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Preface

In recent years, the design and creation of new functional nanosystems and nanomaterials

similar in properties to biological systems have been actively developing as an interdisciplinary

field of research at the intersection of chemistry, biology, and physics. The base for the creation

of such nanomaterials can involve both organic and inorganic components, including synthetic

molecules (small and macrocyclic molecules), nanostructures (nanoparticles and organic–inorganic

complexes), and natural polymers (nucleic acids, proteins, and carbohydrates). This reprint presents

the most recent developments in the synthesis, modification, properties, and applications in various

areas related to functional nanosystems and nanomaterials. This reprint will be useful to scientists

of diverse backgrounds, i.e., material science, organic and inorganic chemistry, biochemistry,

nanotechnology, and nanomedicine.

Pavel Padnya

Editor
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Editorial

Editorial of Special Issue “Functional Nanomaterials Based
on Self-Assembly”
Pavel Padnya

A.M. Butlerov’ Chemistry Institute, Kazan Federal University, 18 Kremlevskaya Street, 420008 Kazan, Russia;
padnya.ksu@gmail.com

In recent years, the design and creation of new functional nanosystems and nano-
materials similar in their properties to biological systems showed remarkable progress as
an interdisciplinary field of research combining chemistry, biology, and physics [1]. The
creation of such nanomaterials can be based on both organic and inorganic components,
e.g., synthetic molecules (small ones and macrocyclic molecules), nanostructures (nanopar-
ticles and organic-inorganic complexes), and natural polymers (nucleic acids, proteins, and
carbohydrates). This Special Issue covers a wide range of research topics related to the
design and application of soft and hard functional nanomaterials.

It is well known that self-assembly is often used to create nanomaterials and compos-
ites to modify the sensor interface. This often leads to improvements in their properties, e.g.,
efficiency and selectivity of the detection of various analytes. The work by Prof. Evtugyn
et al. [2] is an example of the creation of a voltammetric sensor for the detection of anti-
cancer drug doxorubicin (DOX). The authors used a DNA-polyphenothiazine composite as
a modifier able to recognize, accumulate and detect target species. Such hybrid materials
exert unique characteristics to achieve the DOX determination in the concentration range
from 10 pM to 0.2 mM (limit of detection 5 pM).

A review article by Prof. Bourgault and colleagues [3] is devoted to the latest achieve-
ments in development of functional systems to be obtained by self-assembly of π-conjugated
systems on the perylene diimide platform (PDI). These systems show unique optical and
electronic properties and demonstrate chemical, thermal and photo-stability. The synthesis,
self-assembly, and applications of the PDI bioconjugates with biological molecules such as
oligonucleotides and peptides are discussed in detail. The presented relationships between
the structure of the PDI derivatives and their properties contribute to the tunable design
and creation of innovative functional biomaterials demanded in various biomedical and
nanotechnological applications.

In recent decades, the chemistry of synthetic macrocyclic compounds such as
2 (thia)calixarenes and pillararenes has been actively developed. The group of Prof. Stoikov
is one of the leaders in this field in Russia. In recent work presented by this research team,
Shurpik et al. [4] showed that decasubstituted thiolated pillar[5]arenes were able to form
polymer self-healing films via thiol/disulfide redox cross-linking. The addition of the
antimicrobial drug moxifloxacin to these films resulted in a marked inhibition of biofilm
formation of Staphylococcus aureus and Klebsiella pneumonia bacteria. In another work by
Prof. Stoikov [5], monosubstituted pillar[5]arene derivatives containing a diethylenetri-
amine spacer with one or two terminal carboxyl groups were synthesized. Solid lipid
nanoparticles (SLNs) were assembled based on these macrocyclic compounds. The authors
showed that the number of carboxyl groups in the macrocycle dramatically affected the size
and shape of the yielding SLNs. In the case of the macrocycles with one carboxyl group,
stick-like structures with the diameter of 50–80 nm and the length of 700–1000 nm were
formed. The obtained functional systems based on the pillar[5]arenes can be further used
to create promising materials.

Nanomaterials 2023, 13, 3062. https://doi.org/10.3390/nano13233062 https://www.mdpi.com/journal/nanomaterials1
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A new approach to noninvasive tumor cell therapy was proposed by the scientific team
of Prof. Abakumov [6]. The authors created a novel genetically encoded material based on
Quasibacillus thermotolerans encapsulin stably expressed in mouse 4T1 breast carcinoma cells.
The material structure contained the enzyme ferroxidase that oxidized Fe(II) ions to Fe(III)
to form iron oxide nanoparticles. The authors showed that the expression of transgenic
sequences did not affect cell viability, and the presence of magnetic nanoparticles resulted
in an increase in T2 relaxivity.

Prof. Fery’s group [7] synthesized gold nanorods via bottom-up template-assisted
self-assembly. The authors studied the conductivity of the obtained nanomaterials and
found that multiple parallel AuNR lines (>11) were required to achieve predictable con-
ductivity properties. The results can be used to create resistance-based sensor wires or as
anisotropically conducting surfaces in devices.

A new photoactivatable antibacterial drug based on gold nanoparticles (~50 nm)
coated with polyethylene glycol was proposed and obtained by Prof. La Deda and co-
workers [8]. The resulting supramolecular systems showed a 46% growth inhibition in the
dark and a 99% growth inhibition in the light. The photothermal effect was shown to be
due to the formation of a light-induced cluster of gold nanoparticles (at low concentrations).
The authors suggested that the bacterium wall catalyzed the formation of these clusters
that were increased in the measured temperature and caused bactericidal effect.

Prof. Woo and colleagues [9] studied the self-assembly of model arylate polyester
polymers with different numbers of methylene segments (n = 3, 9, 10, and 12) in solid state.
These polymers crystallized depending on the conditions as similar types of periodically
banded spherulites. The observed phenomena were explained on the basis of crystal-by-
crystal self-assembly with periodic branching and discontinuous intersection. The obtained
results facilitate better understanding of mechanisms of periodic phenomena in crystal
assembly in the scientific community.

Vasilieva et al. [10] studied the self-assembly of surface-active amphiphilic compounds
containing different cationic head groups (pyrrolidinium and imidazolium) with anionic
structures, i.e., polyacrylic acid and human serum albumin. The addition of polyanions
led to a two-order decrease in the critical concentration of surfactant aggregation (from
1000 µM to 10 µM). As a result, nanocontainers capable of efficient drug loading (meloxicam,
warfarin, and amphotericin B) were created based on the obtained supramolecular systems.

Another example of the use of self-assembly to create nanomaterials is the work of
Huang and colleagues [11] devoted to the creation of star copolymers with a defined num-
ber of necessary monomer links. The authors obtained nanostructures of about 15 nm in
size with low polydispersity. Thus, this work is an example of successful post-modification
of linear polymers to obtain materials with new properties.

Gileva et al. [12] proposed and developed a novel system for targeted delivery of
DOX based on polyelectrolyte multicellular capsules modified with the DR5-B protein.
The developed supramolecular systems showed improved antitumor activity due to high
tumor targeting and the synergistic effect of DR5-B and DOX.

Overall, this Special Issue includes 11 excellent papers of the contributors from eight
countries on the design, synthesis and application of self-assembled functional nanomateri-
als and covers various fields of nanotechnology, chemistry, biology and material science. As
guest editor of Special Issue “Functional Nanomaterials Based on Self-Assembly”, I thank
all authors, reviewers, and assistant editors for their valuable contributions. I hope that the
publications presented in this Special Issue will be interesting and useful to readers.

Funding: This work was funded by the subsidy allocated to Kazan Federal University for the state
assignment in the sphere of scientific activities no. FZSM-2023-0018 (Ministry of Science and Higher
Education of the Russian Federation).

Conflicts of Interest: The author declares 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.
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Voltammetric Sensor for Doxorubicin Determination Based on
Self-Assembled DNA-Polyphenothiazine Composite
Anastasiya Malanina 1 , Yurii Kuzin 1 , Alena Khadieva 1, Kseniya Shibaeva 1, Pavel Padnya 1,* ,
Ivan Stoikov 1 and Gennady Evtugyn 1,2,*

1 A.M. Butlerov Chemistry Institute, Kazan Federal University, 18 Kremlevskaya Street, Kazan 420008, Russia
2 Analytical Chemistry Department, Chemical Technology Institute, Ural Federal University, 19 Mira Street,

Ekaterinburg 620002, Russia
* Correspondence: padnya.ksu@gmail.com (P.P.); gennady.evtugyn@kpfu.ru (G.E.)

Abstract: A novel voltammetric sensor based on a self-assembled composite formed by native DNA
and electropolymerized N-phenyl-3-(phenylimino)-3H-phenothiazin-7-amine has been developed
and applied for sensitive determination of doxorubicin, an anthracycline drug applied for cancer
therapy. For this purpose, a monomeric phenothiazine derivative has been deposited on the glassy
carbon electrode from the 0.4 M H2SO4-acetone mixture (1:1 v/v) by multiple potential cycling. The
DNA aliquot was either on the electrode modified with electropolymerized film or added to the
reaction medium prior to electropolymerization. The DNA entrapment and its influence on the redox
behavior of the underlying layer were studied by scanning electron microscopy and electrochemical
impedance spectroscopy. The DNA–doxorubicin interactions affected the charge distribution in
the surface layer and, hence, altered the redox equilibrium of the polyphenothiazine coating. The
voltametric signal was successfully applied for the determination of doxorubicin in the concentration
range from 10 pM to 0.2 mM (limit of detection 5 pM). The DNA sensor was tested on spiked artificial
plasma samples and two commercial medications (recovery of 90–95%). After further testing on real
clinical samples, the electrochemical DNA sensor developed can find application in monitoring drug
release and screening new antitumor drugs able to intercalate DNA.

Keywords: DNA sensor; electropolymerization; self-assembling; phenothiazine electropolymerization;
DNA intercalation

1. Introduction

Doxorubicin is an anthracycline drug commonly applied in solid tumor therapy. It was
approved for medical application and involved in the WHO List of Essential Medicines [1].
Doxorubicin’s effect involves its intercalation in the double-stranded DNA helix followed
by suppression of biochemical functions, e.g., transcription and replication required for
the DNA biosynthesis [2]. It can also cause the generation of reactive oxygen species in
mitochondria by the reaction with dissolved oxygen [3]. The efficiency of doxorubicin
is limited by frequently observed side effects, of which delayed cardiomyopathy, acute
life-threatening inflammation of the bowel, and dermatological disorders are most com-
monly mentioned [4–6]. This calls for the effective monitoring of the doxorubicin levels in
biological fluids and establishing personal doses of medication depending on its release
from the organism. Traditionally, optical [7,8] and chromatographic [9,10] methods of
analysis are used for this purpose.

Many efforts have been made in the development and application of new nanomateri-
als for extending optic detection systems. Thus, specially designed nanophotonic structures
have been synthesized and ascribed with complex mathematical functions applicable for
sensing elements [11]. Core@shell nanoparticles with an Ag core covered with a silica layer
showed absorption in the UV–Vis spectrum that depended on the thickness of the shell [12].
The size and optical properties of the metamaterials obtained can be directly varied by the

Nanomaterials 2023, 13, 2369. https://doi.org/10.3390/nano13162369 https://www.mdpi.com/journal/nanomaterials4
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choice of precursor using the microwave polyol method [13]. The effect can be used for
sensitive detection of many species affecting the optic phenomena on the nanoparticles
surface. Epsilon-near-zero (ENZ) metamaterials with a narrow metallic waveguide channel
are able to detect changes in the permittivity and refractive index of the dielectric microen-
vironment as a universal approach to the characterization of homogeneous materials [14].
Furthermore, graphene materials offer both optic and electrochemical properties related to
the influence of analytes on electromagnetic properties of the materials able to detect DNA,
recombinant proteins, and antibodies [15].

Being universal and sensitive, optical methods based on the detection of electromag-
netic properties near the sensor interface need sophisticated data treatment and complicated
protocols for material synthesis. Electrochemical approaches are more adaptive to the point-
of-care testing conditions, including drug residue detection [16–18].

Electrochemical detection techniques are considered as a fast, inexpensive, and reliable
alternative to more sophisticated universal instrumentation, Nevertheless, to reach the
sensitivity of analysis comparable with chromatography, conventional electrodes should
be modified with effective mediators of electron transfer that both amplify the currents
recorded and diminish the working potential. The latter condition is important for the
direct determination of analytes in complex media containing oxidizable organic species,
e.g., biological fluids. Searching for new mediators and characterization of their imple-
mentation in the assembly of electrochemical sensors is one of the modern trends of
electroanalytical chemistry. In the case of biosensors, such mediators can also provide
effective immobilization of the biorecognition elements in the surface layer.

Phenothiazine derivatives have received a wide application in biochemistry and
analytical chemistry as specific dyes exert reversible redox properties and are able to
concentrate in the cells and organelles. They also exert antipsychotic, antimalarial, insec-
ticidal, antifungal, antibacterial, and anthelmintic properties [19–21]. The redox activity
of phenothiazines used as drugs has been applied for their direct electrochemical deter-
mination [22–24]. Monomeric dyes and the products of their electropolymerization were
also tested as mediators and showed high electroactivity and efficiency as mediators and
electrocatalysts [25–32].

Although many phenothiazine derivatives are easily adsorbed on the bare electrodes,
their electropolymerization has additional advantages in sensor assembling, e.g., easy con-
trol of the reaction by the potential applied, variation in the quantities of the accumulated
products on the electrode interface, no auxiliary reagents required in chemical polymer-
ization (chemical oxidants, etc.), and the possibility of combining the deposition of redox
active components and of the biopolymer entrapped in the growing polymer film [33].
Analytical application of electropolymerized materials started from polyaniline [34] and
polypyrrole [35]; recently the attention of researchers was turned to the electropolymeriza-
tion of phenazines, phenothiazines, and phenoxazines that can be performed in the absence
of organic solvents and in milder conditions [36–40]. As examples, electropolymerization of
thionine [41], methylene blue [42], methylene green [43], azure A [44], and azure B [45] can
be mentioned. Appropriate polymeric products improved the conditions of the electron ex-
change and demonstrated catalytic activity in the conversion of hydrogen peroxide [46] and
NADH [47]. Meanwhile, spontaneous aggregation and limited solubility of the monomeric
dyes affects the regularity of the polymer films obtained and the reproducibility of the
modifier properties. Further improvement of the analytical and operational characteris-
tics of electrochemical sensors calls for searching for new derivatives and their testing in
the assembly of biosensors for drugs selection, in solar batteries, and in charge storage
devices [48–52].

