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Abstract: Novel monosubstituted pillar[5]arenes with one or two terminal carboxyl groups were
synthesized by the reaction of succinic anhydride with pillar[5]arene derivative containing a diethylen-
etriamine function. The ability for non-covalent self-assembly in chloroform, dimethyl sulfoxide, as
well as in tetrahydrofuran-water system was studied. The ability of the synthesized macrocycles to
form different types of associates depending on the substituent nature was established. The forma-
tion of stable particles with average diameter of 192 nm in chloroform and of 439 nm in DMSO was
shown for pillar[5]arene containing two carboxyl fragments. Solid lipid nanoparticles (SLN) based on
monosubstituted pillar[5]arenes were synthesized by nanoprecipitation in THF-water system. Minor
changes in the structure of the macrocycle substituent can dramatically influence the stability and
shape of SLN (spherical and rod-like structures) accordingly to DLS and TEM. The presence of two
carboxyl groups in the macrocycle substituent leads to the formation of stable spherical SLN with an
average hydrodynamic diameter of 364–454 nm. Rod-like structures are formed by pillar[5]arene
containing one carboxyl fragment, which diameter is about of 50–80 nm and length of 700–1000 nm.
The synthesized stable SLN open up great prospects for their use as drug storage systems.

Keywords: macrocycles; pillar[5]arene; self-assembly; solid lipid nanoparticles

1. Introduction

Solid lipid nanoparticles (SLN) are an alternative generation of nanoparticles compared
with well-known colloidal systems such as liposomes and polymeric micro- and nanopar-
ticles [1–4]. They are applied in medical and pharmaceutical chemistry. SLN increase
absorption and bioactivity, improve tissue distribution in the target organ and ensure
controlled drug release [5–8]. Low toxicity, the capability to encapsulate hydrophilic and
hydrophobic substances and the possibility of large-scale production are advantages of
these systems. The stated above makes it possible to use SLN for the development of
various pharmaceutical products [9–11]. Nowadays, the use of macrocyclic compounds
as a lipid matrix is attracting more and more attention due to the possibility of molecules
double encapsulation either in the host cavity or in the SLN matrix [12,13]. The ability to
selective interaction with target cells through host-guest complexation will significantly
improve targeted drug delivery. A number of works have proposed amphiphilic molecules,
e.g., calix[n]arenes and cyclodextrins, as lipid analogues [14–18]. The use of a promising
class of macrocycles, pillar[5]arenes, in the synthesis of SLN was shown for the first time in
our research group [19–21].

The choice of this class of macrocyclic compounds was based on synthetic availability
and possibility of regoiselective functionalization [22–25]. Moreover, the macrocyclic cavity
of pillar[5]arene can take an active part in the formation of host-guest complexes, and also
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makes it possible to obtain different types of associates (supramolecular polymers, micelles,
vesicles, rotaxanes and pseudorotaxanes) [26–33].

The presented work is ongoing studies of the monosubstituted pillar[5]arene as a
building block for nanoparticles [19–21]. We assumed that minor changes in the substituent
structure of macrocycle can dramatically change the stability and shape of the SLN. We
chose pillar[5]arenes containing one or two fragments of succinic acid to confirm this
hypothesis. This research is presented an approach to the chemoselective synthesis of new
monosubstituted pillar[5]arenes containing one or two carboxyl groups. The substituent
effect on the aggregation ability of the macrocycle has also been evaluated. Solid lipid
nanoparticles based on the obtained compounds were synthesized and the features of
supramolecular self-assembly on the SLN size were studied.

2. Results and Discussion
2.1. Synthesis of Monosubstituted Pillar[5]arenes Containing Amide and Carboxyl Groups

Previously, our research group optimized acylation conditions with succinic anhydride
of monosubstituted pillar[5]arenes containing N-propylamide and N-(aminobutyl)amide
fragments [21]. Pillar[5]arene 1 containing one diethylenetriamine fragment, which has pri-
mary and secondary amino groups, was chosen as a starting amine for interaction with suc-
cinic anhydride. The compound 1 was obtained according to the literature [19] (Scheme 1).

Scheme 1. Synthetic route for the preparation of pillar[5]arenes 2 and 3: 1 is parent pillar[5]arene,
2 is monosubstituted pillar[5]arene containing two fragments of succinic acid, 3 is monosubstituted
pillar[5]arene containing one fragment of succinic acid.

