, the use of building blocks for simulation is a
reasonable approach. For example, structure selection
based on building blocks was shown to be efficient for the
search for frameworks for gas separation.!*>~149 This
approach can serve as a good example of successful screen-
ing, which would enable in the future screening of MOF-
based drug containers.

However, thisapproachislimited, first of all, because the
reference points used in the modelling are the already known
structures, which are not subsequently subjected to signifi-
cant changes, and this may result in minor changes in the
properties of materials. A recent review 3¢ describes the
steps towards the next level of the computational screening
of structures. In particular, screening based on modelling of
new building blocks rather than on the search through the
Cambridge Structural Database (CSD) has been pro-
posed.!'3! This method is known as the automated assembly
of secondary building units (AASBU).!52

The secondary building units are randomly distributed
in the unit cell and specify the points of interaction at which
they can be connected to other building units. These con-
nection sites are parameterized, in order to promote or
disfavour the connection of certain units. The simulated
annealingalgorithmisused torearrange the structural units.
Ateachstage, thecellsizeand the distances between the units
are allowed to vary to relieve interatomic contacts. One run
usually yields ~ 10 primary configurations. Radial distri-
bution functions and simulated diffraction patterns are used
to identify duplicates, which are then removed. The geome-
try of the configurations is then optimized and systems with
non-optimalenergy valuesareeliminated. This givesrisetoa
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Figure 8. Diagram of the top-down approach (a). In the bottom-
up approach, the building blocks are extracted from real MOFs and
rearranged into new combinations to generate hypothetical frame-
works (b).150

A terephthalic acid molecule is shown as the ligand (/), the metal
unit is ZnsO (2), which is located at the lattice points to form
MOF-51.

few hundred possible configurations of building units,
which are ranked according to the connection strength.

As an alternative to the energy minimization procedure
used in the AASBU method, geometric approaches have
been developed. They can be classified into two large groups
dependingon the screeningalgorithm, thatis, top-down and
bottom-up approaches. The bottom-up approach implies
successive connection of known building blocks until a
periodic crystal structure is generated. The top-down
approach proceeds from a specified network or topology
and then the search for appropriate building blocks, which
are structure-forming elements in this network, is carried
out. In addition, these methods can be used to predict
structures containing more than one linker.!>3 These
approaches to structure generation are depicted in Fig. 8.

A new trend in the development of framework materials,
which is gaining attention, is the functionalization of known
structures and targeted screening of multifunctional frame-
works. For example, new systems called multidimensional
or heterogeneous MOFs are distinguished. The formation
principle of some materials is a combination of several
functional groups or active sites in order to endow the final
material with certain properties.!>* One way is to use
functionalized linkersin the synthesis.!35 Another approach
to the synthesis of these materials is the preparation of
heterometallic MOFs, that is, frameworks with cations of
different metals in the inorganic nodes.!>¢

Coudert’s research team %7 developed a strategy based
on density functional theory (DFT) calculations meant for
investigation of heterometallic MOFs and able to predict
whether the pre-specified combination of metals would
induce clustering and formation of a new material, or the
cations would be randomly distributed. The calculations
were carried out for two bimetallic MOFs, MOF-5 and
Ui0-66,'%¢ using the CRYSTALI14 program.!3® This pro-
gramis able to carry out electronic structure calculations on
periodic structures using localized atom-centred basis sets
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Figure 9. Block diagram for generation of various framework configurations (based on Ref. 157).
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that take account of the crystal structure symmetry. The
B3LYP functional was chosen for the MOF-5 structure 159
and the PBEsol functional was applied to the UIO-66
family.'®® Grimme’s dispersion correction was used in the
calculations.'®! The bimetallic units were modelled by
means of the tools for description of solids with disorder
and solid solutions implemented in the CRYSTAL14 soft-
ware. The generation of configurations is illustrated in
Fig. 9.

Analysisofthestability of bimetallicconfigurations with
respect to homometallic ones performed by comparison of
the mixing energies has served as the criterion for the
rejection of non-optimal structures. For amodel framework
with element A being replaced by element B with the number
of units j (1 <j < p) and the rate x; € [0; 1], with the energy
afterrelaxation givenas E (), the mixingenergyis defined as

E{) = EO)—xEg—(1—x)Ea (1)
where Eap and Eg are the energies of homometal frame-
works. A negative value of E,, indicates that the frame-
work with this crystal structure is energetically more
stable than those of the homometallic analogues (for
T=0 and P =0).