Recently, we have studied the electrochemical behavior of N-phenyl-3-(phenylimino)-
3H-phenothiazin-7-amine (PhTz) with electropolymerization, alone and in the assembly
of the DNA sensor [53]. Phenyl imine fragments present in its structure allow two mech-
anisms of polymerization, including the one proposed for polyaniline in strong acidic
media [54–56] and another one attributed to the phenothiazine core. In this work, we have
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for the first time polymerized the PhTz from the acidic media and showed intrinsic redox
activity of the product (polyPhTz) in the assembly of the DNA sensor and in the presence
of doxorubicin as a model intercalator.

2. Materials and Methods

Low-molecular DNA from salmon testes (DNA1, <5% protein, A260/280 = 1.4), from fish
sperm (DNA2, mol. weight 40–1000 kDa), and from chicken erythrocytes (DNA3, “Reanal”,
Budapest, Hungary, average mol. mass 1.2 MDa), doxorubicin hydrochloride (98–102%)
(Figure 1a), idarubicin hydrochloride (>98%), daunorubicin hydrochloride (>90%), val-
rubicin (<100%), cyclophosphamide (EP reference standard), prednisone (dehydrocorti-
sone, >98%), dacarbazine (EP reference standard), potassium hexacyanoferrate (III) (99%),
potassium hexacyanoferrate (II) trihydrate (98.5–102%), and HEPES (4-(2-hydroxyethyl)-
1-piperazineethanesulfonic acid) were purchased from Sigma-Aldrich, Dortmund, Ger-
many. All solutions were prepared with Millipore Q® water (Simplicity® water purifica-
tion system, Merck-Millipore, Mosheim, France). Doxorubicin-TEVA® and Doxorubicin-
LANS® (lyophilizates for intravascular injection solutions) were purchased at a local
pharmacy market.
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The PhTz (chemical structure in Figure 1b was synthesized as described elsewhere [57].
For electropolymerization, it was dissolved in acetone and then mixed with 0.4 M H2SO4
in 1:1 (v/v) ratio. In electropolymerization, the working concentration of PhTz (72 µM)
corresponded to its maximal solubility. DNA was dissolved in deionized water.

2.1. Apparatus

Electrochemical measurements were performed with a µSTAT 400 (Metrohm DropSens,
Oviedo, Spain) potentiostat/galvanostat and Autolab PGSTAT302 N equipped with the
FRA32M module (Metrohm Autolab b.v., Utrecht, The Netherlands) at ambient temper-
ature in a three-electrode working cell. A glassy carbon electrode (GCE, 2 mm in diam-
eter, OhmLiberScience, Saint-Petersburg, Russia) was used as a working electrode and
transducer in biosensor assembling. The Ag/AgCl/3.0 M NaCl reference electrode (ALS
Co., Ltd., Tokyo, Japan, Cat. No. 012167) was used in voltametric measurements and
Ag/AgCl/3.0 M KCl (Metrohm Autolab b.v. Cat No. 6.0733.100) in impedimetric mea-
surements. Pt wire (ALS Co., Ltd., Cat. No. 002233, or Metrohm Autolab b.v., Cat. No.
6.1248.000) was applied as a counter electrode.

Cyclic voltammetry was chosen for the study of the DNA–polyphenothiazine compos-
ite formation and DNA–doxorubicin interaction. This method has a well-developed theory,
an intuitively understandable explanation of the peak changes on voltammograms, and
it is compatible with portable biosensors’ requirements in the framework of point-of-care
testing (POCT). Here, 25.5 cycles were used for electropolymerization assuming finalizing
the synthesis at the highest anodic potential. All the measurements were performed with
five individual sensors. Calculation of the peak currents was performed using the NOVA
Software (Metrohm Autolab b.v.) after baseline correction. Geometric electrode area was
used in calculation of the current densities.
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Electrochemical impedance spectra (EIS) were recorded at the equilibrium potential in
the frequency range from 100 kHz to 0.04 Hz, with 50 frequencies in the scan, at an ampli-
tude of 5 mV. Equilibrium potential was determined as a half-sum of the peak potentials
recorded in the equimolar mixture of K3[Fe(CN)6] and K4[Fe(CN)6]. The impedance pa-
rameters were determined by fitting data with the Randles equivalent circuit [Rs(Q[RctW])],
where Rs represents the resistance of electrode material, of all electric contacts, and the
uncompensated ohmic resistance of solution, Q is the constant-phase element (CPE) repre-
senting the non-ideal capacitive behavior of the electrical double-layer; Rct is the charge
transfer resistance (interfacial electron transfer), and W the Warburg element (a virtual
electronic component that models the diffusion of electroactive species). Equivalent circuit
fitting was performed with the NOVA software (Metrohm Autolab b.v.).

Scanning electron microscopy (SEM) images of the electrode coatings were obtained
with the high-resolution field emission scanning electron microscope Merlin™ (Carl Zeiss,
Jena, Germany). ZeissSmartSEM software was used for image processing.

Statistical data treatment was performed using OriginPro 8.1 software (OriginLab
Corporation, Northampton, MA, USA).

2.2. Electrode Modification

Before use, the GCE was mechanically cleaned with silicon carbide abrasive paper
(P5000) and washed with deionized water and ethanol. After that, it was electrochemically
activated in 0.2 M sulfuric acid containing 50 vol.% acetone by cycling the potential until
stabilization of the voltammogram. Then, an aliquot of the PhTz dissolved in the acetone
was added to its final concentration of 72 µM. The electropolymerization was performed by
multiple cycling of the potential in the range from −0.5 to 1.3 V, scan rate of 0.1 V/s. The
DNA immobilization was performed by two various approaches, i.e., by addition of the
DNA aliquot to the working solution on the electropolymerization step or by drop casting
of the DNA solution onto the polyPhTz/GCE surface followed by drying the electrode
on air at ambient temperature and its rinsing with deionized water. Both methods differ
in the distribution of the DNA molecules in the self-association products on the electrode
interface and in accessibility of the DNA molecules for the intercalator (doxorubicin as
model analyte).

3. Results and Discussion
3.1. PhTz Electropolymerization

The presence of both phenyl imine and phenothiazine fragments in the PhTz structure
is interesting from the point of view of the electropolymerization because they can alter the
redox activity and an electron–ion conductivity depending on the centers involved in the
formation of the polymeric product. Figure 2a represents cyclic voltammograms recorded
in the H2SO4–acetone (1:1 v/v) solution containing PhTz.

The irreversible anodic peak at 1.1 V corresponds to the formation of the radical initiat-
ing the polymerization. If the maximal potential was chosen below this value, no significant
changes were observed on multiple cycling. Similar activation of the polymerization at high
anodic potential was reported for the electropolymerization of aniline and phenothiazine
dyes [47,56]. Increasing the number of the cycles of the potential between −0.5 and 1.3 V
consecutively increased the peaks attributed to the products of electrosynthesis (0.4 V on
anodic branch of the voltammogram and 0.2 V at the cathodic branch). These changes were
observed until the 25th cycle, after which the currents started decreasing due to blocking the
GCE surface with the polymerization products, which complicated access of the monomers
to the electrode interface. Such non-regular changes in the peak currents are typical for the
electropolymerization of the phenothiazine and phenoxazine derivatives [58,59]. The de-
pendence of the oxidation/reduction peak currents on the number of electropolymerization
cycles is presented in Figure 2b.
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Figure 2. (a) Cyclic voltammograms of 72 µM PhTz dissolved in H2SO4–acetone (1:1 v/v) mix-
ture, 100 mV/s; (b) The dependence of the peak currents recorded on the modified GCE in 0.1 M
HEPES + 0.1 M NaNO3 in the absence of PhTz monomer on the number of the potential cycles.
Average ± S.D. for five individual sensors.

In the following experiments, 25.5 cycles of electropolymerization were used. A half-
cycle corresponds to finishing the potential scan at the highest anodic potential required
for the accumulation of the maximally oxidized product able to electrostatically interact
with negatively charged DNA molecules.

The redox activity of the product of electropolymerization studied in HEPEs solution
with no monomer corresponded to the reversible reduction/oxidation of the phenothiazine
core, as shown in Scheme 1, for a single unit of the polymer present in a neutral (non-
protonated) form. The formation of linear polymers for aminated phenothiazine derivatives
was recently proved by ATR FTIR based on the signals related to phenylene diamine and
quinone fragments [60].
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Scheme 1. Redox equilibrium of the monomeric form (PhTz) and the fragment of the polymer
(polyPhTz) responsible for the first peak pair on voltamogram.

The dependence of the peak currents related to the PhTz redox conversion on the scan
rate was assessed in 0.1 M HEPES. The slopes of plots in bi-logarithmic coordinates were
near 1, indicating a surface-confined limiting step of the electron transfer (Figure 3).

Appropriate equations are presented in the following Equations (1) and (2):

log(jpa, µA/cm2) = −(0.66 ± 0.14) + (0.95 ± 0.08) × log(ν, mV/S), R2 = 0.965 (1)

log(jpc, µA/cm2) = −(0.85 ± 0.10) + (0.97 ± 0.06) × log(ν, mV/s), R2 = 0.986 (2)

where jpa, jpc are the peak current densities, µA/cm2, of the anodic and cathodic peaks,
respectively, and ν is the scan rate, mV/s. When electropolymerized in neutral media,
polyPhTz showed mixed adsorption–diffusion control of the electron transfer [53].
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Figure 3. The dependence of the polyPhTz peak potentials on the scan rate. Average ± S.D. for
five individual sensors.

The pH dependence of the peaks is shown in Figure 4a. In acidic media, the peak
currents are similar to each other, and the peak potentials regularly shifted with the pH
to their lower values (Figure 4b). The cathodic peaks overlapped the peaks of oxygen
reduction so that maximal pH available was limited to 8.0. Within the range from pH = 2.0
to 8.0, the slope of the dependence (55 mV/pH for cathodic and 41 mV/pH for anodic
peaks) corresponded to the transfer of equal number of electrons and hydrogen ions.
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Figure 4. (a) Cyclic voltammograms recorded on the GCE covered with polyPhTz in 0.1 M
HEPES + 0.1 M NaNO3, 100 mV/s, at various pH; (b) the dependence of the peak potentials of
anodic (Epa) and cathodic (Epc) peak potentials on the pH. Average ± S.D. for five individual sensors.

3.2. DNA Immobilization
3.2.1. Voltammetric Study

If DNA was added to the reaction media in the electropolymerization step, appropriate
sensors are denoted as GCE/(polyPhTz + DNA). For them, implementation of DNA is
promoted by electrostatic interactions between positively charged PhTz and negatively
charged phosphate residues of the DNA helix.

As an example, Figure 5a illustrates electropolymerization performed in the presence
of 12.5 µg/mL DNA1 from salmon sperm. The addition of DNA1 increased the currents on
cyclic voltammograms against those shown in Figure 2a, where no DNA was added. In
the course of electropolymerization, changes in the peak pair attributed to the monomeric
PhTz at about 0.2–0.4 V are supported with by the appearance of a comparable in heigh
anodic peak at 0.6 V, which can be due to the redox activity of the polyPhTz. The DNA’s
influence increases with its quantities and is especially obvious in the range from 12.5 to
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18.7 µg/mL (Figure 5b). To reach a maximally accurate signal, 12.5 µg/mL DNA addition
was used in the following experiments.
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Figure 5. (a) Multiple cyclic voltammograms recorded on GCE in a solution of 72 µM PhTz and
12.5 µM DNA1. Arrows show the direction of the changes with an increasing number of the cy-
cles; (b) the dependence of the anodic peak current of the GCE modified with polyPhTz/DNA1
on the concentration of DNA in the solution for electropolymerization. Average ± S.D. for
five individual sensors.

Incubation of the GCE modified with polyPhTz in the DNA solution resulted in
its electrostatic accumulation on the polymer surface. The appropriate DNA sensor is
denoted as GCE/polyPhTz/DNA. In this protocol, 10 µL aliquot of 0.1 µg/mL DNA
was drop-casted on the electrode and left for a certain time period for the adsorption of
the biopolymer. It was established in preliminary experiments that 20 min incubation
was sufficient to reach a stable reproducible response toward DNA. Being simpler than
previously described DNA entrapment methods into the growing electrosynthesized film,
this protocol can be complicated by leaching adsorbed DNA from the surface layer. It was
checked by monitoring the signal by alternating the incubation of the sensor in deionized
water and HEPES buffer (Figure S1). The deviation in the peak currents for six repeated
cycles measurement washing (measurement-to-measurement repeatability) was about
2.3%, and for six individual sensors (sensor-to-sensor repeatability) it was 3.3%. Similar
experiments with the GCE/polyPhTz containing no DNA showed a small but regular
decrease in the polyPhTz peak currents, probably due to partial desorption of the soluble
products of oligomerization. Thus, DNA adsorption stabilized the surface film obtained.
A further increase in the incubation period to 30–60 min, as well as higher DNA loading
(up to 10 mg/mL in 10 µL casted per electrode) decreased the peaks on the resulting
voltammograms (Figure S2). These changes are hardly attributed to the leakage of the
surface components and are rather related to recharging the electrode interface and/or
lower reversibility of the PhTz redox conversion caused by increased quantities of the
highly charged DNA molecules transferred.