It is known that macrocycle 1 tends to form supramolecular polymers in proton-
donor chloroform, which is not observed in proton-acceptor solvents such as dimethyl
sulfoxide and acetonitrile [19]. Therefore, the reaction was carried out in a tetrahydrofuran-
acetonitrile mixture to knock out the N-(aminoalkyl)amide substituent from the macrocyclic
cavity. The use of acetonitrile led to acylation at both the primary and secondary amino
groups in the case of macrocycle 1 containing diethylenetriamine fragment. It is resulting
in the formation of monosubstituted pillar[5]arene 2 with two carboxyl groups (Scheme 1).
The effect of acetonitrile leads to the knock out of the substituent from the cavity, as
expected, whereby the secondary amino group becomes sterically accessible and reacts
with the anhydride molecule. Monosubstituted pillar[5]arene 2 containing two fragments
of succinic acid was obtained in 76% yield. The 1H NMR spectrum is in good agreement
with the structure of the synthesized macrocycle 2 (Figure 1).
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Figure 1. (a) Proposed intramolecular interactions for pillar[5]arene 2; (b) 1H-1H NOESY NMR
spectrum of pillar[5]arene 2 (DMSO-d6, 298 K, 400 MHz). Green circles represent cross-peaks between
protons. Blue intensity contours represent negative NOE’s, and red intensity contours represent
positive NOE’s.

In the 1H NMR spectrum of the compound 2 (Figure 1) the proton signals of aromatic
fragments and methylene bridges as well as methoxy groups resonate as multiplets in the
6.70–6.83 ppm and 3.47–3.62 ppm, respectively. The H4 proton signals of oxymethylene
fragments split into two singlets (4.30 and 4.34 ppm). Similar splitting into two triplets
is also characteristic for the protons of each amide group. Thus, the H5 proton signals
resonate as two triplets (8.19 and 8.32 ppm) with 3JHH 5.6 and 5.8 Hz. The H7 proton
signals of amide group also appear as two triplets with chemical shifts of 7.92 and 8.06 ppm
and 3JHH 5.6 and 5.4 Hz, respectively. Such a signal-doubling is due to the coexistence of
E/Z isomers, which appear by the tautomerism of the amide group. Therefore, the amide
group either forms a hydrogen bond with the oxygen atom of the carbonyl fragment or
it is in the shielding zone of the carbonyl group. This leads to a doubling of the proton
signals for each amide fragment. The H8 and H9 proton signals of the methylene fragments
resonate as a multiplet in the 2.26–2.56 ppm range. The H6 methylene proton signals of
diethylenetriamine fragment overlap with the residual proton signals of water and are also
observed as a multiplet at 3.14–3.29 ppm.

It was decided to study the interaction of amine 1 with succinic anhydride in the
presence of ammonium chloride to obtain monosubstituted pillar[5]arene containing only
one fragment of succinic acid. We suppose that the addition of ammonium chloride to the
reaction mixture leads to protonation of the secondary amino group. In view of this the
reaction will proceed chemoselectively, and only the primary amino group will undergo
acylation. Indeed, the addition of ammonium chloride to the reaction mixture made it
possible to direct the reaction with macrocycle 1 only at the primary amino group. The
compound 3 was obtained in 74% yield. Structure of all the synthesized compounds was
confirmed by a number of physical methods (1H NMR, 13C NMR and IR spectroscopy). The
composition was confirmed by mass spectrometry and elemental analysis (Figures S1–S8).
It is worth noting that the melting point for macrocycle 2 is 104 ◦C and that is 120 ◦C for
pillar[5]arene 3. Apparently, the lower melting temperature for the compound 2 is caused
by the lower packing density of molecules in space compared to the macrocycle 3. This
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fact confirms that in the case of pillararene 3 the formation of supramolecular polymers is
possible, which leads to denser packing.

2.2. Aggregation Properties of Monosubstituted Pillar[5]arenes Containing Carboxyl Groups

One of the important features of monosubstituted pillar[5]arenes is supramolecular
self-assembly, which leads to the formation of various oligomeric and polymeric struc-
tures [34–39]. Therefore, the next stage of the work was studying the aggregation ability
of 2 and 3. It is known that monosubstituted pillar[5]arenes can form different typeCs of
supramolecular architectures depending on the solvent used [40–42]. The macrocycle 2
contains a bulkier substituent including two fragments of succinic acid. In this regard, we
hypothesized that formation of supramolecular polymers by pillar[5]arene 2 is impossible
or unprofitable for steric reasons. We studied association properties (Figures S9–S12) of
the obtained compounds 2 and 3 in chloroform and DMSO in the 1 × 10−5 – 1 × 10−3 M
concentration range by dynamic light scattering (DLS) to confirm this hypothesis. Pil-
lar[5]arene 2 at C = 1 × 10−3 M forms particles (Table 1) with hydrodynamic diameter
(d) d1 = 289 ± 9 nm in DMSO. The polydispersity index (PDI) of this system is 0.44 ± 0.03.
Macrocycle 3 forms systems similar in size and polydispersity index (d1 = 332 ± 7 nm,
PDI = 0.39 ± 0.03) in the same conditions. A small fraction of larger particles with sizes
d2 = 5050 ± 254 nm and d2 = 5150 ± 128 nm for pillar[5]arenes 2 and 3 respectively, can
be additionally observed in both cases (Table 1). Decreasing the concentration of the
pillar[5]arene 2 and 3 solutions in DMSO to C = 1 × 10−4 M leads to different effect
on their self-assembly. A monodisperse system with PDI = 0.26 ± 0.03 and a particle
diameter of 439 ± 59 nm was formed (Table 1) in the case of macrocycle 2. There are
no significant changes in the particle sizes and polydispersity index in the case of the
compound 3 (Table 1).