Other important parameters are topological indices, %2
the distances between metal cations and ligand functional

groups bonded to the metal cations and the Mulliken
charges.!03

3.2. Modelling of the sorption of drug molecules in the
framework cavities
The design of drug delivery systems based on frame-
work materials is based, most often, on the adsorption
of drug molecules in the framework cavity. Hence,
understanding of the adsorption and formation of the
sorption complex is key to further development and
studying of these materials. Computer simulation is an
indispensable tool providing both qualitative and quan-
titative (with the modern level of computational chem-
istry) description of the sorption process. Depending on
the level of the problem, an appropriate simulation
method should be chosen out of a large variety of
approaches differing in the accuracy and dimensionality.
Usually, it is possible to draw a correlation between the
system size and the computation accuracy and also the
time of simulation (Fig. 10). For example, empirical
force fields are applied to simulate the processes taking
place during long periods of time involving systems
consisting of thousands of atoms.

Description of the reactivity and interactions between
the drug and framework materials, which bring about the
bond cleavage and other significant changesin the electronic
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Figure 10. Hierarchy of compuational methods.!%4
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structure such as recoordination in the MOF metallic unit
requires the use of quantum chemistry methods.

3.2.1. Quantum chemical calculations

Owing to the optimal combination of accuracy and
relatively short computing time required with modern
computers, methods of density functional theory have
found wide use in the modelling of MOFs.!®5 The key
issue is the choice of the exchange-correlation functional
(below referred to as just functional) to express the
dependence of the potential energy of a multielectron
system on the electron density at a specified set of
approximations and parameters.

Currently, there exist quite a number of functionals with
different approximations and many basis sets, which can be
combined in different ways to select computational schemes
for particular cases. Nevertheless, certain trends for compu-
tational schemes have been formed for addressing frame-
work materials as drug delivery systems. For example, local
density approximations (LDAs) are currently no longer
used, being replaced by generalized gradient approxima-

Table 7. Examples of DFT simulation of framework materials.

tions (GGAs), which still remain a popular group of
exchange-correlation functionals (PW91,166 PBE 167).

Among basis sets, the def2-XVP family of basis sets !6%
(X =S8,TZ,QZ,etc.)isoftenemployed which covers most of
the Periodic Table. The previous generation, def-XVP 169
(X =S,TZ,QZ)orPoplebasissets '7°(6-31G, 6-311G, etc.)
are also used in the context of DFT calculations. An
advantage of computations with the def2 basis sets is that it
is possible to apply RI-J, RI-JK and RIJCOSX approxima-
tions, which considerably reduce the required computing
time.!7! Also, the numerical DNP basis set 72 is often used;
this reduces the basis set superposition error, which is rather
important for modelling of adsorption and intermolecular
complexes.!’3

The DFT simulation of framework materials is often
carried out with periodic boundary conditions using the
plane wave basis sets. This is done by means of GGA func-
tionals (Table 7). For example, periodic DFT calculations
have been successfully employed to model MOFs of the

MIL, UMCM, HKUST, ZIF and TTI-COF fami-
1ies.8> 174-183

MOF Method Functional/basis set Goal Ref.
(additional approximations)
IRMOEF-16 PM7 PBE/def2-TZVP + (CP correction) Studying the TA — MOF interaction 174
OH-IRMOF-16 DFT-D3
IRMOF-14 DFT PBE/def2-TZVP Estimation of the drug binding energy, 175
IRMOFEF-16 SCS(MI)-MP2 drug and MOF geometry optimization
IRMOF-74-111 PM7 RI-PBE/def2-TZVP Identification of preferable sites for sorption 176
OH-IRMOF-74-111 DFT-D3 and analysis of the nature of interactions
between the drug molecule and MOF
MIL-101(Cr) Periodic PWO1/DNP Geometry optimization for sorption complexes 177
DFT calculations
MIL-53(Fe) The same PWO1/DNP The same 8
MIL-53-H " PBEsol/PAW Initial geometry optimization for MOF 178
MIL-53-Br DFT+U and drug molecule. Estimation of the decrease
MIL-53-NH>» in the pore volume upon drug encapsulation,
determination of the geometry of drug molecules
in the framework cavities and calculation
of the drug binding energy
MIL-53(Fe) " PW91/DNP Geometry optimization for the crystal unit cell, 179
interaction between the drug and the framework
MIL-101 DFT B3LYP/LANL2DZ Identification of lowest energy conformations 180
UMCM-1 (DFT calculations), determination of atomic
charges on the MOF (ESP method)
HKUST-1 PBE/def-SV(P)//B3LYP/TZVP Geometry optimization for sorption complexes. 181