The DNA source affected the polyPhTz currents both in the case of GCE/(polyPhTz
+ DNA) and GCE/polyPhTz/DNA sensors (Figure 6). We have not found any evidence
of DNA damage or denaturation during the electrolysis in acidic media for all the DNA
sources. Probably, this was due to a short electrolysis time and electrostatic stabilization of
the native DNA structure by depositing polyPhTz molecules.
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Figure 6. Influence of the DNA source on the PhTz peak currents: (a) GCE/(polyPhTz + DNA)
sensor; (b) GCE/polyPhTz/DNA sensor. Average ± S.D. for five individual sensors.

In both protocols, the maximal changes in the peak currents were obtained with the
application of high-molecular DNA3 from chicken erythrocytes. This might result from
lower solubility of the poly(PhTz)–DNA3 complexes and from the accumulation of a larger
negative charge affecting the stability of the coating. The difference in the appropriate
peak currents was higher for the layered coating (GCE/polyPhTz/DNA sensor). DNA1
and DNA3 caused changes by about 50%, while those for the DNA implemented in the
growing polymer film (GCE/(polyPhTz + DNA) were about 30%. This indirectly provides
evidence in favor of partial coverage of the electrode with non-conductive DNA molecules.
The above parameter is sensitive to the specific square of the electrode occupied with
DNA molecules. Regarding DNA1 and DNA2, their implementation into the polymer film
mostly affected oxidation peaks, whereas DNA deposition onto the electrode moderately
influenced reduction peaks, too. This might result from the molar mass distribution of
both DNA samples. DNA2 from fish sperm contains a larger variety of double-stranded
and single-stranded DNA fragments [60] that can more effectively block the access to the
redox active sites on the electrode surface in comparison with DNA1 of a more regular
structure. Difference in the DNA accumulation is mostly obvious on the reverse branch
of voltammograms, where the product of primary electron transfer is re-reduced and the
coordination of oppositely charged functional groups of the layer interface affects the shape
of cyclic voltammogram to a higher extent.

The electrochemical behavior of the PhTz was compared with that of the derivatives
containing additional charged groups at the phenothiazine core, i.e., the diaminated and
dicarboxylated derivatives studied in [59]. All the compounds mentioned showed the
ability of electropolymerization, but the quantities of the products deposited and the pH
dependence of redox activity depended on the number and charge of terminal groups.
The introduction of carboxylic groups suppressed the accumulation of polymeric products
against aminated derivatives. Diaminated derivatives demonstrated more complicated
voltammograms with the peaks of monomeric and polymeric forms comparable in height.
Structurally relative thionine and azure dyes exerted the activity in electropolymerization
sensitive to the steric loading of the amino groups [29,32,33,37,58]. Cyclic voltammograms
of Azure A and Azure B demonstrated similar broad peaks of the polymer accumulation but
the quantities of appropriate products assessed from the currents were significantly lower.
In all cases mentioned, the electropolymerization allowed for DNA deposition. The thinner
the electropolymerized film, the higher the sensitivity of the voltametric parameters to the
DNA intercalators was. This might be explained by compatibility of the charge distribution
in positively charged polymer and DNA molecules expected for thin films and to some
extent by lower solubility of the polymerized dyes providing their dense contact with the
underlying electrode surface. The possibility of the PhTz electropolymerization on bare
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GCE with no additional modifiers is another advantage of the sensor developed versus the
assemblies based on pre-concentration of the monomeric precursors on carbon black. The
influence of amino groups of the PhTz molecule on the reversibility of the redox reactions
estimated by ferricyanide redox probe was also lower than that of the phenothiazines with
amino groups directly attached to the phenothiazine core. This partially compensates for
exhausting pH sensitivity of the response mentioned for the analogs studied. Similar trends
were discussed in the application of phenothiazine dyes for mediation of the oxidation of
small molecules (see reviews [31,36,58]).

3.2.2. EIS Study

The DNA accumulation onto the polyPhTZ layer was then studied by the EIS with
0.01 M [Fe(CN)6]3−/4− as the redox probe. The redox probe concentration was specified
to reach well-resolved peak currents on the modified electrodes. The Nyquist diagrams
obtained with the GCE modified with DNA from various sources are presented in Figure 7.
The EIS parameters obtained by fitting the experimental data with a [Rs(Q[RctW])] equiva-
lent circuit (see the description of variables in the Section 2.1 Apparatus) are presented in
Table 1. The Randles equivalent circuit used reflects the electrochemical phenomena on the
electrode interface in terms of charge distribution at the electric double layer and kinetics
of electron exchange with the redox probe.
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Figure 7. The Nyquist diagrams obtained with GCE covered with polyPhTz and DNA from various
sources. Inset: equivalent circuit and semi-circle area of the diagram).

Table 1. EIS data of GCE modified with polyPhTz and drop-casted DNA from various source.
Average ± S.D. for five sensors.

Modifier RS, Ω Rct, kΩ Q, µF N

PolyPhTz 162 ± 8 24.5 ± 3 0.27 ± 0.04 0.86
PolyPhTz/DNA1 191 ± 8 51.2 ± 4 0.32 ± 0.05 0.91
PolyPhTz/DNA2 171 ± 10 134 ± 6 0.08 ± 0.03 0.88
PolyPhTz/DNA3 172 ± 12 277 ± 6 0.04 ± 0.01 0.90

The semi-circle area on the Nyquist diagram corresponds to the kinetic control of the
electron exchange whereas the linear piece in the range of low frequencies corresponds
to the diffusion control of the reaction. The depressed form of the semi-circles is caused
by non-ideal behavior of the CPE and coincides well with the roughness factor N, which
differs from 1 corresponded to capacitance behavior. Such a behavior can be explained by
uneven distribution of the modifiers along the electrode, or by high roughness and porosity
of the surface layer on the electrode [61]. With the increased average molar mass of the
DNA (from DNA1 to DNA3), the charge transfer resistance Rct increased because of the
accumulation of a higher negative charge and repulsion of anionic ferro- and ferricyanide

12



Nanomaterials 2023, 13, 2369

ions of the redox probe on the electrode interface. A sharp decrease in the Q value observed
for DNA3 with maximal molar mass is due to the same reason. The EIS data agrees with
the voltammetry studies of the surface layer assembling and with the conclusion on the
importance of negative charge of DNA helix and its alteration after the DNA deposition
(see Figure 6b) with minimal peak currents recorded for DNA3 loading.

It is interesting that the redox signals of the DNA sensors were sensitive to thermally
denatured and chemically oxidized DNA. Such a differentiation has already been described
for similar DNA sensors [29,32,33,62] and was referred to changes in the flexibility of
the DNA molecules. High-molecular DNA3 was heated for 30 min to 95 ◦C and then
sharply cooled for 5 min in the ice bath prior to its introduction in the surface layer of the
GCE/polyPhTz/DNA sensor. This resulted in partial unwinding of the DNA strands and
primary structure distortion (formation of abasic sites etc.) [63]. The EIS experiment showed
the decrease in the Rct value to 212± 8 kΩ, indicating satisfactory better electroconductivity
of the polymer layer [64].

3.2.3. SEM Study

The assembling of the polyPhTz/DNA surface layer was proved by SEM. On bare
GCE, electropolymerization resulted in the formation of a dense film with a wavy surface
(Figure 8A). The addition of DNA either to the PhTz solution or on the surface of the
polymer film resulted in the formation of the structured elements with microcrystalline
inclusions and cavities randomly distributed on the surface (Figure 8B,C). The morphology
of the polyPhTz/DNA1 layer was similar for both protocols of the DNA introduction but
the depth of the cavities and probably the thickness of the layer were bigger for the DNA
deposited on the film. One could see the roundish particles within the surface layer, mostly
obvious for the side walls of the cavities and after the DNA implementation (Figure 8C).
Their size was in between 40–80 nm and tended to increase with the DNA molar mass.
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Figure 8. SEM images of GCE covered with electropolymerized PhTz (A) (25.5 cycles, 72 µM PhTz)
and image obtained with DNA1 added to the solution (37.5 µg/mL) (B) or drop-casted on the polymer
film (10 µL of 100 ng/mL per electrode) (C).

3.3. Measurement Conditions
3.3.1. Cyclic Voltammetry

The dependence of the PhTz peak currents on the DNA loading and electrostatic
interactions within the layer as a driving force of the changes made it possible to propose
the DNA sensor for the determination of low-molecular species able to specific interaction
with DNA. In this work, doxorubicin was used as a kind of model intercalator because of
the importance of its sensitive detection in biological fluids and well-elaborated mechanism
of interaction with DNA.

Indeed, incubation of the GCE/polyPhTz/DNA sensor in the doxorubicin solution
resulted in an increase in the peak currents to the values obtained for the polyPhTz coating
with no DNA (Figure 9 for DNA1, the oxidation peak current for the GCE/polyPhTz was
equal to 0.62 µA).
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Figure 9. The polyPhTz peak currents recorded after incubation of the GCE/polyPhTz/DNA1 sensor
in 0.1 mM doxorubicin solution for 10–90 min. Average ± S.D. for five individual sensors.

Intercalation of the drug in the DNA helix results in an increase in the biopolymer
specific volume, partial unwinding, and spatial separation of the negative charges of
the phosphate residues of the DNA backbone. These changes promote transfer of the
phenothiazine units in oxidized (positively charged) form and hence increase their currents
on voltammogram. The influence of the drug on the DNA sensor signals was rather stable
within the 10–30 min incubation period in the doxorubicin solution. A further increase in
the incubation period resulted in a lower reproducibility of the response, compensated for
by higher currents.

Changes in the oxidation peak currents caused by doxorubicin were more reproducible
than those of cathodic peaks and they were used for the quantitative analysis of the
drug. Figure 10 shows changes in the voltammograms for 15 min incubation of the
GCE/polyPhTz/DNA1 sensor in the doxorubicin solution. The results obtained with
DNA2 and DNA3 are shown in Figure S3.
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Figure 10. Influence of the doxorubicin on the PhTz peak currents: (a) cyclic voltammograms
recorded after 15 min incubation with the GCE/polyPhTz/DNA1 sensor; (b) calibration curve of
doxorubicin. Average ± S.D. for five individual sensors.

The analytical characteristics of the doxorubicin determination are summarized in
Table 2. The limit of detection (LOD) of doxorubicin was assessed with S/N = 3 criterion.
As one can see, application of DNA from salmon testes showed the broadest range of
concentrations determined. The use of DNA2 from fish sperm was found to be less
effective. The slope of the linear part of the plot was similar that that obtained with
DNA1, but the interval was narrower and the relative deviation of the peak current was
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higher. This might result from the rather high content of single-stranded DNA fragments.
They do not interact with doxorubicin in accordance with the intercalation mechanism.
High-molecular DNA3 from chicken erythrocytes was less sensitive to the contact with
doxorubicin, probably due to a much larger number of binding sites and the higher stability
of less soluble polyelectrolyte complexes on the electrode interface.

Table 2. Analytical characteristics of doxorubicin determination with GCE/polyPhTz/DNA, Ipa,
µA = a + b × (cdox, M). Average± S.D. for five sensors, where n is the number of experimental points
within the linear range of concentrations determined.

DNA
Source a ± ∆a b ± ∆b R2 n

Linear
Concentration

Range
LOD

DNA1 0.99 ± 0.02 0.070 ±0.003 0.9898 7 10 pM–0.2 mM 5 pM
DNA2 1.12 ± 0.11 0.078 ± 0.012 0.9784 5 20 pM–12 nM 10 pM
DNA3 1.06 ± 0.06 0.089 ±0.009 0.9529 5 15 nM–0.3 mM 50 nM

The results obtained are comparable or better than those reported for other electro-
chemical sensors (Table S1). It should be noted that doxorubicin itself is electrochemically
active and shows its own peaks on voltammograms but at much higher concentrations so
that they do not interfere with the redox signals of the polyPhTz layer.

The use of redox active polymers offers sub-nanomolar detection limits sufficient for
the drug residues determination in urine and blood serum. The common concentrations of
doxorubicin reported for patients with gastrointestinal cancer were on the level of 10 nM
within 60–100 min after the drug administration [65]. In plasma of superficial bladder
cancer patients, doxorubicin was detected at a maximal level of 0.9–8 nM (mean 2 nM
for six weekly treatments of 40 mg doxorubicin in 20 mL physiological saline [66]). The
concentration of doxorubicin in urea depends on the dose and excretion period. Within
two weeks, about 50% of the drug is released with urine. Its stability depends on the
pH and other conditions but can be assessed as 0.1–10 µM [67,68]. Thus, the comparison
of the DNA sensor performance with the drug levels makes it possible to conclude that
possible interference expected from the matrix components can be easily eliminated by the
sample dilution.

The only DNA sensor showing lower detectable concentrations contained layered
polyaniline and DNA layers (polyaniline–DNA–polyaniline). Polyaniline offered higher
electrostatic attraction of DNA than polyPhTz and is more sensitive to DNA-specific
interactions but had limitations in terms of pH working region and stability in neutral
media. Electrochemical sensors mostly utilize mediated oxidation of doxorubicin and/or
its preliminary accumulation in the surface layer. High working potential prevents their ap-
plication in complex media containing oxidizable species (drug stabilizers, food additives)
though the stability of the response in protein-containing media is rather high. It should
be noted that the approach to the layered deposition of polyPhTz utilized in this work
offers a very simple and reproducible protocol of sensor assembling and makes it possible
to obtain inexpensive but reliable sensors for single use in medical diagnostics, pharma-
ceutics, chemotherapy monitoring, and other purposes related to oncology and antitumor
drug design.

3.3.2. Measurement Precision and Sensor Lifetime

Sensor-to-sensor repeatability was assessed using a set of five electrodes modified
with the same reagents. The R.S.D. was found to be 5.6% (0.1 nM doxorubicin, 20 min
incubation) and the period of 25% decay of the signal was equal to 15 days (Figure S4a).
In dry conditions, polyPhTz retains its electrochemical activity for at least 60 days with
no DNA and 90 days when covered with 0.1 mg/mL DNA (Figure S4b). The R.S.D. of
the signal toward 0.1 nM doxorubicin increased to 9% at the end of the storage period. In
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working solution, the reliable detection of doxorubicin (R.S.D. < 10%) was achieved within
three days.