Table 1. Physicochemical characteristic of particles formed by pillar[5]arenes 2 and 3 by intensity:
d—hydrodynamic diameter by the DLS method, PDI—polydispersity index.

Macrocycles Solvent C, M d, nm (S, %) PDI

2

CHCl3

1 × 10−5 363 ± 50 (60%)
3636 ± 589 (40%) 0.63 ± 0.06

1 × 10−4 308 ± 34 (73%)
3519 ± 149 (27%) 0.46 ± 0.09

1 × 10−3 192 ± 20 (100%) 0.26 ± 0.01

DMSO

1 × 10−5 851 ± 99 (100%) 0.36 ± 0.04

1 × 10−4 439 ± 59 (100%) 0.26 ± 0.03

1 × 10−3 289 ± 9 (93%)
5050 ± 254 (7%) 0.44 ± 0.03

3

CHCl3

1 × 10−5 4226 ± 253 (66%)
346 ± 47 (34%) 0.78 ± 0.11

1 × 10−4 152 ± 46 (100%) 0.92 ± 0.09

1 × 10−3 155 ± 32 (100%) 0.85 ± 0.11

DMSO

1 × 10−5 367 ± 38 (77%)
4722 ± 115 (23%) 0.63 ± 0.12

1 × 10−4 344 ± 26 (84%)
4924 ± 84 (16%) 0.52 ± 0.05

1 × 10−3 332 ± 7 (94%)
5150 ± 128 (6%) 0.39 ± 0.03
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The study of the aggregation properties of the obtained pillar[5]arenes 2 and 3 in
chloroform (Figures S13–S16) showed that almost in the entire concentration range (from
1 × 10−5 to 1 × 10−3 M) macrocycles 2 and 3 form polydisperse systems (Table 1). The
exception is the solution of the compound 2 at a 1 × 10−3 M concentration (d = 192 ± 20 nm,
PDI = 0.26 ± 0.01). Apparently, the presence of two carboxyl functions in the structure of
2 leads to the fact that the pillar[5]arene 2 becomes similar to surfactant molecules in its
aggregation properties. The macrocycle can be clearly distinguished between lipophilic
(macrocyclic rim) and hydrophilic parts (substituent with two fragments of succinic acid).
The aggregation of macrocycle 2 becomes possible only when a certain concentration is
reached (1 × 10−3 M in CHCl3 and 1 × 10−4 M in DMSO) due to the similar behavior to
surfactants. The formation of polydisperse systems by the compound 3 in chloroform is
probably caused by the formation of supramolecular polymers. The solution of pillararene
3 was studied by 1H NMR spectroscopy (Figure 2) in two solvents (CDCl3 and DMSO-d6).
It is worth noting that the chemical shifts of methylene proton signals of the succinic
acid fragment (H8 and H9) practically do not change regardless of the solvent, whereas,
chemical H5 and H6 proton signals of diethylenetriamine fragment undergo upfield shift
for the solution of compound 3 in chloroform. It is due to their strong shielding by
macrocyclic cavity. This indicates inclusion of the substituent in the macrocyclic cavity
with the formation of supramolecular polymer (Figure 2b).

Figure 2. Fragments of 1H NMR spectra of pillar[5]arene 3: (a) DMSO-d6, 400 MHz, 298 K; (b) CDCl3,
400 MHz, 298 K. Black circles means H3 proton signals.

Figure 3 shows the proposed self-assembly scheme of the macrocycles 2 and 3.
The next stage of the work was a study of the noncovalent self-assembly patterns of

pillar[5]arenes 2 and 3 with the formation of solid lipid nanoparticles (SLN-2 and SLN-3
respectively) in water (Table 2).
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Figure 3. Schematic representation of self-assembly of pillar[5]arenes 2 (left) and 3 (right).