ZIF-7, ZIF-8 and ZIF-9 DFT B3LYP/6-311**G

ChelpG

TTI-COF
PBEO-D3/Def2-TZVP
(CP correction),

PBE0-D3/Def2-SVP//B97-3/pcS-2

PBE(O-D3/Def2-SVP (CP correction),

Interaction energy between drug molecules and
unsaturated metal units

Calculation of atomic charges 182

Geometry optimization for the initial compounds 183
and sorption complexes, determination of the
interaction energy, signal positions in the

NMR spectra
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The application of DFT to the development of drug
delivery systems can be exemplified by a study of binding of
the anticancer drug tamoxifen to the functionalized organic
linkers of the IRMOF-14 and IRMOF-16 frameworks
functioning as MOF elementary building blocks.!8* The
main types of interaction between the drug and the linkers
include hydrogen bonds and ©— mwinteractions. The strength
of these types of bonding characterizes the efficiency of
operation of the whole system and, what is most important,
indicates whether the controlled drug releaseis possible. The
study was carried out by DFT calculations at the GGA level
of theory using the SCS(MI)-MP2 method.!®> The interac-
tion energies of tamoxifen with organic linkers were deter-
mined by scanning the potential energy surface considering
different orientations of the drug molecule in the system.
This gave the values of maximum interaction energies
(16.6 kcalmol—! for IRMOF-14 and 18.32 kcal mol~! for
IRMOF-16) (Fig. 11). These binding energies are optimal
for drug sorption and delivery without attachment in the
framework cavity, whereas higher binding energies would
preventdrugreleaseinside the bodyin due time. This subject
matter was further developed in another publication 7% in
which the presence of glycine was taken into account and the
strength of non-covalent interactions of the framework
elements was calculated.

A research team 78186 yged the density functional
theory to identify the preferable caffeine binding sites in
the cavities of zirconium MOFs. The authors proved that
metal atoms are not strong binding sites, while caffeine is
preferably adsorbed near the organic linker. The binding is
mainly due to hydrogen bonding between a caffeine oxygen
atom and the carboxyl group of the linker. Also, weak van

Figure 11. Site of interaction of OH-IRMOF-16 with tamoxifen.!'84

der Waals interactions (CH-m-type) between the methyl
groups of the drug molecule and the organic part of the
matrix were also detected. Low drug loading was explained
by strong competition with the solvent (water).

Of considerable interest is a study '8! dealing with the
interaction of biologically significant organic molecules
such as caffeine, niacin, urea and glycine with the copper-
based HKUST-1 framework containing coordinatively
unsaturated metal sites. In all calculations, the authors
used the third-generation Grimme’s dispersion correction
(D3). Also, the thermodynamic parameters of adsorption
were calculated. Estimates were made of molecule binding
directly to the metal site and sorption within the MOF pore,
with both large and small cavities being considered. The

Figure 12. Ball-and-stick models of ibuprofen, anethole and guaiacol (a); structure of HKUST-1 with pore size of 9 x 9 A (b).183
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adsorption enthalpy (A Haas) was calculated by the following
formula:

AH,g = IE + AZPE )

where IE is the electronic interaction energy,
AZPE = ZPEMOF...guesty — ZPE(guesty 1s the zero point
energy in the harmonic approximation.

The electronic interaction energy was calculated by the
hybrid high-level/low-level (HL/LL) scheme with allowance
for the basis set superposition error, which is rather signifi-
cant for estimation of the non-covalent interaction energy
with Gaussian basis sets being used.

According to calculations, the interaction with metal
sites proved to be the strongest for all organic molecules.
Interesting results were obtained for the adsorbate —adsor-
bate interaction strength in the case of TA adsorption in the
pores. For high loading of guest molecules (caffeine, urea or
glycine), dimerization energy was found to be higher than
the adsorption energies. Thus, these molecules are expected
to be dimerized and/or trimerized instead of being adsorbed
in the pores.