3.3.3. Selectivity and Real Sample Assay

The possibility of direct determination of doxorubicin in serum is important due to the
high risks of cardiotoxicity and individual variability in the pharmacokinetics of the drug.
We have checked the signals of other antitumor drugs, including the same anthracycline
core as well as commercial medications with different stabilizers and common components
of the fluids to be sure that the complex character of the samples did not interfere with the
doxorubicin determination.

Determination of doxorubicin is based on the general mechanism of intercalation,
which is common for all the anthracycline preparations. To compare the influence of
other representatives of this group of drugs, the concentrations exerting a 15% shift in the
signal (IC15) were determined with the GCE/polyPhTz/DNA1 sensor. They were equal
to 5 pM for doxorubicin, 20 pM for daunorubicin, 30 pM for idarubicin, and 18 nM for
valrubicin for GCE/polyPhTz/DNA1 sensor, at 15 min incubation. A 15% shift was chosen
assuming a 5% deviation of the signal typical for electrochemical sensors. Relative changes
in the anthracycline detection coincide with the previously reported results obtained with
other electrochemical DNA sensors. Thus, the LODs of 0.01 nM doxorubicin, 0.1 nM
daunorubicin, and 0.2 nM idarubicin were obtained using the EIS technique with the DNA
sensors based on thin polyaniline films [69]. Valrubicin showed lower sensitivity with DNA
sensors with carbon nanomaterials and Au nanoparticles (LOD 18 nM [70]). It should be
noted that anthracycline drugs are mostly applied separately, and medications differ in
the nature of auxiliary components providing target delivery of the substances to the solid
tumor (lipids, stabilizers, etc.). Regarding other drugs, IC15 = 0.01 mM was obtained for
sulfamethoxazole. Cyclophosphamide, prednisone, and dacarbazine, commonly applied
together with doxorubicin in chemotherapy regimens, showed an insignificant irregular
influence on the GCE/polyPhTz/DNA1 signal at concentrations exceeding 1.0 mM.

Some matrix components capable of redox conversion on the electrode can also inter-
fere with the doxorubicin signal. In Figure 11, the relative changes in the signal toward
1.0 nM doxorubicin are compared with those obtained in the presence of 1.0 mM inter-
ferences (glucose, uric acid, catechol, ascorbate). Furthermore, urea and KCl as macro
components of urine were tested in the same conditions. Here, 100% corresponded to
no interference, and the higher is the difference from 100%, the bigger the undesirable
contribution of the additives. One can see that the effect is below the standard deviation of
the signal for all the model compounds tested.
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Figure 11. Relative changes in the polyPhTz anodic peak current recorded with the GCE/polyPhTz/
DNA1 sensor after 15 min incubation in 1.0 nM doxorubicin solution (Ipa(0)) and in the presence of
1.0 mM interferences (Ipa). Measurements in 0.1 M HEPES + 0.1 M NaNO3, 100 mV/s. Average ±
S.D. for five individual sensors.
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The influence of serum proteins was modeled by bovine serum albumin added to the
HEPES buffer. Moderate level of albumin typical for the adults’ blood serum was selected
for model experiments (41.4 mg/mL).

Furthermore, Ringer–Locke’s solution (0.45 g NaCl, 0.021 g KCl, 0.016 g CaCl2·2H2O,
0.005 g NaHCO3, 0.015 g of MgSO4, and 0.025 g of NaH2PO4·2H2O per 50 mL of water [71])
was used to estimate the influence of plasma electrolytes. The recoveries of 105 ± 10% and
105 ± 8% were found for 0.1 nM doxorubicin in both cases.

Doxorubicin-TEVA® and Doxorubicin-LANS® were dissolved in 0.1 M HEPES buffer
and applied for the incubation as described above for a standard doxorubicin solution.
The recovery was calculated from the calibration plot obtained in HEPES buffer, pH = 7.0.
Three nominal concentrations of doxorubicin (10 and 100 pM, and 1.0 nM) were tested, and
average recovery was equal to 90 ± 10% (Doxorubicin-TEVA) and 95 ± 10% (Doxorubicin-
LANS). Thus, stabilizers present in the medications (lactose and mannitol) did not interfere
with the doxorubicin determination.

4. Concluding Remarks

Fast and reliable determination of anthracycline drugs in biological fluids is demanded
in two areas related to the anticancer drugs’ administration and to the selection of new
drugs with reduced toxic effects. The rather high cardiotoxicity of doxorubicin and its
analogs, together with hepatoxicity, limit their application and increase health risks in the
population. Although they are effective, especially in the solid tumor family, anthracycline
drugs need monitoring for an effective dose depending on metabolism specificity and other
influencing factors. DNA-based biosensors represent an approach to the quantification of
DNA–drug interactions because they utilize biological targets, i.e., native DNA molecules,
as both recognition elements and signal forming components. Common approaches based
on direct analysis of accumulated drugs or detection of the products of DNA damage are
rather sensitive but require sophisticated equipment and skilled staff. Electrochemical
DNA sensors can offer attractive opportunities, e.g., very simple assembling and signal
measurement protocol, and intuitively understandable interpretation of the results.

Electropolymerization is one of modern trends broadly applied for assembling biorecog-
nition layers of biosensors. Regarding DNA–drug interaction, this protocol allows self-
assembling of the surface layer consisting of oppositely charged counterparts (polymers and
DNA molecules), the electrochemical properties of which depend on both the drug nature
and conditions of their interaction. The electropolymerization protocol is easily modified for
particular tasks and can control the growth and assembling of the surface film. Furthermore,
the redox properties of the nanoaggregates formed are sensitive to the DNA structure and
intercalation of the anthracycline drugs. One-pot synthesis and the possibility of entrapping
DNA in the polymer film via weak multipoint interactions are the advantages of the ap-
proach over the use of conventional modifiers, e.g., carbon nanoparticles or quantum dots.
The low cost of consumables and rather high reproducibility of main biosensor parameters
should also be mentioned.

However, the advantages of electropolymerization can be applied only in the case of
careful control of the assembling conditions and specifying the factors that can influence
the sensitivity of drug detection. Variation in the monomer structure and implementation
of charged terminal groups near the redox centers makes it possible to specify the main
requirements to the assembling of the biorecognition layer for particular analytes and real
sample assays.

In this work, a new derivative of phenothiazine has been investigated for the first time
in the conditions of polymerization in acidic conditions. The choice of the phenothiazine
monomer was governed by the existence of two alternative ways of polymerization that
would result in the polymeric films with various distribution of charge and ability to interact
with DNA. In basic media, phenothiazine-like polymerization takes place, as was shown for
similar structures of phenothiazine dyes [48,54]. In acidic media, electropolymerization via
aniline fragment can take place, resulting in the formation of an electroconductive coating,
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such as polyaniline. We have found that multiple cycling the potential in the monomer
solution performed in sulfuric acid mixed with an equal volume of acetone resulted in the
deposition of a stable film easily adsorbing DNA both on the surface and by entrapment
from the reaction media. The polymers obtained from acidic media exert higher sensitivity
toward the DNA intercalator and lower deviation in the signal in repeating records of cyclic
voltammograms than similar DNA-sensors assembled in a neutral solution.

The implementation of DNA was proved by EIS data and the dependency of the redox
activity of the coating on the DNA source and biopolymer deposition protocol. Indeed, the
influence of DNA is based on two simultaneous reactions, i.e., the limitation of electron
transfer by partial blocking of the electrode surface and the promotion of the formation of
oxidized (positively charged) polymers due to electrostatic interactions with the phosphate
residues of the DNA backbone. The balance between these two processes makes the
recorded redox peaks on voltammograms sensitive to the DNA source and interaction
with model intercalator (doxorubicin). SEM images confirmed the nanostructuring of
the surface film because of the uneven distribution of the polyelectrolyte molecules and
different distances between the charge locations. The roughness of the coating promotes
the DNA implementation and increases the active surface area. The latter one positively
affects the amperometric signal and redox conversion of the polymer fragments responsible
for drug detection.

Three different DNA preparations were used. High-molecular DNA from chicken
erythrocytes formed the most stable complexes with polyPhTz. However, the response
of the appropriate biosensor toward doxorubicin was lower than that for the biosensors
implementing DNA from other sources. DNA from fish sperm with maximal variety of
the molar mass and rather high content of single-stranded DNA strands was found to
be less applicable in the DNA sensor assembly, both from the point of view of the redox
characteristics of the surface layer and its sensitivity toward the intercalator.

Regarding the DNA implementation, both protocols suggested (addition of DNA to
the reaction media and its adsorption onto the polymer layer after electropolymerization)
showed similar effects on the electrochemical characteristics of the composites formed.
This confirms the idea of the predominant influence of charge separation on the redox
equilibrium of polyPhTz. Meanwhile, the influence of doxorubicin was higher when DNA
was placed onto the polymer film. This can result from better accessibility of the DNA
active sites for the drug molecules and/or from the difference in the roughness of the layer
indirectly shown by SEM. On the other hand, DNA adsorption complicates the protocol of
the biosensor assembling and slightly decreases the accuracy of the signal measurement.

Intercalation of doxorubicin resulted in partial unwinding of double-stranded DNA
and changes in the negative charge separation and was found to be selective against
sulfanilamide and some drugs applied together with anthracyclines. Relative changes
in the sensitivity toward anthracycline preparations tested were similar to those already
described in the literature for similar DNA sensors [29,69,70]. Common components of
biological fluids, stabilizers of commercial medications, and drugs commonly applied
together with doxorubicin in chemotherapy regimens (cyclophosphamide, prednisone, and
dacarbazine) did not regularly affect the doxorubicin determination.

Polyphenothiazine derivatives show some advantages over other electropolymer-
ized materials used in biosensors. Their redox activity is less pH sensitive and can be
monitored both in acidic (like polyaniline) and neutral media, including physiological
pH range. Then, the high density of the positive charge of oxidized forms promoted
self-assembling with polyanilines including DNA molecules. Lower sensitivity against
three-layered polyaniline–DNA–polyaniline biosensors can be explained by the application
of diffusionally free mediator, methylene blue, that was accumulated in the DNA and
substituted with doxorubicin molecules during the incubation step. For this reason, such
a biosensor cannot be named as reagent free and needs more steps for its manufacture
and signal measurement. Other DNA sensors described for doxorubicin determination
exploit nanomaterials that are synthesized and implemented in the sensing layer by several
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steps complicating the biosensor operation. Single-walled carbon nanotubes and Ag and
Pt nanoparticles improve the conditions of electron exchange and increase the specific
electrode surface accessible for electropolymerized monomers and DNA molecules. The
function of TiO2 and MgO is less understandable. They do not exert redox activity and
are non-conductive. Probably, they adsorb species involved in the electrode reactions
and increase their local concentration on the electrode. Whatever the case, the more com-
plicated the layer, the more steps there are in its assembling and the more sources of
measurement deviations.

High sensitivity of the doxorubicin determination observed for the DNA sensor
developed can be attributed to a combination of various factors, i.e., accessibility of DNA
in the nanocomposite with a polymeric form of dye for low-molecular intercalators, a
well-developed surface of the film accumulating both the DNA and drug molecules, and
high quantities of DNA implemented in the surface layer.

Nano- and picomolar detectable concentrations made it possible to avoid the inter-
ference of serum proteins and plasma electrolytes and to monitor typical levels of the
anthracycline drugs currently used in cancer therapy.

The progress in the development of such DNA sensors assumes further efforts in
establishing optimal structure of phenothiazine derivatives as the redox polymer precur-
sors and improvement of metrological characteristics of the signals, especially during the
storage period. The electrochemical DNA sensor developed can be applied for monitoring
drug release in chemotherapy and screening new antitumor drugs able to intercalate DNA.
Furthermore, the electropolymerization protocol elaborated can be useful for preparing or-
ganic films suitable for optical of sensing organic species using nanoplasmonic approaches
and metasurfaces, artificial 2D materials with peculiar electromagnetic properties. Elec-
tropolymerized films can serve as photosensitizers in the catalytic reaction of the oxidation
of organic matter and as components of electrochromic devices. Although such an applica-
tion is beyond the topic of this investigation, the electrochemical characterization of the
polymeric films formed can stimulate their application in the above areas.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/nano13162369/s1, Figure S1: The dependence of the polyPhTz peak
currents on the incubation of the GCE/polyPhTz sensors in water and HEPES; cyclic voltammograms
recorded with intermediate stirring the solution; Figure S2: The dependence of the polyPhTz peak
currents on the incubation time; Figure S3: Cyclic voltammograms recorded after incubation of the
GCE/polyPhTz/DNA sensor in doxorubicin solution; Figure S4: Anodic peak currents on cyclic
voltammograms recorded after incubation of the GCE/polyPhTz/DNA sensor in doxorubicin solution
within the storage period in the buffer and in dry conditions; Table S1: Analytical characteristics of the
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37. Topçu, E.; Alanyalıoğlu, M. Electrochemical formation of poly(thionine) thin films: The effect of amine group on the polymeric

film formation of phenothiazine dyes. J. Appl. Polym. Sci. 2014, 131, 39686. [CrossRef]
38. Gligor, D.; Dilgin, Y.; Popescu, I.C.; Gorton, L. Poly-phenothiazine derivative-modified glassy carbon electrode for NADH

electrocatalytic oxidation. Electrochim. Acta 2009, 54, 3124–3128. [CrossRef]
39. Puskás, Z.; Inzelt, G. Formation and redox transformations of polyphenazine. Electrochim. Acta 2005, 50, 1481–1490. [CrossRef]
40. Karyakin, A.A. Chapter 5. Electropolymerized azines: A new group of electroactive polymers. In Electropolymerization: Concepts,