Table 2. Physicochemical characteristic of SLN formed by macrocycles 2 and 3 in water by intensity:
d—hydrodynamic diameter by the dynamic light scattering (DLS) method, PDI—polydispersity
index, ζ—zeta potential.

C, M d, nm PDI ζ, mV

SLN-2
3 × 10−6 364 ± 39 0.24 ± 0.02 −25 ± 2
3 × 10−5 382 ± 8 0.21 ± 0.01 −33 ± 1
3 × 10−4 454 ± 19 0.18 ± 0.03 −33 ± 1

SLN-3
3 × 10−6 582 ± 23 0.27 ± 0.01 −3 ± 0
3 × 10−5 444 ± 10 0.21 ± 0.01 −21 ± 1
3 × 10−4 209 ± 2 0.14 ± 0.01 −20 ± 1

Today, a number of works are devoted to the synthesis of different shaped SLN [20,43–46].
It has been shown that the shape of SLN can change depending on the nature and size of
the substituents in the molecule [20,46], the interaction of the solute with the solvent [43],
and the loading of SLN with some substance [45]. In this work, we studied the influence
of substituent nature in the structure of monosubstituted pillar[5]arenes on the size and
stability of formed particles. We obtained SLN in water by nanoprecipitation using the THF-
water solvent system according to the literature method [47]. The synthesized nanoparticles
were characterized by DLS and electrophoretic light scattering methods (Figures S17–S20).
The initial concentration of pillar[5]arenes 2 and 3 was 3 × 10−4 M. The most stable SLN are
formed at 3 × 10−4 M concentration (Table 2) for the macrocycle 2, as indicated by the zeta
potential value (ζ = −33 mV). There is insignificant increase in the polydispersity index of
the systems when the solution of the compound 2 is diluted, while the size of associates
decreases. A different situation was observed for SLN formed by the pillar[5]arene 3
(Table 2). Both particle enlargement and an increase in the polydispersity index of the
systems occur with the concentration decrease of the solutions. At the same time, the
smallest aggregates size and PDI value (d = 209 ± 2 nm, PDI = 0.14 ± 0.01) are also
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characteristic for the highest concentration of 3 × 10−4 M as in the case of macrocycle 2.
Pillar[5]arene 2 containing a bulkier substituent, namely, two fragments of succinic acid,
tends to form particles of larger size (d = 454 ± 19 nm) compared to the 3 (d = 209 ± 2 nm).
The presence of two carboxyl groups in the macrocycle substituent leads to the formation
of stable SLN over the studied concentration range within three orders of magnitude from
10−6 to 10−4 M, which is obviously due to the framing of particles by carboxylate groups.
At the same time, the transition from the amido acid residue in the case of the compound 2
to the aminoamido acid fragment in the pillar[5]arene 3 leads to the formation of denser
SLN by supramolecular self-assembly of the macrocycle into polymeric structures. It is
in good agreement with its melting point and the size of the formed SLN. Measurement
of ζ-potential allows to predict the stability of colloidal dispersions during storage. The
use of the macrocycle 2 is preferable for obtaining more stable SLN because aggregation
of charged particles with a high ζ-potential occurs to a lesser degree due to electrostatic
repulsion. A similar pattern of ζ-potential changes has been described for non-macrocyclic
surfactants [48].

The synthesized solid lipid nanoparticles were additionally studied by transmission
electron microscopy (TEM). The formation of spherical nanosized aggregates with an
average diameter of 200 nm was established for the SLN-2 (Figure 4a). Macrocycle 3
formed rod-like particles which diameter is about of 50–80 nm and length of 700–1000 nm
(Figure 4b). The data obtained by TEM are in good agreement with the previously ad-
vanced hypothesis about the substituent effect on the self-assembly of the synthesized
compounds 2 and 3. The formulation of micelle-like structures is typical for pillar[5]arene
2 containing two carboxyl groups. Supramolecular polymers are formed in the case of
macrocycle 3 containing one carboxyl function.

Figure 4. TEM images of: (a) SLN-2 (3 × 10−4 M) and (b) SLN-3 (3 × 10−4 M) prepared by nanopre-
cipitation using the THF-water solvent system.