Chen et al.'87 investigated the sorption of ibuprofen,
anethole and guaiacol molecules in the HKUST- 1 cavities
(Fig. 12) and confirmed the possibility of prolonged release
of these drugs, which is critically important for functioning
of the drug delivery system.

It is necessary to emphasize the importance of balanced
description of all types of physicochemical interactions for
the framework materials by quantum chemical methods. In
this case, apart from covalent interactions, non-covalent
interactions such as hydrogen bonds, m—m contacts and van
der Waals forces must be adequately described. The DFT
methods, are currently the state of the art in the field, do not
take into account the non-local electron correlation and,
hence, they are inapplicable to modelling of ©—m interac-
tions and van der Waals forces and they also require
dispersion corrections.!88-190 Exceptions are provided by
non-local functionals specially developed for describing
dispersion interactions, such as VV10 (Ref. 191) or vdW-
DF.192

Even at the current level of development of computers,
modelling of structurally complex systems consisting of
components of different nature and hundreds of atoms by
quantum chemistry methods, in particular, by DFT meth-
ods, isfar from beinga routine problem. Therefore, methods
requiring less computer resources are demanded.

3.2.2. Monte Carlo method
Force field-based and Monte Carlo methods are often
preferred for description of adsorption processes in the
cavities of framework materials or other meso- or
microporous materials. There are two most popular
algorithms for such calculations, namely, the Metropolis
algorithm '°3 and the configurational bias algorithm.!%4
The Metropolis scheme comprises the following stages:
generation of new configurations of sorbed molecules and
calculation of their energies; comparison of the energies of
starting and new configurations; and energy comparison in
terms of the Boltzmann distribution. If the generated system
is more probable according to the Boltzman distribution,
this step is accepted; if not, the system returns to the initial
state.

The configurational bias Monte Carlo algorithm 194 is
based on the scheme developed by Rosenbluths in 1955.195
The key principle of algorithm operation is the check of new
configurations generated by the title procedure for the
compliance with the Rosenbluth statistical weight. The
configurational bias Monte Carlo algorithm isimplemented
via the following stages: (1) generation of the trial config-
urationinthesystem by addition ofanew moleculeorits part
according to the Rosenbluth scheme and calculation of the
Rosenbluth statistical weight for the updated system;
(2) determination of the Rosenbluth weight factor with
respect to the previous configuration; (3) acceptance of the
algorithm stage with a certain probability.!?® In the model-
ling of adsorption, the adsorbate molecules fill the cavities
via change in the positions of atoms (removal/filling) with
the goal to find the most energetically favourable conforma-
tions, while avoiding overlap with the positions of other
molecules.

An early study in which the Monte Carlo method is used
toevaluate theefficiency of drugloadinginto biocompatible
MOFs and to develop screening methods for MOFs as drug
delivery agents was reported by Bernini e al.'°7 Using this
method, the authors modelled the sorption of the nonster-
oidal anti-inflammatory drug ibuprofen in biocomp-
atible MIL frameworks [MIL-53(Fe), MIL-100(Fe),
MIL-101(Cr)] in the grand canonical ensemble. Also, this
approach was applied to MOF-74(Mg),!°8 CD-MOF with
hydrocarbon linkers ' and bioMOF-100 with an extensive
surface area (4.300 m? g—!).29° The major benefit of this
approach is the possibility to evaluate both drug adsorption
and attachment in the pores and the drug release. In addi-
tion, it wasshown that the Monte Carlomethod discloses the
mechanism of drug adsorptionin the pores. In particular, by
calculation of theradial distribution function for the system,
the authors described the interactions between the frame-
work metal atoms and the ibuprofen carboxyl group as well
as hydrogen bonding between the donor hydrogen atoms of
the ibuprofen carboxyl group and the acceptor oxygen
atoms belonging to the framework.

The resulting dependences of the potential energy on the
number of ibuprofen moleculesinside the pores werein good
agreement with the experimental results. In a comparison of
theadsorptioninpotentialdrugcontainerssuchas MOF-74,
CD-MOF-1 and bioMOF-100 with the previously studied
MIL-53, MIL-100 and MIL-101, assumptions were made
aboutthemostprobabledrugrelease mechanismsfor frame-
works that have not yet been investigated (Fig. 13 a). For
example, the pore diameter in CD-MOF-1 or MOF-74 is
very close to the corresponding diameter in MIL-53. There-
fore, the adsorbate—adsorbent potential energy profiles
virtually do not change with increasing drug loading;
hence, the release should be similar to that for MIL-53 and
should be slow and require a long period of time. This is due
to the presence of polar groups and open metal units in the
structures.