Materials and Applications; Cosnier, S., Karyakin, A., Eds.; Willey VCH: Weinheim, Germany, 2010. [CrossRef]
41. Seifi, A.; Afkhami, A.; Madrakian, T. Highly sensitive and simultaneous electrochemical determination of lead and cadmium

ions by poly(thionine)/MWCNTs-modified glassy carbon electrode in the presence of bismuth ions. J. Appl. Electrochem. 2022,
52, 1513–1523. [CrossRef]

42. Prado, N.S.; Silva, L.A.J.; Takeuchi, R.M.; Richter, E.M.; Santos, A.L.D.; Falcão, E.H.L. Graphite sheets modified with
poly(methylene blue) films: A cost-effective approach for the electrochemical sensing of the antibiotic nitrofurantoin. Microchem.
J. 2022, 177, 107289. [CrossRef]

43. Soranzo, T.; Ben Tahar, A.; Chmayssem, A.; Zelsmann, M.; Vadgama, P.; Lenormand, J.-L.; Cinquin, P.; Martin, D.K.; Zebda, A.
Electrochemical biosensing of glucose based on the enzymatic reduction of glucose. Sensors 2022, 22, 7105. [CrossRef]

44. Jiménez-Fiérrez, F.; González-Sánchez, M.I.; Jiménez-Pérez, R.; Iniesta, J.; Valero, E. Glucose biosensor based on disposable
activated carbon electrodes modified with platinum nanoparticles electrodeposited on poly(Azure A). Sensors 2020, 20, 4489.
[CrossRef] [PubMed]

45. Fang, J.; Qi, B.; Yang, L.; Guo, L. Ordered mesoporous carbon functionalized with poly-azure B for electrocatalytic application.
J. Electroanal. Chem. 2010, 643, 52–57. [CrossRef]

46. Lin, K.-C.; Yin, C.-Y.; Chen, S.-M. An electrochemical biosensor for determination of hydrogen peroxide using nanocomposite of
poly(methylene blue) and FAD hybrid film. Sens. Actuators B 2011, 157, 202–210. [CrossRef]

47. Ding, M.; Hou, T.; Niu, H.; Zhang, N.; Guan, P.; Hu, X. Electrocatalytic oxidation of NADH at graphene-modified electrodes
based on electropolymerized poly(thionine-methylene blue) films from nature deep eutectic solvents. J. Electroanal. Chem. 2022,
920, 116602. [CrossRef]

48. Tiravia, M.; Sabuzi, F.; Cirulli, M.; Pezzola, S.; Di Carmine, G.; Cicero, D.O.; Floris, B.; Conte, V.; Galloni, P. 3,7-Bis(N-methyl-
N-phenylamino)phenothiazinium salt: Improved synthesis and aggregation behavior in solution. Eur. J. Org. Chem. 2019,
2019, 3208–3216. [CrossRef]

49. Peterson, B.M.; Shen, L.; Lopez, G.J.; Gannett, C.N.; Ren, D.; Abruña, H.D.; Fors, B.P. Elucidation of the electrochemical behavior
of phenothiazine-based polyaromatic amines. Tetrahedron 2019, 75, 4244–4249. [CrossRef]

50. Padnya, P.L.; Khadieva, A.I.; Stoikov, I.I. Current achievements and perspectives in synthesis and applications of 3,7-disubstituted
phenothiazines as methylene blue analogues. Dyes Pigment. 2022, 208, 110806. [CrossRef]

51. Khadieva, A.; Rayanov, M.; Shibaeva, K.; Piskunov, A.; Padnya, P.; Stoikov, I. Towards asymmetrical methylene blue analogues:
Synthesis and reactivity of 3-N′-arylaminophenothiazines. Molecules 2022, 27, 3024. [CrossRef]

52. Wainwright, M.; McLean, A. Rational design of phenothiazinium derivatives and photoantimicrobial drug discovery. Dyes
Pigment. 2017, 136, 590–600. [CrossRef]

53. Kuzin, Y.I.; Padnya, P.L.; Stoikov, I.I.; Gorbatchuk, V.V.; Stoikov, D.I.; Khadieva, A.I.; Evtugyn, G.A. Electrochemical behavior of
the monomeric and polymeric forms of N-phenyl-3-(phenylimino)-3H-phenothiazin-7-amine. Electrochim. Acta 2020, 345, 136195.
[CrossRef]

21



Nanomaterials 2023, 13, 2369

54. Salehan, P.; Ensafi, A.A.; Mousaabadi, K.Z.; Ghasemi, J.B.; Aghaee, E.; Rezaei, B. A theoretical and experimental study of
polyaniline/GCE and DNA G-quadruplex conformation as an impedimetric biosensor for the determination of potassium ions.
Chemosphere 2022, 292, 133460. [CrossRef] [PubMed]

55. Ramanavicius, S.; Deshmukh, M.A.; Apetrei, R.-M.; Ramanaviciene, A.; Plikusiene, I.; Morkvenaite-Vilkonciene, I.; Thorat, H.N.;
Shirsat, M.D.; Ramanavicius, A. Chapter 15—Conducting polymers—Versatile tools in analytical systems for the determination
of biomarkers and biologically active compounds. The detection of biomarkers: Past, present, and the future prospects. In The
Detection of Biomarkers. Past, Present and the Future Prospects; Academic Press: Cambridge, MA, USA, 2022; pp. 407–434. [CrossRef]

56. Tran, L.T.; Tran, H.V.; Cao, H.H.; Tran, T.H.; Huynh, C.D. Electrochemically effective surface area of a polyaniline nanowire-based
platinum microelectrode and development of an electrochemical DNA sensor. J. Nanotechnol. 2022, 2022, 8947080. [CrossRef]

57. Khadieva, A.; Gorbachuk, V.; Shurpik, D.; Stoikov, I. Synthesis of tris-pillar[5]arene and its association with phenothiazine dye:
Colorimetric recognition of anions. Molecules 2019, 24, 1807. [CrossRef] [PubMed]

58. Evtugyn, G.; Porfireva, A.; Hianik, T. Electropolymerized materials for biosensors. In Advanced Bioelectronics Materials; Tiwari, A.,
Patra, H.K., Turner, A.P.F., Eds.; Wiley: New York, NY, USA, 2015; pp. 89–185. [CrossRef]

59. Kuzin, Y.I.; Khadieva, A.I.; Padnya, P.L.; Khannanov, A.A.; Kutyreva, M.P.; Stoikov, I.I.; Evtugyn, G.A. Electrochemistry of
new derivatives of phenothiazine: Electrode kinetics and electropolymerization conditions. Electrochim. Acta 2021, 375, 137985.
[CrossRef]

60. Suprun, E.V.; Kutdusova, G.R.; Khmeleva, S.A.; Radko, S.P. Towards deeper understanding of DNA electrochemical oxidation on
carbon electrodes. Electrochem. Commun. 2021, 124, 106947. [CrossRef]

61. Brett, C.M.A. Electrochemical impedance spectroscopy in the characterisation and application of modified electrodes for electro-
chemical sensors and biosensors. Molecules 2022, 27, 1497. [CrossRef]

62. Kuzin, Y.; Kappo, D.; Porfireva, A.; Shurpik, D.; Stoikov, I.; Evtugyn, G.; Hianik, T. Electrochemical DNA sensor based on carbon
black—Poly(neutral red) composite for detection of oxidative DNA damage. Sensors 2018, 18, 3489. [CrossRef]

63. Chatterjee, N.; Walker, G.C. Mechanisms of DNA damage, repair, and mutagenesis. Environ. Mol. Mutagen. 2017, 58, 235–263.
[CrossRef]

64. Malanina, A.N.; Kuzin, Y.I.; Ivanov, A.N.; Ziyatdinova, G.K.; Shurpik, D.N.; Stoikov, I.I.; Evtugyn, G.A. Polyelectrolyte
polyethylenimine-DNA complexes in the composition of voltammetric sensors for detecting DNA damage. J. Anal. Chem.
2022, 77, 185–194. [CrossRef]

65. Gunvén, G.; Theve, N.O.; Peterson, C. Serum and tissue concentrations of doxorubicin after IV administration of doxorubicin or
doxorubicin-DNA complex to patients with gastrointestinal cancer. Cancer Chemother. Pharmacol. 1986, 17, 153–156. [CrossRef]

66. Chai, M.; Wientjes, M.G.; Badalament, R.A.; Burgers, J.K.; Au, J.L.-S. Pharmacokinetics of intra vesical doxorubicin in superficial
bladder cancer patients. J. Urol. 1994, 152, 374–378. [CrossRef] [PubMed]

67. Krarup-Hansen, A.; Wassermann, K.; Rasmussen, S.N.; Dalmark, M. Pharmacokinetics of doxorubicin in man with induced acid
or alkaline urine. Acta Oncol. 1988, 27, 25–30. [CrossRef] [PubMed]

68. Maudens, K.E.; Stove, C.P.; Lambert, W.E. Quantitative liquid chromatographic analysis of anthracyclines in biological fluids.
J. Chromatogr. B 2011, 879, 2471–2486. [CrossRef] [PubMed]

69. Shamagsumova, R.; Porfireva, A.; Stepanova, V.; Osin, Y.; Evtugyn, G.; Hianik, T. Polyaniline–DNA based sensor for the detection
of anthracycline drugs. Sens. Actuators B 2015, 220, 573–582. [CrossRef]

70. Hajian, R.; Mehrayin, Z.; Mohagheghian, M.; Zafari, M.; Hosseini, P.; Shams, N. Fabrication of an electrochemical sensor based on
carbon nanotubes modified with gold nanoparticles for determination of valrubicin as a chemotherapy drug: Valrubicin-DNA
interaction. Mater. Sci. Eng. C 2015, 49, 769–775. [CrossRef]

71. Hongpaisan, J.; Roomans, G.M. Retaining ionic concentrations during in vitro storage of tissue for microanalytical studies.
J. Microsc. 1999, 193, 257–267. [CrossRef]

72. Alavi-Tabari, S.A.R.; Khalilzadeh, M.A.; Karimi-Maleh, H. Simultaneous determination of doxorubicin and dasatinib as two
breast anticancer drugs uses an amplified sensor with ionic liquid and ZnO nanoparticle. J. Electroanal. Chem. 2018, 811, 84–88.
[CrossRef]

73. Liu, J.; Bo, X.; Zhou, M.; Guo, L. A nanocomposite prepared from metal-free mesoporous carbon nanospheres and graphene
oxide for voltammetric determination of doxorubicin. Microchim. Acta 2019, 186, 639. [CrossRef]

74. Vacek, J.; Havran, L.; Fojta, M. Ex situ voltammetry and chronopotentiometry of doxorubicin at a pyrolytic graphite elec-trode:
Redox and catalytic properties and analytical applications. Electroanalysis 2009, 21, 21399–22144. [CrossRef]
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Abstract: Self-assembling π-conjugated systems constitute efficient building blocks for the con-
struction of supramolecular structures with tailored functional properties. In this context, perylene
diimide (PDI) has attracted attention owing to its chemical robustness, thermal and photo-stability,
and outstanding optical and electronic properties. Recently, the conjugation of PDI derivatives to
biological molecules, including oligonucleotides and peptides, has opened new avenues for the
design of nanoassemblies with unique structures and functionalities. In the present review, we offer a
comprehensive summary of supramolecular bio-assemblies based on PDI. After briefly presenting
the physicochemical, structural, and optical properties of PDI derivatives, we discuss the synthesis,
self-assembly, and applications of PDI bioconjugates.

Keywords: perylene diimide; self-assembly; nanostructures; peptides; oligonucleotides

1. Introduction

Mother Nature has always been a unique source of inspiration for the design of nanos-
tructures and materials for application in various fields spanning from biomedicine to
electronics. Living organisms are hierarchically built on the organized self-assembly of
biomacromolecules, such as lipids, proteins, deoxyribonucleic acids (DNA), ribonucleic
acids (RNA), and polysaccharides, controlled by a delicate balance of non-covalent inter-
actions [1,2]. For example, the cellular plasma membrane results from the spontaneous
organization of a diversity of lipids into a fluid and complex bilayer, while the exceptional
mechanical properties of spider silk arise from the coordinated self-recognition of proteins.
Over the last decades, biological macromolecules have been continuously harnessed as
building blocks for the construction of (nano)structures with atomic-scale precision. Owing
to their biocompatibility, functionality, and ability to undergo self-assembly, the conjuga-
tion of biological macromolecules to organic self-assembling molecules with interesting
(photo)chemical properties has supported the construction of hybrid supramolecular ar-
chitectures [3,4]. Of such small organic molecules, the family of perylene diimide (PDI;
perylene-3,4:9,10-tetracarboxylic acid diimide) dyes has attracted tremendous attention.
Particularly, PDI-based chromophores are known for their electron mobility, high fluores-
cence quantum yields, photo- and thermal stability, and semi-conductivity [5,6]. These
properties benefit them in applications such as pigments, dye lasers, sensors, bioprobes, and
photovoltaics [5,7,8]. Interestingly, the physicochemical, optical, and structural properties
of PDI derivatives can be tuned by the modification of their substituents. Particularly, conju-
gating PDIs to biological macromolecules can allow the conception of supramolecular struc-
tures with unique architectures and properties. Albeit these chimeric PDI-biomolecules
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have been exploited for two decades, their self-assembly as well as the resulting mor-
phologies remain difficult to predict from the monomeric building blocks, still precluding
their full potential. This review aims at providing a comprehensive overview of PDI-
bioconjugates by highlighting the most recent studies and by emphasizing the relationships
existing between the physicochemical properties of the bioconjugates, the conditions of self-
assembly, and the resulting supramolecular structures. While excellent reviews regarding
PDI-based assemblies have been published [9–11], including the comprehensive reviews of
Guo [9], and of Würthner [5], the present review focusing exclusively on PDIs conjugated
to peptides and oligonucleotides will hopefully offer a novel perspective on this flourishing
field of research.