3. Conclusions

Monosubstituted pillar[5]arenes containing one or two carboxyl groups were synthe-
sized for the first time with good yields. The chemoselectivity of the process was controlled
by adding ammonium chloride. The ability of the synthesized macrocycles to form different
types of associates depending on the substituent nature was established. The formation of
stable particles with average diameter of 192 nm in chloroform and of 439 nm in DMSO
was shown for pillar[5]arene containing two carboxyl fragments. Monosubstituted pil-
lar[5]arene containing one carboxyl function is prone to the supramolecular polymer
formation in CDCl3. Solid lipid nanoparticles (SLN) based on obtained macrocycles were
synthesized and characterized by DLS and TEM. Minor changes in the structure of the
macrocycle substituent can dramatically change the stability and shape of SLN (spherical
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and rod-like structures). The presence of two carboxyl groups in the macrocycle substituent
leads to the formation of stable spherical SLN (364–454 nm) while rod-like structures are
formed by pillar[5]arene containing one carboxyl fragment. The use of pillar[5]arene with
two carboxyl functions is preferable to obtain more stable SLN. Synthesized stable SLN
open up great prospects for their use as drug storage systems. This research could be
regarded as a starting point for further investigation of the applicability of these materials.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/nano12234266/s1. Figures S1–S8: 1H and 13C NMR, IR and mass
spectra of the compounds 2 and 3; Figures S9–S12: DLS data of the compounds 2 and 3 in DMSO;
Figures S13–S16: DLS data of the compounds 2 and 3 in CHCl3; Figures S17 and S18: DLS data of
SLN-2; Figures S19 and S20: DLS data of SLN-3.

Author Contributions: Conceptualization, writing—review and editing, supervision, I.S.; investiga-
tion, writing—original draft preparation, D.F.; investigation, writing—original draft preparation and
visualization, A.N.; data curation, writing—review and editing, supervision, funding acquisition L.Y.
All authors have read and agreed to the published version of the manuscript.

Funding: The work was supported by RFBR (Russian Foundation for Basic Research), project number
20-03-00816.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available in Supplementary Materials.

Acknowledgments: The TEM images were recorded on the equipment of the Interdisciplinary Center
for Analytical Microscopy of Kazan Federal University. Registration of mass spectra was carried out
by the Kazan Federal University Strategic Academic Leadership Program (‘PRIORITY-2030’).

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results.

References
1. Cortesi, R.; Esposito, E.; Luca, G.; Nastruzzi, C. Production of lipospheres as carriers for bioactive compounds. Biomaterials 2002,

23, 2283–2294. [CrossRef] [PubMed]
2. Paliwal, R.; Rai, S.; Vaidya, B.; Khatri, K.; Goyal, A.K.; Mishra, N.; Mehta, A.; Vyas, S.P. Effect of lipid core material on

characteristics of solid lipid nanoparticles designed for oral lymphatic delivery. Nanomed. Nanotechnol. Biol. Med. 2009, 5, 184–191.
[CrossRef] [PubMed]

3. Mirchandani, Y.; Patravale, V.B.; Brijesh, S. Solid lipid nanoparticles for hydrophilic drugs. J. Control. Release 2021, 335, 457–464.
[CrossRef] [PubMed]

4. Tenchov, R.; Bird, R.; Curtze, A.E.; Zhou, Q. Lipid nanoparticles-from liposomes to mRNA vaccine delivery, a landscape of
research diversity and advancement. ACS Nano 2021, 15, 16982–17015. [CrossRef] [PubMed]

5. Andonova, V.; Peneva, P. Characterization methods for solid lipid nanoparticles (SLN) and nanostructured lipid carriers (NLC).
Curr. Pharm. Des. 2017, 23, 6630–6642. [CrossRef] [PubMed]

6. Elbrink, K.; Van Hees, S.; Chamanza, R.; Roelant, D.; Loomans, T.; Holm, R.; Kiekens, F. Application of solid lipid nanoparticles as
a long-term drug delivery platform for intramuscular and subcutaneous administration: In vitro and in vivo evaluation. Eur. J.
Pharm. Biopharm. 2021, 163, 158–170. [CrossRef]

7. Mohamed, H.; Abdin, S.M.; Kamal, L.; Orive, G. Nanostructured lipid carriers for delivery of chemotherapeutics: A review.
Pharmaceutics 2020, 12, 288. [CrossRef]

8. Kumar, R.; Singh, A.; Sharma, K.; Dhasmana, D.; Garg, N.; Siril, P.F. Preparation, characterization and in vitro cytotoxicity of
Fenofibrate and Nabumetone loaded solid lipid nanoparticles. Mater. Sci. Eng. C 2020, 106, 110184. [CrossRef]

9. Mehnert, W.; Mäder, K. Solid lipid nanoparticles: Production, characterization and applications. Adv. Drug Deliv. Rev. 2012,
64, 83–101. [CrossRef]

10. Zur Mühlen, A.; Schwarz, C.; Mehnert, W. Solid lipid nanoparticles (SLN) for controlled drug delivery—Drug release and release
mechanism. Eur. J. Pharm. Biopharm. 1998, 45, 149–155. [CrossRef]