In the case of bioMOF-100, which has relatively large
mesopores, the interactions between the adsorbent and the
adsorbateisexpected to be much weaker thanin the previous
cases and to rapidly decrease with increasing number of
adsorbed ibuprofen molecules. The adsorbate—adsorbate
contribution to the energy increases linearly with increasing
drug loading (Fig. 135). The bioMOF-100 container was
proposed as having the highest adsorption capacity for
ibuprofen among all the studied potential containers and
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Figure 13. Illustrations of the system behaviour at different ibuprofen loadings into bioMOF-100 (a): 329 mg g~ ! (on the left),
1095 mg g~ ! (in the middle) and 1975 mg g~ ! (on the right). (/) ibuprofen molecules, (2) DMA cations. Potential energy (Ugn) of

ibuprofen vs. loading in a series of MOFs (b).197

(1) Contribution of the adsorbate—adsorbent interaction to ibuprofen Ugp, (2) contribution of the adsorbate —adsorbate interaction, (3)
overall Ugp, (4) contribution of the DMA —ibuprofen interaction in bioMOF-100.

providing slow kinetically controlled release comparable
with that for MIL-101-based systems.

A similar study of Erucar and Keskin?°! describes
sorption and retention of bioactive molecules by 24 sorts of
MOFs, including the most popular framework-based drug
delivery containers and bioMOFssuchas MOF-74 and MIL
families (Fig. 14). The chosen adsorbates were ibuprofen,
caffeine and urea. Computer simulation was accomplished
using the configurational bias Monte Carlo algorithm. The

interactions of ibuprofen, caffeine and urea with MOFswere
modelled using the Lennard-Jones potential and electro-
static potential. The Lennard-Jones parameters for both
MOFs and guest molecules were derived from the universal
force field (UFF). The method showed good agreement
between the data on ibuprofen sorption by the MOF-74,
CD-MOF-1, MIL-53(Fe), MIL-100(Fe) and MIL-101(Cr)
frameworks. In the case of caffeine and urea, good correla-
tion with the experimental data was also noted. After that,
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Figure 14. Schematic of the adsorption of drug and cosmetic molecules (a) by biocompatible MOFs for ibuprofen (b).20!

the frameworks promising for ibuprofen, caffeine and urea
storage and delivery were identified; among these, special
mentionshould bemade of the MOF-74 family, which shows
good results for ibuprofen sorption. The effect of structure
characteristics such as pore volume and diameter on the
sorption parameters was also studied for these frameworks.

Liu et al.?%? applied the Monte Carlo method to the
grand canonical ensemble in order to study the behaviour of
the antitumour drug 5-fluorouracil towards sorption in the
{[Znx(fer),]}, frameworks known also as phytochemical
MOFs (phytoMOFs). The paper also presents a calculation
of the heat of adsorption.

The same drugis mentioned in a publication considering
its sorption, as well sorption of hydroxyurea and mercapto-
purine molecules, in the zeolite-like imidazolate frame-
works, ZIF-7, ZIF-8 and ZIF-9.293 The calculations were
performed using model parameters similar to those used in
the previous work.!?¢ According to computations, despite
their moderate pore volume and surface area, these ZIFs
show higher sorption capacity towards the considered drugs
than other MOFs used for the storage of therapeutic and
cosmetic molecules.

The Monte Carlo method can give an idea of not only
sorption, but also desorption processes. For example,
Kotzabasaki et al.,'’* who studied the interaction of the
antitumour drug gemcitabine with IRMOF-16 and its func-
tionalized analogue, also carried out predictive calculations
on drug desorption. For estimating the relative rate of the
release of guest molecules from these frameworks, the
researchers carried out Monte Carlo simulations using
fully drug-loaded MOFs. New series of simulations were
conducted at pressures sufficiently low for all gemcitabine
molecules to be desorbed. Then the release process was
described as the time dependence of the number of molecules
released from the framework. As can be seen from Fig. 15,
the drug release is slower in the case of the
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Figure 15. Drug release profiles vs. time in a numerical Monte
Carlo experiment for IRMOF-16 (/) and OH-IRMOF-16 (2) at
108 () and 10—° Pa (b).'7*

OH-functionalized IRMOF-16, which almost doubles the
time required for complete release.