2. Synthesis and Properties of PDI Derivatives

Owing to their stability and unique optical properties, organic π-conjugated systems
constitute an important class of molecules for different applications in various fields,
from biomedicine to (nano)material sciences. In particular, PDI and its derivatives are π-
conjugated systems that have been widely exploited as building blocks for the preparation
of stable and functional nanostructures with tailored optical and physicochemical proper-
ties [5,10,11]. To this end, several groups have developed innovative and reliable methods
for the efficient synthesis of PDI derivatives and their subsequent self-assembly into tai-
lored structures. In this first section, we will offer a brief overview of the main synthetic
approaches commonly used to prepare PDI and its derivatives and we will present the
optical, physicochemical, and self-assembly properties of PDI-based π-conjugated systems.

2.1. Physicochemical, Optical, and Self-Assembling Properties of PDIs

PDI derivatives have been recognized as an ideal π-conjugated system for chemical,
colorimetric and fluorescent sensors [12,13], organic semiconductors and optoelectronic
devices [14–16], phototheranostics, [17,18] as well as bioimaging and gene/drug delivering
agents [19]. Structurally, the PDI molecule is composed of one rigid, planar, and stable
perylene core with two imide groups at both ends of the polycyclic aromatic scaffold. The
perylene core has 12 characteristic positions, known as the bay (1, 6, 7 and 12 positions),
ortho (2, 5, 8 and 11 positions), and peri (3, 4, 9 and 10 positions). The attractiveness of PDIs
as chromophores is associated with their chemical robustness, excellent thermal and photo-
stabilities as well as their unique optical and electronic properties [9,10]. Soluble monomeric
PDIs without substituents on the ortho and bay positions of the perylene core show proto-
typical UV-Vis absorption spectra characterized with three vibronic peaks and a typical
mirror image emission spectrum with high fluorescence quantum yields in most organic
solvents [5,20]. Interestingly, substitutions at the two imide positions have a negligible effect
on the optical properties of PDIs, while they significantly modulate the self-assembling
processes as well as the architecture of the resulting supramolecular structures [11,21]. In
contrast, substituents at the bay positions have a considerable effect on the morphology as
well as the optical, chiroptical [22], and electronic properties of PDI-based assemblies, such
as exciton diffusion, charge transfer, and high fluorescence quantum yield with red-shifted
emission bands, which are associated with applications in organic solar cells [23], organic
semiconductor devices [24], organic light-emitting diodes [25], vapor sensors [26–28], and
theranostic agents [29,30]. These bay-substitutions can lead to a distortion of the planar
PDI that affects solubility and weakens the π–π staking interactions [11]. Consequently, the
twisting of the PDI cores can be precisely tuned through bay-substitutions, leading to some
control over the self-assembly and the desired morphology of the nano- and mesoscopic
structures [30] and liquid-crystalline materials [31,32].

Generally, PDIs form weakly emissive H-aggregates in aqueous solutions via non-
covalent π–π stacking interactions, leading to the linear orientation of aromatic systems,
i.e., one top of each other (Figure 1). In contrast, the modulation of the planar structure
by introducing bulky substituents into the bay positions of the perylene core can generate
strongly emissive core-twisted self-assembled supramolecular structures [5], in which
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neighboring chromophores are oriented in a head-to-tail fashion, known as J-aggregates
(Figure 1) [33,34].

Figure 1. Molecular structure of PDI with the 12 positions of the perylene core. Arrangements of H-
(left) and J- (right) aggregates resulting from the self-assembly of PDI monomers (center) with the
corresponding effects on fluorescence emission spectra and electronic π–π * transitions. Full arrows
indicate the permitted transitions and dashed arrows the forbidden ones.

2.2. Synthetic Strategies to Access Symmetrical PDIs

Perylene-3,4,9,10-tetracarboxylic dianhydride (PTCDA) is considered the parent com-
pound of PDIs and is easily accessible through several well-defined multistep processes,
including the one represented in Scheme 1 [20,21,35]. In this example, the first step in-
cludes the synthesis of naphthalene-1,8-dicarboxanhydride via the oxidation of acenaph-
thene, followed by ammonia treatment to convert the anhydride to an imide functionality.
Imide dimerization facilitated by molten potassium hydroxide provides perylene-3,4,9,10-
tetracarboxylic diimide (PTCDI) that can be hydrolyzed using concentrated sulfuric acid
at high temperature to obtain PTCDA. Imidization of PTCDA with primary amines or
anilines, in imidazole and in the presence of anhydrous zinc acetate as catalyst, leads to the
formation of appropriate symmetrically N,N’-substituted PDIs in high yields [20,21,35,36].

Scheme 1. Common synthetic pathway for the preparation of PTCDA and symmetrically N,N’-
substituted PDIs.

2.3. Synthetic Strategies to Access Asymmetrical PDIs

Asymmetrical PDIs can be obtained by the partial hydrolysis of PDIs to perylene
monoimide monoanhydride followed by condensation of this mixed imide–anhydride
compound with primary amines to access the desired asymmetrical PDIs, as illustrated in
Scheme 2 (Approach A) [21,37]. Moreover, the partial hydrolysis of PTCDA, which provides
a mixed anhydride dicarboxylate salt, is another common approach to access asymmetrical
PDIs via successive imidization reactions (Scheme 2, Approach B) [21,35,37,38].
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Scheme 2. Synthetic routes for the preparation of asymmetrical PDIs with different substituents on
imide positions.

3. Peptide-PDI Bioconjugates

Over the last two decades, amino acids and peptides have been harnessed to control
the solubility, optical properties and/or self-assembly of PDI derivatives by taking advan-
tage of highly directional hydrogen-bonding interactions as well as other non-covalent
interactions such as ionic and π−π interactions [39]. In addition, polypeptides are known
for their biocompatibility, biodegradability and molecular specificity [40], ultimately sup-
porting the use of peptide-based PDI assemblies for different biomedical applications.
Chemically, peptides can be considered as linear polymers/oligomers assembled from the
condensation of amino acid building blocks [41]. The 20 natural amino acids, as well as
countless unnatural amino acids, allow virtually infinite combinations of sequences and
offer an unlimited diversity of physicochemical and structural properties of the resulting
polypeptide chains [42]. Herein, we present relevant examples of the use of amino acids
and short peptide sequences to modulate the self-assembly of PDI derivatives into tailored
nanostructures. The self-assembly of PDI–peptide conjugates and the resulting supramolec-
ular morphologies are modulated by a fine balance of complex intermolecular interactions,
such as PDI’s π–π stacking interactions and numerous non-covalent interactions involving
side chains and the polyamide backbone, as well as by the conditions of the microenviron-
ment, including solvent polarity, solution ionic strength, pH, and temperature [9,11,39].

3.1. Synthesis of Peptide-Conjugated PDIs

Amino acid– and peptide–PDI conjugates are commonly prepared by respectively
introducing amino acids and short peptide sequences at one or both imide positions of PDI.
Peptides are usually synthesized on solid support, which involves the attachment of the
C-terminal amino acid to the polymeric resin by a covalent bond followed by the sequential
addition of individual preactivated amino acids, and the final cleavage of the polypeptide
from the solid support [43,44]. In contrast to solution synthesis, solid-phase peptide
synthesis (SPPS) simplifies dramatically the purification steps between each reaction, thus
reducing synthesis time and increasing yield. Consequently, not only does SPPS offer an
efficient route towards automation, but also allows the routine access to high-molecular
weight polypeptides of up to 50-residues [45]. Due to the insolubility of PTCDA as PDI
precursor in common solvents used in SPPS, Kim et al. developed an alternative method to
overcome this problem by initially conjugating the PTCDA to amino acids, accessing soluble
PDI–amino acid derivatives [46]. Afterwards, the soluble PDI–amino acid derivative can
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be conjugated to the target peptide sequence that was elongated on the polymeric support
by the common SPPS method (Scheme 3) [46].
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3.2. Sequence-Dependent Self-Assembly

Specific variations within peptide sequences have been used to control the self-
assembly process of PDI conjugates and to modulate the morphology of the resulting
nanostructures through a delicate balance of non-covalent interactions (hydrogen bonding,
hydrophobicity, ionic bonding) involving specific residue side chains. Short dipeptides
GX (where X = D or Y) were used to enhance the solubility and to modulate the self-
assembly properties of PDI in polar organic solvents and aqueous solution [47]. It was
observed that, by varying the X residue of the PDI–[GX]2 bola-amphiphile conjugates from
hydrophobic Tyr to hydrophilic Asp, the balance between hydrogen bonding and π–π
stacking interactions were altered, ultimately affecting the morphology of the assemblies
and their optical properties. For instance, in aqueous sodium bicarbonate buffer (pH 10.8),
dimethyl sulfoxide (DMSO), dimethylformamide (DMF), tetrahydrofuran (THF), or ace-
tone, the symmetric PDI–[GY]2 formed chiral nanofibers, whereas PDI–[GD]2 assembled
into achiral spherical aggregates in buffer and DMSO. In addition, PDI–[GY]2 formed a
gel in DMF, while organogels were observed for the PDI–[GD]2 derivative in this polar
aprotic solvent. An exhaustive study of structure-assembly relationships revealed how
peptide’s physicochemical properties and length, asymmetric substitution at the imide
positions, and stereocenter inversion can affect the thermodynamics of the self-assembly
of peptide–PDI hybrid molecules [39]. A set of peptide–PDI conjugates were synthetized,
all encompassing three units: (i) a glycine residue at the N-terminal position used as a
low-steric hindrance linker; (ii) a central variable region composed of three L or D amino
acids to evaluate the impact of increasing the peptide hydrophobicity and the role of stere-
ocenters; and (iii) a C-terminal charged region composed of one to three Glu residues to
enhance the hydrosolubility and examine the effect of the charge density on the assembly
process (Figure 2) [39]. Moreover, to induce a strong amphiphilic character, one of the
peptide sequences was replaced by a hydrophobic hexyl chain. It was observed that pep-
tide hydrophobicity and an asymmetrical hexyl substitution induce significant changes on
the aggregation thermodynamics of the bioconjugates (Figure 2a,b). In contrast, varying
the peptide length, the C-terminal charged region length or the stereocenter inversion
induced a significantly lower impact on the aggregation thermodynamics, while having an
effect on the peptide-driven self-assembly of PDI nanofibers [39]. Overall, these studies
revealed that the physicochemical properties of the residue side chains, the configuration
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of stereocenters, and the symmetric/asymmetric conjugation can be exploited to dictate
the non-covalent interactions that drive the self-assembly of peptide-conjugated PDIs and
the final morphology of the assemblies.
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Figure 2. Structure of the peptide–PDI conjugates and impact of structural modulation on the
aggregation thermodynamics. The histogram shows (a) the deviation between the lowest and the
highest values for each parameter, and (b) the standard deviation as a more collective measure of
variability [39]. Copyright © 2014 American Chemical Society.

Inspired by the β-continuous interface of the bovine peroxiredoxin-3 protein, a short
heptapeptide (IKHLSVN) was conjugated to PDI in order to control self-assembly into
organic semiconductor nanostructures [48]. The designed self-assembling peptide encom-
passed three different regions: (i) a glycine or ethylamino linker attached to an imide position
of the PDI to reduce steric hindrance between the PDI core and the peptide sequence, (ii) a
β-sheet-forming peptide, and (iii) a terminal unit composed of glutamic acid residues
to assist solubility and to trigger the assembly of peptide–PDI conjugates by pH jump.
Two groups of peptide–PDI derivatives were prepared. The first group results from the
symmetrical substitution of PDI with peptide sequences, whereas for the second group the
PDI core was replaced with perylene imide bis-ester to generate asymmetrical derivatives.
Furthermore, for one derivative of each group, the peptide core was attached to the PDI
via the amino terminus using a glycine linker, while for the other derivative the peptide
core was attached via the carboxyl terminus using an ethylamino linker. The symmetrically
substituted PDI showed spectral profiles characteristic of monomers in DMSO. However,
UV-visible spectral profiles of bis-ester-functionalized PDI displayed some aggregation,
with predominantly monomeric species. In aqueous media, these peptide–PDI conjugates
self-assembled into H-aggregate suprastuctures. Particularly, all peptide–PDI derivatives
self-assembled into extensive fibril networks in aqueous solution, except for the bis-ester-
functionalized PDI for which the peptide was attached via the C-terminal position. This
compound formed amorphous, plate-like accretions. Furthermore, reversing the peptide
sequence, i.e., N- to C-, for the symmetric derivatives led to the formation of short fibrils
and thread-like assemblies instead of ribbon-like structures. This observation highlights
the importance of the attachment mode of peptide to the PDI core towards self-assembly
and final morphology of the assemblies.
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Similarly, the N-(tetra (L-alanine) glycine)-N′-(1-undecyldodecyl) functionalized pery
lene-3,4,9,10-tetracarboxyl diimide was designed as an asymmetric amphiphilic derivative
in order to elucidate how molecular-scale interactions govern the overall self-assembly
process [49]. The oligopeptide block on one of the imide nodes of the PDI core provided
aggregation directionality through hydrogen bonding and π−π stacking interactions. In
chloroform, which was chosen to strengthen inter-peptide hydrogen bonds, this asymmetric
amphiphilic PDI derivative adopted a right-handed helical arrangement due to the delicate
balance between π–π stacking involving PDI cores and the network of hydrogen bonds
between β-sheet-forming peptides. Interestingly, the addition of trifluoroacetic acid (TFA)
to the self-assembling media, which was used as a hydrogen-bonding breaking agent,
induced the transition of the nanofibers into small aggregates. These aggregates could be
brought back into nanofibers by the addition of triethylamine (TEA), which was used to
neutralize TFA, favoring the formation of H-bonding between the peptide blocks [49].