11. Ghasemiyeh, P.; Mohammadi-Samani, S. Solid lipid nanoparticles and nanostructured lipid carriers as novel drug delivery
systems: Applications, advantages and disadvantages. Res. Pharm. Sci. 2018, 13, 288–303. [CrossRef]

https://www.mdpi.com/article/10.3390/nano12234266/s1
https://www.mdpi.com/article/10.3390/nano12234266/s1
http://doi.org/10.1016/S0142-9612(01)00362-3
http://www.ncbi.nlm.nih.gov/pubmed/12013175
http://doi.org/10.1016/j.nano.2008.08.003
http://www.ncbi.nlm.nih.gov/pubmed/19095502
http://doi.org/10.1016/j.jconrel.2021.05.032
http://www.ncbi.nlm.nih.gov/pubmed/34048841
http://doi.org/10.1021/acsnano.1c04996
http://www.ncbi.nlm.nih.gov/pubmed/34181394
http://doi.org/10.2174/1381612823666171115105721
http://www.ncbi.nlm.nih.gov/pubmed/29141534
http://doi.org/10.1016/j.ejpb.2021.04.004
http://doi.org/10.3390/pharmaceutics12030288
http://doi.org/10.1016/j.msec.2019.110184
http://doi.org/10.1016/j.addr.2012.09.021
http://doi.org/10.1016/S0939-6411(97)00150-1
http://doi.org/10.4103/1735-5362.235156


Nanomaterials 2022, 12, 4266 9 of 10

12. Burilov, V.A.; Artemenko, A.A.; Garipova, R.I.; Amirova, R.R.; Fatykhova, A.M.; Borisova, J.A.; Mironova, D.A.; Sultanova, E.D.;
Evtugyn, V.G.; Solovieva, S.E.; et al. New calix[4]arene-fluoresceine conjugate by click approach-synthesis and preparation of
photocatalytically active solid lipid nanoparticles. Molecules 2022, 27, 2436. [CrossRef]

13. Pojarova, M.; Ananchenko, G.S.; Udachin, K.A.; Daroszewska, M.; Perret, F.; Coleman, A.W.; Ripmeester, J.A. Solid lipid
nanoparticles of p-hexanoyl calix[4]arene as a controlling agent in the photochemistry of a sunscreen blocker. Chem. Mater. 2006,
18, 5817–5819. [CrossRef]

14. Cirri, M.; Mennini, N.; Maestrelli, F.; Mura, P.; Ghelardini, C.; Mannelli, L.D.C. Development and in vivo evaluation of an innova-
tive “Hydrochlorothiazide-in Cyclodextrins-in Solid Lipid Nanoparticles” formulation with sustained release and enhanced oral
bioavailability for potential hypertension treatment in pediatrics. Int. J. Pharm. 2017, 521, 73–83. [CrossRef]

15. Helttunen, K.; Galán, A.; Ballester, P.; Bergenholtz, J.; Nissinen, M. Solid lipid nanoparticles from amphiphilic calixpyrroles.
J. Colloid Interface Sci. 2016, 464, 59–65. [CrossRef]

16. Montasser, I.; Shahgaldian, P.; Perret, F.; Coleman, A.W. Solid lipid nanoparticle-based calix[n]arenes and calix-resorcinarenes as
building blocks: Synthesis, formulation and characterization. Int. J. Mol. Sci. 2013, 14, 21899–21942. [CrossRef]

17. Pandey, A. Cyclodextrin-based nanoparticles for pharmaceutical applications: A review. Environ. Chem. Lett. 2021, 19, 4297–4310.
[CrossRef]

18. Duan, Y.; Dhar, A.; Patel, C.; Khimani, M.; Neogi, S.; Sharma, P.; Siva Kumar, N.; Vekariya, R.L. A brief review on solid lipid
nanoparticles: Part and parcel of contemporary drug delivery systems. RSC Adv. 2020, 10, 26777–26791. [CrossRef]

19. Yakimova, L.S.; Shurpik, D.N.; Guralnik, E.G.; Evtugyn, V.G.; Osin, Y.N.; Stoikov, I.I. Fluorescein-loaded solid lipid nanoparticles
based on monoamine pillar[5]arene: Synthesis and interaction with DNA. ChemNanoMat 2018, 4, 919–923. [CrossRef]

20. Yakimova, L.S.; Guralnik, E.G.; Shurpik, D.N.; Evtugyn, V.G.; Osin, Y.N.; Subakaeva, E.V.; Sokolova, E.A.; Zelenikhin, P.V.; Stoikov,
I.I. Morphology, structure and cytotoxicity of dye-loaded lipid nanoparticles based on monoamine pillar[5]arenes. Mater. Chem.
Front. 2020, 4, 2962–2970. [CrossRef]