Despite the high popularity of the Monte Carlo method
for the simulation of framework materials and especially
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simulation of the use of MOFs in the medicinal chemistry,
the efficiency of this method is still limited by numerous
drawbacks that need to be resolved. For example, it is
obvious that the accuracy of Monte Carlo calculations
directly depends on the extent to which this method is
suitable for the given system.

The modern force fields sometimes provide accuracy for
specific systems exceeding that of the DFT methods,?%3
while being suitable for simulating large-scale systems and
lengthy processes, which is especially important for diffu-
sion and adsorption.?%* Nevertheless, adequate simulation
of processes of this type requires high-quality force field
parameterization (selection of interatomic potentials and
calculation of sufficiently accurate parameters for them),
which may imply long-lasting systematic work. Currently,
there are several classic force fields used to model the
sorption processes in MOFs, namely, UFF, Dreiding 293
and Amber 2% (in the order of decreasing frequency of use).
In addition, much attention is paid to the development of
new force fields designed to model specifically framework
materials.

Recently, various force fields have been evaluated in the
calculations of the bulk elasticmoduli and linear coefficients
of thermal expansion for various MOFs. The testing and
comparison were performed for the classic force fields
(UFF, Dreiding) and for the force fields tailored for appli-
cation to MOFs (UFF4MOF,'%* BTW-FF2%7 and
DWES?2%8). The results unexpectedly showed that each
force field gives adequate values for the parameters and
reasonably good description of properties. However, notice-
able deviations can be observed for properties depending on
the vibrational modes of the framework.2?

3.2.3. Molecular dynamics
One more highly important method for the simulation
of MOF-based drug delivery systems is molecular
dynamics. According to this method, the trajectory of
each particular atom in the system is determined by
integration of the Newtonian mechanics equations of
motion. In the classic molecular dynamics, a system is
considered to be composed of point atoms with forces
acting between them, which are expressed via effective
potentials.?10

The main goal of computer simulation of drug delivery
systems is to obtain characteristics of the drug release from
the framework cavities. Drug release is a dynamic process;
hence, for a realistic simulation of the operation of a drug
delivery system in a biological medium, it is necessary to
estimate the mobility of both guest molecules and MOFs.
The most widely used scheme for the establishment of the
relationship between the release time and molecular diffu-
sion parameters includes determination of the diffusion
coefficients by calculation of the mean square displacement
(MSD):

N

MSD() = 1 ()~ r(O)F)

i=1

)

where N is the number of sorbed molecules, r;(#) is the
position of i-th molecule at time ¢.

For example, in a study of the interaction between
gemcitabine and IRMOF-74 systems,?!! the calculation of
diffusion coefficients demonstrated that, despite virtually
equal pore volumes of IRMOF-74-111 and OH-IRMOF-74-
II1, the mobility of a drug inside IRMOF-74-11I is lower.
This is attributable to the fact that the CH3; group in the
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Figure 16. Interaction of quercetin with TTI-COF.!83 Interaction energy between the quercetin molecule and model hexagonal layers
(A —Q) (side view) (a); snteraction between the quercetin molecule and model pore wall of TTI-COF (top view) (b).
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IRMOF- 74-111 framework occupies a larger effective vol-
ume than the hydroxy group in OH-IRMOF-74-111. The
same increase in the diffusion mobility with decreasing size
of the functional group was observed for glucose adsorption
in MIL-101-NH, and MIL-101-CHj3.17¢

For description of the molecular mobility and adsorp-
tion, molecular dynamics is often supplemented by some
other method. Banarao and Jiang 89 determined the lowest
energy configurations of ibuprofen in the cavities of
Cr-MIL-101 and UMCM-1 by simulated annealing with
gradual temperature decrease from 500 to 50 K. Subse-
quently, the geometry of the identified configurations was
optimized by DFT (see Table 7). This confirmed that the
strongest binding site in the MIL-101 structure is located in
the vicinity of the metal site. Moreover, according to the
DFT geometry optimization for the identified configura-
tions performed using the B3LYP functional, the bond
length between the oxygen atom of the ibuprofen carboxyl
group and the chromium atom of MOF is 2.141 A, which
indicates that the bond of the metal atom with a water
molecule has cleaved and, instead, ibuprofen has been
coordinated as a ligand. The binding energy between
Cr-MIL-101 and ibuprofen is rather high, being equal to
—73 kJ mol—!, whereas the geometry optimization of the
sorption complex of ibuprofen with UMCM-1 showed the
presence of only weak interaction (—35 kJ mol—1).