Computational simulation and experimental studies have been combined to under-
stand the relationships between the sequence and the self-assembly process of π-conjugated
peptides to ultimately predict the resulting supramolecular organisations and photophysi-
cal properties from the peptide sequence. For instance, it was shown that increasing the hy-
drophobicity of the closest residue attached to the PDI core can modulate the photophysical
responses in aqueous solution via the conversion of J aggregates, or liquid-crystalline-type
materials, to H-type aggregates [50]. In addition, the relationships between the resulting
morphologies and the molecular structure of a small library of peptide–PDI derivatives
bearing a variable number of L-alanine units as well as methylene, ethylene, and propy-
lene spacers were investigated [51]. It was revealed that the number of L-alanine units
in the β-strand peptide segments and the length of the spacer affected the morphology
of the resulting suprastructures. In addition, it was shown, through molecular dynamic
simulations, that there is a complex interplay between the translation of molecular chirality
into supramolecular helicity and the inherent propensity for well-defined one-dimensional
aggregation into β-sheet-like superstructures in the presence of a central chromophore [51].
Finally, a symmetric PDI–tripeptide conjugate, which was obtained by introducing a KPA
tripeptide block at the 1 and 7 bay positions of PDI via a 2-(2-aminoethoxy)-ethoxyl linker,
self-assembled into β-sheet nanohelices directed by hydrogen-bonding [52].These resulting
supramolecular structures were particularly sensitive to thermal and ultrasound stimuli.
For instance, upon heating/cooling and sonication of the peptide–PDI sample, an intercon-
version of the supramolecular chirality between left- and right-handed nanostructures was
observed [52].

Except for glycine, which is achiral, α-amino acids have an S configuration and are
designated as L using the Fischer configurational system [42]. It has been reported that the
presence of chiral proximal residues in close proximity to the achiral PDI, for symmetrical
peptide–PDI derivatives, influences π–π stacking interactions and induces helical chirality
to the PDI core. However, when chiral residues were located distant to the PDI core, or
when an isolated stereocenter was introduced in proximal distance of PDI, no effect of
chirality was observed during self-assembly [53]. The designed peptide sequences with
stereogenic positions and stereochemical configurations included three blocks: (i) an achiral
glycine used as a spacer between PDI and the peptide, (ii) three variable residues forming
the central block, and (iii) a terminal block of three ionizable glutamic acid residues to assist
solubility and pH-triggered aggregation. It was observed that the self-assembly process is
modulated by the β-sheet-forming potential of the peptide moieties and the π–π stacking
interactions of PDI units. Interestingly, an inversion of the stereocenter within the proximal
residues revealed chiral influence. In contrast, an asymmetrical peptide–PDI derivative
obtained by the introduction of an alkyl chain at one of the amide nodes, generated an
amphiphilic PDI conjugate and disrupted the chiral-mediated self-assembly [53].

Besides, it was observed that the symmetrical conjugation of FF dipeptide to the
PDI core leads to a helical assembly due to the chirality of amino acids as well as the
co-facial π–π stacking of PDI units [54]. Furthermore, it was shown that there is a close
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relationship between the translation of molecular chirality into supramolecular helicity and
the one-dimensional assembly into well-defined β-sheet-like suprastructures [51]. Overall,
these structure–assembly relationship studies have indicated that the morphology of the
resulting peptide-conjugated PDI nanostructures can be, to some extent, controlled by
modulating the peptide sequence. Moreover, the stereocenters embedded in the peptide
backbone can be exploited, under specific conditions, to induce a chiral morphology to the
resulting assemblies.

3.3. Solvent-Dependent Self-Assembly

As described above, several substituted water-soluble PDIs have been obtained by
functionalizing the PDI core at their imide positions with amino acids and short pep-
tides. Not only do the physicochemical properties of the conjugated moieties dictate
the self-assembly behaviour of the PDI core as well as the morphology of the final ag-
gregates, but the solvent also strongly influences the thermodynamics and kinetics of
self-assembly [54–56]. It is generally assumed that the aggregation constant of PDI deriva-
tives decreases with increasing solvent polarity [57]. The photophysical and aggregation
propensities of PDI–[X]2 symmetrical derivatives, where X is a residue with an aromatic
group (Y, W or F), were evaluated in various organic solvents [58]. This study revealed
that all derivatives self-assemble into amorphous aggregates, excepted for PDI–[Y]2 that
forms J-type aggregates in methanol. Although it is still unclear why this effect manifested
only in methanol, the authors suggested that the formation of J-aggregates may be possible
due to the network of hydrogen bonds involving the hydroxyl groups of tyrosine residues
and the carbonyl groups of the PDI core. In pyridine and acetone, PDI–[F]2 and PDI–[Y]2
showed a higher propensity to aggregate than PDI–[W]2, however, the origin of this ten-
dency was unclear. Furthermore, the NMR data indicated a large degree of aggregation in
DMSO for all three PDI–peptide derivatives, although the absorption and the fluorescence
spectra were both characteristics of soluble and monomeric PDIs [58]. In another study, it
was reported that the relatively polar nature of chloroform, in contrast to THF and DMF,
facilitates the formation of intermolecular H-bonding of PDI–[F]2, which ultimately leads to
J-aggregates [59]. In chloroform, PDI-[F]2 assembled into vesicular suprastructures through
the formation of right-handed helix, involving intermolecular H-bonding in lateral and π–π
stacking in longitudinal growth directions. As shown in Figure 3, the increase in solvent
polarity correlated well with a decrease in the diameter of the vesicles assembled from the
PDI–[F]2.

Figure 3. Transmission electron microscopy images of PDI-[F]2 assembled in (a) CHCl3, (b) THF and
(c) DMF [59]. Copyright © 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.

Similarly, the self-assembly of the symmetrical PDI–[FF]2 conjugate and the morphol-
ogy of the resulting suprastructures were dramatically modulated by the polarity of the
solvent [55]. For instance, fibrillar nanostructures were obtained in relatively non-polar sol-
vents, such as THF and CHCl3, while in more polar solvents (HFIP, MeOH, ACN, acetone),
spherical morphologies were observed, for which the diameter correlates inversely with the
polarity of the solvent (Figure 4) [55]. By density-functional theory (DFT) calculations com-
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bined with experimental studies, the kinetic and thermodynamic parameters driving the
self-assembly of PDI–[FF]2 were investigated in the THF/water mixed solvent system [54].
In THF, PDI–[FF]2 formed right-handed helical nanofibrils under kinetic control, while in
10% THF the helicity switched to left-handed orientation governed by thermodynamics,
leading to the formation of nanorings [54].

Figure 4. Field emission scanning electron microscopy (FESEM) images obtained after 72 h incubation
of PDI-[FF]2 in different solvents (10 mM) [55]. Copyright © 2018 American Chemical Society.

By harnessing N,N’-α-carbobenzyloxy-L-lysine-functionalized 1,6,7,12-tetrachloro-
perylene diimide, it was further demonstrated that the polarity of the solvent strongly
modulates the morphology of the nanostructures assembled from PDI–amino acid chimeric
derivatives [56]. These PDI derivatives were assembled via a phase transfer strategy for
which the compounds were first dissolved in acetone followed by the gradual addition of
water to reach the desired ratios. When the -COOH group of the lysine was placed five
carbon–carbon bonds away from the imide node position of PDI (i.e., PDI-A), increasing the
H2O content up to 55% did not affect the morphology of the suprastructure, but caused
an important decrease in nanobelt length with an increase in their width. (Figure 5a).
Interestingly, conversion into spherical aggregates was observed when the water percentage
increased up to 75% (Figure 5c). The effect of the solvent nature on PDI–peptide self-
assembly was attributed to a delicate balance between reassembly at low H2O fractions to
minimize the system’s free energy (thermodynamic control) and fast nucleation (kinetics
control) in presence of high water content to adjust toward the optimal conformation.
Moreover, by moving the carboxylate of the lysine directly on the next carbon attached to
the PDI’s imide node (i.e., PDI-B), it was observed that the position of the COOH group is a
critical factor governing the nanostructure morphology. The PDI-B derivative assembled
into condensed, layered structures characterized by a mixture of nanosheets and spheres in
mixed acetone/water solution. The presence of small spheres became progressively more
prevalent as the water content increased (Figure 5d–f). It was suggested that the formation
of these ill-ordered structures was triggered by the steric hindrance of the carboxylate next
to the imide node, which obstructs intermolecular H-bond formation between neighboring
-COOH groups and deteriorates their long-range ordering [56].
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Figure 5. SEM images of (a–c) nanostructures assembled from PDI-A (300 µM), for which -COOH
group of the lysine was positioned five carbons–carbons away from the imide node position of PDI,
in acetone/H2O mixture with (a) 45%, (b) 55%, and (c) 75% H2O respectively. SEM images of (d–f)
nanostructures assembled from PDI-B (300 µM), for which the carboxylate of the lysine was located
on the carbon attached to the PDI imide node, in acetone/H2O mixture with 50%, 55%, and 80% H2O
respectively [56]. Copyright © 2011, American Chemical Society.

3.4. PH-Dependent Self-Assembly

In addition to the peptide sequence and solvent polarity, pH plays a critical role in
dictating the hierarchical organization of amino acid–PDI and peptide–PDI derivatives
in aqueous solution. Using A-, H-, F-, and V-functionalized PDIs, it was reported that
symmetrical PDI-[A]2, PDI-[H]2 and PDI-[V]2 conjugates formed worm-like micelles at
high pH (~10), whereas transparent gels were obtained at low pH [60]. The PDI-[F]2
conjugate formed a turbid gel at low pH and a disordered structure upon drying of the
solutions in air. Films obtained by drying solutions and gels of the other residue–PDI
derivatives showed similar structures, with thin entangled fibers that are less aligned in
xerogel state [60]. Other studies have also explored the role of pH in controlling the self-
assembly of the symmetrical PDI–[X]2 derivatives. While the carboxylate groups at both
ends provide good solubility in basic aqueous solution, aggregation can be triggered by
the protonation of the carboxylate groups at pH values below their pKa [61,62]. Moreover,
addition of carboxylic acid groups at the two terminal positions was also used to increase
the hydrosolubility of a bola-amphiphilic system composed of a PDI core conjugated on
their imide positions with phenylalanine via an oligomethylene glycol spacer [63]. Designed
to self-assemble through π–π staking, H-bonds and van der Waals interactions, this peptide–
PDI conjugate self-assembled into hydrogels in phosphate buffer within a pH range of
7−9 and showed interesting photoswitching properties in xerogel state, characterized by a
nanofibrous network [63]. A bola-amphiphilic system composed of a PDI core conjugated
at its imide positions with histidine (PDI–[H]2) demonstrated a pH-responsive protonation-
deprotonation that controlled non-covalent interactions between the imidazole ring of
adjacent monomers and modulated their self-assembly behavior in water [64]. At pH 10,
PDI–[H]2 self-assembled into long, thin fibers with a 12 ± 1 nm width. At pH 7, thick fiber
bundles with a 22 ± 1 nm width were observed, which evolved into interconnected belt
structures with a 120 ± 5 nm width at pH 2 [64]. In summary, according to the peptide
sequence, the pH of the medium can be exploited to control the net charge of the system
and the non-covalent interactions between side chains in order to drive self-assembly of
the peptide-conjugated PDIs and the resulting nanostructures.
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3.5. Concentration-Dependent Self-Assembly

Numerous studies have shown that the concentration of peptide-PDI conjugates can
also influence their self-assembly as well as the final supramolecular architecture by modu-
lating enthalpically and/or entropically driven self-recognition processes. Interestingly,
it was shown that the symmetrical PDI-[F]2 derivative exhibited distinct concentration-
dependent photophysical properties in different organic solvents, such as THF, DMF, and
CHCl3 [59]. Increasing PDI–[F]2 concentration from 0.45 mM to 14.6 mM in CHCl3 caused
a 43 nm red shift of the fluorescence emission peak, indicative of formation of J-aggregates.
As expected, the self-assembly of PDI-[F]2 was stimulated with increasing its concentration.
Additionally, the self-organization propensity of PDI-[F]2 derivative correlated closely
with the polarity of the solvent (CHCl3 > THF > DMF). Another study on concentration-
dependent aggregation property of symmetrical water soluble PDI-[X]2 systems (where
X = T or D) has shown an inversion of the maximum absorption intensities and gradual
photoluminescence quenching with increasing concentrations, from 10 µM to 250 µM [61].
The N,N’-α-carbobenzyloxy-L-lysine-functionalized 1,6,7,12-tetrachloroperylene diimide
compound formed short nanofibrils at low concentrations ranging from 100 to 300 µM,
whereas it self-assembled into 16 µm long sheet-like materials at concentrations over
800 µM. Further concentration increases up to 1 mM induced the formation of a mixture of
nanotubes and large nanosheets, highlighting how the concentration of PDI-bioconjugates
can dramatically modulate the resulting architectures [56].

4. Oligonucleotide–PDI Bioconjugates

Oligonucleotides are well known for their capacity to self-associate in a programed
manner into organized supramolecular structures of various sizes and shapes, which
offer exceptional opportunities in nanomedicine and nanotechnology [65–67]. DNA-based
technology exploits non-canonical base pairing to easily access a large diversity of tailored
three-dimensional DNA complexes, also known as DNA origami [66–68]. As previously
described for peptides, oligonucleotide sequences have been exploited to modulate the
solubility, optical properties, pathways of self-assembly, and/or supramolecular structures
of PDI derivatives by means of specific base-pairing as well as hydrophobic and π–π
interactions between the PDI core moieties and the oligonucleotide chains. In this section,
we will briefly present the main synthesis routes to access oligonucleotide–PDI conjugates
before introducing the key studies regarding their self-assembly into supramolecular
structures.

4.1. Synthesis of Oligonucleotide–PDI Bioconjugates

Many synthetic approaches used to incorporate PDI as DNA base surrogate have
been described to date. The modified oligonucleotides can be synthetized via automated
phosphoramidite chemistry and be used as DNA building blocks that allow incorporation
of the PDI moiety as an artificial nucleoside surrogate, either at the 5‘-terminus or at internal
positions of duplex DNA [69]. This approach starts with the preparation of the mixed
bisimide from the protected enantiomerically pure (S)-aminopropane-2,3-diol, followed by
the coupling of the phosphiteamide group to the free hydroxy functionality of the mixed
diimide intermediate, as illustrated in Scheme 4.