21. Nazarova, A.; Yakimova, L.; Filimonova, D.; Stoikov, I. Surfactant effect on the physicochemical characteristics of solid lipid
nanoparticles based on pillar[5]arenes. Int. J. Mol. Sci. 2022, 23, 779. [CrossRef]

22. Demay-Drouhard, P.; Du, K.; Samanta, K.; Wan, X.; Yang, W.; Srinivasan, R.; Sue, A.C.-H.; Zuihof, H. Functionalization at will of
rim-differentiated pillar[5]arenes. Org. Lett. 2019, 21, 3976–3980. [CrossRef] [PubMed]

23. Nazarova, A.A.; Makhmutova, L.I.; Stoikov, I.I. Synthesis of pillar[5]arenes with a PH-containing fragment. Russ. J. Gen. Chem.
2017, 87, 1941–1945. [CrossRef]

24. Strutt, N.L.; Zhang, H.; Schneebeli, S.T.; Stoddart, J.F. Functionalizing pillar[n]arenes. Acc. Chem. Res. 2014, 47, 2631–2642.
[CrossRef] [PubMed]

25. Nazarova, A.A.; Shibaeva, K.S.; Stoikov, I.I. Synthesis of the monosubstituted pillar[5]arenes with 1-aminophosphonate fragment.
Phosphorus Sulfur Silicon Relat. Elem. 2016, 191, 1583–1584. [CrossRef]

26. Wei, T.-B.; Chen, J.-F.; Cheng, X.-B.; Li, H.; Han, B.-B.; Zhang, Y.-M.; Yao, H.; Lin, Q. A novel functionalized pillar[5]arene-based
selective amino acid sensor for l-tryptophan. Org. Chem. Front. 2017, 4, 210–213. [CrossRef]

27. Lia, C. Pillararene-based supramolecular polymers: From molecular recognition to polymeric aggregates. Chem. Commun. 2014,
50, 12420–12433. [CrossRef]

28. Chen, J.-F.; Lin, Q.; Zhang, Y.-M.; Yao, H.; Wei, T.-B. Pillararene-based fluorescent chemosensors: Recent advances and perspectives.
Chem. Commun. 2017, 53, 13296–13311. [CrossRef]

29. Hu, X.-Y.; Gao, L.; Mosel, S.; Ehlers, M.; Zellermann, E.; Jiang, H.; Knauer, S.K.; Wang, L.; Scmuck, C. From supramolecular
vesicles to micelles: Controllable construction of tumor-targeting nanocarriers based on host–guest interaction between a
pillar[5]arene-based prodrug and a RGD-sulfonate guest. Small 2018, 14, 1803952. [CrossRef]

30. Xia, D.; Wang, L.; Lv, X.; Chao, J.; Wei, X.; Wang, P. Dual-responsive [2]pseudorotaxane on the basis of a pH-sensitive pillar[5]arene
and its application in the fabrication of metallosupramolecular polypseudorotaxane. Macromolecules 2018, 51, 2716–2722.
[CrossRef]

31. Pearce, N.; Reynolds, K.E.A.; Kayal, S.; Sun, X.Z.; Davies, E.S.; Malagreca, F.; Schürmann, C.J.; Ito, S.; Yamano, A.; Argent,
S.P.; et al. Selective photoinduced charge separation in perylenediimide-pillar[5]arene rotaxanes. Nat. Commun. 2022, 13, 415.
[CrossRef]

32. Nazarova, A.A.; Yakimova, L.S.; Padnya, P.L.; Evtugyn, V.G.; Osin, Y.N.; Cragg, P.J.; Stoikov, I.I. Monosubstituted pillar[5]arene
functionalized with (amino)phosphonate fragments are “smart” building blocks for constructing nanosized structures with some
s-and p-metal cations in the organic phase. New J. Chem. 2019, 43, 14450–14458. [CrossRef]

33. Nazarova, A.; Khannanov, A.; Boldyrev, A.; Yakimova, L.; Stoikov, I. Self-assembling systems based on pillar[5]arenes and
surfactants for encapsulation of diagnostic dye dapi. Int. J. Mol. Sci. 2021, 22, 6038. [CrossRef]

34. Zhang, H.; Liu, Z.; Zhao, Y. Pillararene-based self-assembled amphiphiles. Chem. Soc. Rev. 2018, 47, 5491–5528. [CrossRef]
35. Xu, L.; Wang, Z.; Wang, R.; Wang, L.; He, X.; Jiang, H.; Tang, H.; Cao, D.; Tang, Z. A conjugated polymeric supramolecular

network with aggregation-induced emission enhancement: An efficient light-harvesting system with an ultrahigh antenna effect.
Angew. Chem. 2020, 59, 9908–9913. [CrossRef]