Regarding the use of covalent organic frameworks
(COFs) as delivery systems, the only known to us study in
which COFs are considered as potential drug containers at
both practical and theoretical levels is the recent investiga-
tion of the non-covalent binding of quercetin in the triazine
COF pores.'®3 The study was based on the molecular
dynamics method with the Amber force field. By studying
sorption of the single molecule, the most probable sorption
trajectory of the molecule in the framework pore was
simulated. The geometry optimization was carried out for
the quercetin molecule and model COF with hexagonal
channels, and the binding energy was —151 kJ mol—!
(Fig. 16).

Three different initial orientations of quercetin relative
to the 2D framework plane give rise to one and the same
structure of the adsorption complex, in which quercetin
molecules are arranged perpendicular to the model pore
walls. Apart from the C—H =n-interactions between the
framework hydrogen atoms and the aromatic ring of quer-
cetin, this configuration is also stabilized by interaction
between the hydroxyl hydrogen atoms of quercetin and the
imine nitrogen atoms of the pore. As the drug molecule
moves from one layer to another, the energy loss is signifi-
cant, which accounts for high mobility of the molecule on the
surface.

3.2.4. Molecular docking

Molecular docking, which is traditionally used to simu-
late the binding of proteins to drug molecules or to
other proteins,?!?-213 was proposed for studying the
adsorption of drugs in MOF pores.!®3 This method is
based on the search for new conformations of the
molecule being bound and estimation of the change in
the binding energy upon change in the positions of
model system elements. The binding energy was calcu-
lated by the following formula:

_ drug—drug drug—drug MOF—-MOF MOF-MOF
AG= (Vbound - Vunbound + { V'bound — V unbound +

+<Vg‘r)1t§1£MOF _ pdrug-MOF + TASconf) )

unbound

drug—drug
. . bound >
unbound _ are the terms describing the interactions of

the drug molecule in the bound and unbound states;

where AG is the Gibbs energy of the system; V'
drug—drug

yMOF-MOE = MOF-MOF  3re the terms describing the

intermolecular interactions in the frameworks in the
. drug—MOF drug—MOF

bound and unbound states; V4 » Vinbound  are

the terms describing the framework—drug interactions
in the bound and unbound states; ASconr 1S the term
describing the loss of conformational entropy upon
binding.?!4

In this case, the contributions of van der Waals forces,
electrostatic forces, hydrogen bonds and solvation to the
interaction energy can be represented as an equation con-
taining weight factors (/) meant for evaluation of the
empirical free energy on the basis of a set of experimentally
characterized protein complexes 139215

V= VVudwz:(rTéf’IT;/)‘FI/VhbondZ:E(t)(}”Tzl7FT(.)/)+ (5)

ij ij ij i,j ij ij

qiq;
+VVelec Z E(VI-‘)JI‘-‘ + Wsol Z (SIVI + SfVi) exXp (_,%/,/20-2)
77 S\t i

where Wyaw 1s the weighing factor responsible for van
der Waals interactions; r; is the distance between the
centres of the i-th and j-th species; 4; and B;; are the
Lennard-Jones parameters;?°* Whipona is the weighing
factor responsible for hydrogen bonds in the system;
E(r) is the parameter describing the direction of the
hydrogen bond (depends on the angle ¢ of deviation
from the ideal binding geometry); C;; and D; are force
field (e.g., Amber force field) parameters;?°* Wejec is the
weighing factor responsible for the electrostatic inter-
actions in the system; ¢; and ¢; are charges on the i-th
and j-th species; ¢ is the dielectric permittivity of the
medium; Wi is the weighing factor of solvation; S; and
S; are solvation parameters; V; and V; are the volumes
occupied by the i-th and j-th species; and o is the
charge density. The first term of the equation is the
Lennard-Jones potential for the attraction—repulsion
van der Waals forces. The second term corresponds to
directed hydrogen bonds based on the 10/12 potential.
The third term of the equation reflects the electrostatic
interactions approximated by the shielded Coulomb
potential. The last term approximates the solvation
energy, which depends on the atoms that surround the
chosen atom.

For example, docking has been carried out for
[Zn(BDC)(H20)-],, with four biologically active molecules:
ibuprofen, amoxicillin, gentamicin and methylene blue.?!®
After docking of the guest molecules to the MOF, the lowest
energy conformer was chosen for each of the test com-
pounds. The effect of pH on the binding of guest molecules
was also estimated via docking of drug molecules in the
charged state (protonated and deprotonated forms). Ibu-
profen bindsalongone of thesides of the V-shaped groovein
the [Zn(BDC)(H»0),], surface via electrostatic and n—m=
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Figure 17. Structure  of with

ibuprofen (/)
[Zn(BDC)(H»0)2], based on molecular docking results.?!¢

complex

interactions, being arranged along a wall (Fig. 17). Amox-
icillin does not completely fit into the V-shaped groove due
to steric restrictions. Gentamicin molecule does not bind to
[Zn(BDC)(H20)2],, according to the results of simulation,
due to strong electrostatic repulsion.

Yet another example illustrating the applicability of
dockingsimulation to description of the properties of frame-
work material-based drugdelivery systemsisastudy dealing
with the morphology and intermolecular interactions in the
lansoprazole delivery system with a cyclodextrin-based
MOF container (CD-MOF).87 The docking simulation has
shown that drug molecules are preferably collected in cyclo-
dextrin cavities, whereas large hydrophilic pores of CD-
MOF are unsuitable for their accommodation. The most
favourable location of the molecules is between two cyclo-
dextrin rings.

Thus, the molecular docking procedure provides under-
standing of the sorption mechanisms and structures of
sorption complexes in framework material-based drug
delivery systems. For example, the docking results can be
used to perform screening of therapeutic agents, i.e., to
identify those TAs that are sorbed by the container and
those that are not sorbed and must be sorted out. This
method makes it possible to identify the most energetically
favourable conformation for TA binding and to character-
ize the binding affinity.

4. Conclusion

At present, the development of novel materials aims to
obtain materials that would ensure comprehensive and
efficient solution of the priority task. In particular, this
refers to the pharmaceutical industry. Active pharma-
ceutical ingredients are meant for fighting pathogens,
but many therapeutic agents have considerable draw-
backs, in particular, cytotoxicity and low selectivity.
For example, most of anticancer agents exhibit toxicity
towards not only damaged cells, but also normal cells.
In addition, because of low drug bioavailability, it is
often necessary to increase doses, or the conventional
dosage form proves to be inconvenient for application.

This problem can be solved by development of drug
delivery systems, the main advantage of which would be the
absence of targeted change of the drug molecule, with the
container material being sensitive to the conditions in vivo.

As follows from the survey given here, metal-organic
frameworks are ideal candidate materials for this function.
High porosity of framework materials allows drug loading

to be performed with a high specific weight, which can
be controlled by generation of additional sites for non-
covalent interactions, with the chemical structure of the
active ingredient remaining unchanged. Most of frame-
work materials have hydrophobic inner pores, which
makes it possible to improve the pharmacokinetic prop-
erties of poorly soluble TAs. The frameworks are
characterized by sufficient kinetic and thermodynamic
stability for avoiding the burst effect (too fast drug
release).

The block structure of MOFs makes it possible to design
rationally biocompatible materials and to control the func-
tionalization and morphology of the obtained particles. At
the same time, the adjustable configuration of the frame-
works has boosted the development and has served as the
driving force for promoting computer simulation to the
search and exploration of novel materials. Owing to the
cluster structure of framework materials, which are com-
posed of organic or organic-inorganic blocks, computer
simulation of various physicochemical processes can be
carried out at different levels of theory, which, in turn,
enables construction of computer models for virtually any
stage of drug manufacture.

Nevertheless, computer simulation of the operation of
framework materials as drug delivery containers has been
started quite recently and the number of publications on this
topic is moderate. First of all, this is due to the fact that the
design of drug delivery systems based on framework materi-
als is a new and rapidly progressing area. Despite the
existence of numerous publications on the simulation of
physicochemical processes in framework materials, the
application of computational methods to study the proper-
ties of MOFs for biomedical applications has a number of
limitations. It is also noteworthy that simulation of func-
tioning of biological systems is a resource-intensive and
complicated process demanding efforts of specialists in
various areas to perform high-quality predictive investiga-
tion. Therefore, researchers are faced with the global chal-
lenge of combining the experience accumulated in the field of
medicinal chemistry, materials science and computational
chemistry for the rational design of novel targeted drug
delivery systems based on framework materials.
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