36. Li, H.; Yang, Y.; Liang, T.; Wen, H.; Tian, W. Pillararene-based supramolecular polymers. Chem. Commun. 2019, 55, 271–285.
[CrossRef]

http://doi.org/10.3390/molecules27082436
http://doi.org/10.1021/cm061993o
http://doi.org/10.1016/j.ijpharm.2017.02.022
http://doi.org/10.1016/j.jcis.2015.11.012
http://doi.org/10.3390/ijms141121899
http://doi.org/10.1007/s10311-021-01275-y
http://doi.org/10.1039/D0RA03491F
http://doi.org/10.1002/cnma.201800207
http://doi.org/10.1039/D0QM00547A
http://doi.org/10.3390/ijms23020779
http://doi.org/10.1021/acs.orglett.9b01123
http://www.ncbi.nlm.nih.gov/pubmed/31002251
http://doi.org/10.1134/S1070363217090080
http://doi.org/10.1021/ar500177d
http://www.ncbi.nlm.nih.gov/pubmed/24999824
http://doi.org/10.1080/10426507.2016.1216420
http://doi.org/10.1039/C6QO00569A
http://doi.org/10.1039/C4CC03170A
http://doi.org/10.1039/C7CC08365C
http://doi.org/10.1002/smll.201803952
http://doi.org/10.1021/acs.macromol.8b00354
http://doi.org/10.1038/s41467-022-28022-3
http://doi.org/10.1039/C9NJ03539G
http://doi.org/10.3390/ijms22116038
http://doi.org/10.1039/C8CS00037A
http://doi.org/10.1002/anie.201907678
http://doi.org/10.1039/C8CC08085B


Nanomaterials 2022, 12, 4266 10 of 10

37. Wang, P.; Liang, B.; Xia, D. A linear AIE supramolecular polymer based on a salicylaldehyde azine-containing pillararene and its
reversible cross-linking by CuII and cyanide. Inorg. Chem. 2019, 58, 2252–2256. [CrossRef]

38. Ho, F.-C.; Huang, Y.-J.; Weng, C.-C.; Wu, C.-H.; Li, Y.-K.; Wu, J.I.; Lin, H.-C. Efficient FRET approaches toward copper(II) and
cyanide detections via host-guest interactions of photo-switchable [2]pseudo-rotaxane polymers containing naphthalimide and
merocyanine moieties. ACS Appl. Mater. Interfaces 2020, 12, 53257–53273. [CrossRef]

39. Lu, F.; Chen, Y.; Fu, B.; Chen, S.; Wang, L. Multistimuli responsive supramolecular polymer networks via host-guest complexation
of pillararene-containing polymers and sulfonium salts. Chin. Chem. Lett. 2022, 33, 5111–5115. [CrossRef]

40. Strutt, N.L.; Zhang, H.; Giesener, M.A.; Lei, J.; Stoddart, J.F. A self-complexing and self-assembling pillar[5]arene. Chem. Commun.
2012, 48, 1647–1649. [CrossRef]

41. Zhu, H.; Li, Q.; Khalil-Cruz, L.E.; Khashab, N.M.; Yu, G.; Huang, F. Pillararene-based supramolecular systems for theranostics
and bioapplications. Sci. China Chem. 2021, 64, 688–700. [CrossRef]

42. Liu, P.; Li, Z.; Shi, B.; Liu, J.; Zhu, H.; Huang, F. Formation of linear side-chain polypseudorotaxane with supramolecular polymer
backbone through neutral halogen bonds and pillar[5]arene-based host–guest interactions. Chem. Eur. J. 2018, 24, 4264–4267.
[CrossRef] [PubMed]

43. Dal Pizzol, C.; Filippin-Monteiro, F.B.; Restrepo, J.A.S.; Pittella, F.; Silva, A.H.; de Souza, P.A.; de Campos, A.M.; Creczynski-Pasa,
T.B. Influence of surfactant and lipid type on the physicochemical properties and biocompatibility of solid lipid nanoparticles. Int.
J. Environ. Res. Public Health 2014, 11, 8581–8596. [CrossRef] [PubMed]

44. Gordillo-Galeano, A.; Mora-Huertas, C.E. Solid lipid nanoparticles and nanostructured lipid carriers: A review emphasizing on
particle structure and drug release. Eur. J. Pharm. Biopharm. 2018, 133, 285–308. [CrossRef]
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