A convenient click chemistry approach has also been used for the preparation of
PDI–oligonucleotide conjugates. The reaction was carried out in a mixture of water and
DMSO by means of a copper-catalyzed Huisgen [3 + 2] cycloaddition reaction involving
alkyne and azide, as shown in Scheme 5 [70].
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Scheme 4. Synthesis of PDI–phosphoramidites conjugates.

Scheme 5. Synthesis of PDI- oligonucleotide conjugates using [3 + 2] cycloaddition.

4.2. Structure-Dependent Self-Assembly of DNA–PDI Bioconjugates

The oligonucleotide sequence, as well as its length and the positioning of the incor-
porated PDI(s), are known to significantly modulate the self-assembly process as well as
the properties and the morphologies of oligonucleotide–PDI archi. For instance, it was
observed that when the PDI chromophore is internally inserted as a synthetic nucleoside
surrogate, it favors strong π-stacking interactions with the adjacent DNA base pair. In
contrast, dimerization of two whole DNA duplexes is induced when the PDI is attached
to the 5‘-end [69]. Interestingly, it was observed that the incorporation of multiple PDI
moieties into the DNA backbone generates folded nanostructures that exhibit unique hyper-
thermophilic properties (Figure 6) [71]. It has been proposed that hydrophobic attractions
between PDI moieties play an important role in stabilizing the folded structure at high
temperatures, and that the DNA loops do not contribute to the inverse-temperature folding
behavior [71].

Figure 6. Thermophilic property of chromophoric DNA–perylene trimer, where TEG is a tetraethylene
glycol [71]. Copyright © 2003, American Chemical Society.

Furthermore, it was reported that the parent PDI and pyrrolidine-substituted PDI pair
are comparable to the natural base pairs and can lead to the formation of stable and stacked
heterodimers within DNA duplexes [72]. These modified DNA duplexes were obtained by
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using enzymatically generated abasic sites that create reactive sites for PDI. The influence
of the hydrophobic π–π stacking of PDI groups and base-pairing of oligo tails on the
self-assembly behavior of oligonucleotide-conjugated PDI have been explored by varying
the length and composition of the oligonucleaotides [73]. Helical as well as nonhelical
fibers were obtained from π-stacked PDI groups conjugated with pendent short oligo tails
in aqueous solution. The oligonucleotide tails provided solubility in water, whereas the
hydrophobic π–π interactions involving PDIs governed self-recognition. In contrast, long
oligonucleotide tails led to a diversity of large and ordered assemblies governed by means
of base-pairing as well as hydrophobic π–π stacking induced by PDI head groups [73].

Molecular dynamics simulation was employed to understand the self-assembly dy-
namics and kinetics of the oligonucleotide backbone covalently linked to PDI moieties [74].
It was shown that the mechanism of formation of PDI trimers requires two steps. According
to this model, two PDI molecules initially stack into a dimer and the third PDI moiety is
then aligned on top of this dimer to finally form a trimer. This study also revealed that each
PDI pair interrelates through attractive van der Waals interactions and repulsive electro-
static interactions to drive their self-assembly into ordered structures [74]. Fascinatingly,
up to six PDI dyes were covalently incorporated into an oligonucleotide sequence, yielding
a DNA duplex characterized by excimer-type fluorescence [75]. The presence of thymines
in abasic opposite site of the counter strand impacted PDI-based hydrophobic interactions
and the authors proposed a zipper-like recognition motif of the PDI hexamers formed
inside the DNA duplex (Figure 7) [75].
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Figure 7. Minimized geometry of DNA duplex with the PDI hexamers drawn in red [75]. Copyright
© 2008, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

Moreover, the 1,7-dibromo-PDI derivative was 5′-conjugated to a short coding se-
quence derived from the human telomeric and it was observed that the PDI moieties drive
dimerization of these DNA strands [76]. The topology and stoichiometry of the structures
assembled from this PDI–oligonucleotide were modulated by the ionic strength of the solu-
tion as well as by the concentration of the bioconjugates. Oligonucleotide strands quickly
self-assembled into G-quadruplexes in desalted solutions, whereas Q-assemblies were ob-
tained in the presence of Na+ or K+. In this system, the PDI moiety formed dimers instead
of extended aggregates, allowing the formation of antiparallel Q species that ultimately
converted into parallel species [76].

In another study, PDI was used as a hairpin linker to design short synthetic DNA
hairpins in which the PDI core and a guanine–cytosine (G–C) base pair, which serves as a
hole trap, are systematically separated by adenine–thymine (A–T) base pairs of various
lengths (Figure 8) [77].In this elegant study, it was observed that the presence of stacked
PDIs leads to the dimerization of the PDI–oligonucleotide hairpins in buffer solutions and
their photoexcitation resulted in subpicosecond formation of a lower exciton state, followed
by the formation of an excimer-like state.
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4.3. pH-Dependent Self-Assembly of DNA–PDI Bioconjugates

pH modulation offers an interesting approach to control the self-assembly behavior of
PDI molecules conjugated to oligonucleotides as well as the resulting morphology of the
chimeric nanostructures. In order to elucidate the roles of PDI aggregation on the formation
of G-quadruplex DNA, two symmetrical PDI derivatives respectively bis-substituted in
imide position by piperidino–ethyl or morpholino–propyl groups were synthetized and
their pH-dependent self-assembly was investigated [78]. Under acidic conditions, the
PDI–DNA derivatives were not aggregating and were bound avidly to both duplex and
G-quadruplex DNA. In sharp contrast, under basic conditions, the ligands extensively
aggregated with a high degree of selectivity to bind the G-quadruplex DNA over the DNA
duplex. The pH-dependent self-assembly of these PDI derivatives differs according to the
nature of the amide substituents. For instance, the more basic piperidino side chain requires
higher pH (> 8–9) compared to the derivative bearing the less basic morpholino group,
which extensively aggregated at pH > 7–8 [78]. Thus, the pH-dependent self-assembly
of DNA-PDI bioconjugates can be exploited to control non-covalent interactions and the
resulting morphologies of the nanomaterials.

4.4. Temperature-Dependent Self-Assembly of DNA–PDIs

As for double-stranded DNA, temperature plays a critical role in the self-recognition
of PDI–oligonucleotide conjugates. The temperature-dependent self-assembly of synthetic
DNA dumbbells having 6 to 16 A–T base pairs connected at their extremities by two
PDI linkers at the imide nodes was investigated [79]. This PDI-linked bis(oligonucleotide)
conjugate was present predominantly as a monomer at room temperature in low-ionic-
strength aqueous buffer. Upon heating, a stack of PDIs and a fusion of the base pairs was
observed as noticed with the UV and fluorescence spectra (Figure 9a). Transition from
DNA capped hairpin to collapsed dumbbell structures with intramolecular π–π stacking of
PDIs involved an intermediate state for which all base pairs must be dissociated (Figure 9b).
Molecular dynamic simulations highlighted electronic interactions between PDI moieties
and the adjacent base pair in the DNA for the capped hairpin while π–π interactions
between parallel PDIs were inferred for the dumbbell form [79].
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Figure 9. (a) Temperature dependent absorption spectra of the conjugate encompassing 13 A–T base
pairs in 10 mM phosphate at pH 7.2. Arrows indicate the changes occurring upon heating from 5 to
95 ◦C. (b) Model of the three-state generated from base pair dissociation and PDI–PDI association of
dumbbell possessing 8 A–T base pairs. PDI is represented in red [79]. Copyright © 2010, American
Chemical Society.

The PDI scaffold was also used as a hairpin linker to produce a hairpin-forming
bis(oligonucleotide) conjugate that remains predominantly in its monomeric form at room
temperature in low-ionic-strength aqueous solution, whereas it dimerizes to head-to-head
hairpins under high salt concentrations (>50 mM NaCl) [80]. This effect of salt on the
assembly state was attributed to the increase in cation condensation in the hairpin dimer
vs. monomer. In contrast, upon heating and in the presence of a low salt concentration,
the hydrophobic association between the two PDI units was disrupted, leading to the
formation of a monomeric hairpin followed by dissociation of base pairs to reach a random
coil structure (Figure 10) [80].

Figure 10. Effect of sodium concentration on temperature-dependent dissociation of DNA base pairs
(black) and PDI–PDI dimer (red) [80]. Copyright © 2009, American Chemical Society.

5. Potential Applications of PDI Bioconjugates
5.1. Applications of Peptide–PDI Bioconjugates

As for other PDI-based derivatives, peptide-functionalized PDI conjugates were de-
veloped for a variety of applications spanning from microelectronics to biomedicine. A
number of studies have reported interesting electronic and optoelectronic properties of PDI–
peptide assemblies and showed that these hybrid nanomaterials can be used to fabricate
organic light-emitting diode devices and bioelectronic materials [48,59,81]. Interestingly, a
sensor probe for Pd2+ and CN− was designed by incorporating two pyridine groups in the
PDI core through an Asp residue linker [82]. The asymmetrical PDI-based probe showed
high selectivity toward Pd2+ ions over other metal cations including Mg2+, Sr2+, Al3+, Cr3+,
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Pb2+, Mn2+, Fe3+, Co2+, Ni2+, Zn2+, Cd2+, Hg2+ and Cu2+, with the formation of Pd2+-
ligand complexes triggering the aggregation process and quenching PDI’s emission. The
presence of CN− ions stimulated disaggregation of the Pd2+-induced assemblies (Figure 11).
Particularly, this system was found to be extremely selective for CN− over other anions,
including OAC−, ClO4

−, HSO4
−, H2PO4

−, SCN−, BF4
−, PF6

−, NO3
−, OH−, F−, Cl−, Br−,

I−, SO4
2−, and PO4

3−. This sensor probe that efficiently measures the concentration of
Pd2+ and CN− with detection limits at 0.55 ppb and 0.226 ppb, respectively, constitutes a
relevant example of potential applications for PDI-peptide conjugates.

Figure 11. Chemical structure of the PDI sensor probe with a schematic representation of the
sensing mechanism of Pd2+ and CN− ions [82]. Copyright © 2017, Wiley-VCH Verlag GmbH & Co.
KGaA, Weinheim.

In addition, PDI–amino acid derivatives were used as fluorescent probes to selectively
detect anions [6]. It was demonstrated that PDIs respectively functionalized with L-alanine,
L-glutamic acid, L-phenylalanine or L-tyrosine exhibit selectivity and high sensitivity
for the anions F− and OH−, which involve a synergetic effect of H-bonding and anion–π
interaction. It was revealed that films obtained by drying solutions and gels of the L-alanine,
L-histidine, L-phenylalanine and L-valine functionalized PDIs are photoconductive, and
this photoconductivity correlates with the formation of the radical anion [60]. Interestingly,
the photoreduction of PDI gelator was associated with the formation of a stable radical
anion that induces a change in the packing of the PDI assemblies. This ultimately led to
structural modification of the fibrous network, and changes in the rheological properties of
the gels [81].

Pyrophosphate (PPi) plays crucial roles in numerous biochemical reactions such as
the inhibition or activation of some enzymes, cellular metabolism, protein and nucleic acid
synthesis, cell proliferation and cellular iron transport, but abnormal levels can lead to
physiopathological conditions [83]. A PDI–peptide derivative was developed as a selective
and sensitive fluorescent probe for detecting PPi by exploiting the on/off fluorescence.
Complexed to cupric acid ion, the PDI–[GD]2 self-assembled into PDI–[GD]2/Cu2+ aggre-
gates, which led to the fluorescence quenching of the PDI units [84]. The displacement
of Cu2+ by pyrophosphate, for which the PDI–[GD]2 had higher affinity, induced the dis-
assembly of the aggregates and fluorescence recovery in which the intensity correlates
directly to the concentration of pyrophosphate in solution [84]. Moreover, symmetrical
cysteine-modified PDI (PDI–[C]2) was developed as a simple, low-cost and selective sens-
ing probe for mercury ions, a toxic heavy metal pollutant, in aqueous media [85]. Besides,
it was revealed that the thin film formed by the assembly of symmetrical PDI conjugated to
histidine (PDI–[H]2) can be used as a reliable, cost-effective, and selective sensor device
for the detection of NH3 vapors under ambient conditions [86]. A simple strategy was
developed for the detection and rapid clearance of bacterial lipopolysaccharides (LPS) by
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combining a specific targeting ligand based on a PDI-conjugated LPS-recognition peptide,
with magnetic Fe3O4@SiO2 core–shell structures [87].

Interestingly, PDI-peptide conjugates have been evaluated as supramolecular struc-
tures for photocatalytic hydrogen production. It was observed that the self-assembly of
PDI–[H]2 is needed for hydrogen evolution, i.e., the production of hydrogen through water
electrolysis, which occurs at pH 4.5 [62]. Furthermore, another study has demonstrated the
stability, phototoxicity and biocompatibility of PDI–[ARGD]2 symmetrical derivatives, sug-
gesting potential usage in the field of photodynamic therapy [46]. Finally, a biocompatible
PDI[H]2 probe was described as a unique system towards the modulation of the amyloid
fibril formation process [88]. This probe co-assembled with amyloid-β peptide (Aβ), which
is associated with Alzheimer’s disease, via H-bonding that led to the enhancement of the
π−π interactions between Aβ and PDI–[H]2. This interaction accelerated the aggregation
process of Aβ into large micron-sized co-assembled structures. Since the oligomeric forms
of amyloidogenic peptides are reported to have higher toxicity as compared to the fibrillar
aggregates [89,90], these PDI conjugates could lead to potential design and development of
drugs targeted toward Alzheimer’s disease treatment [88].

5.2. Applications of Oligonucleotide-Conjugated PDIs

Numerous studies have shown that oligonucleotide-conjugated PDIs can be used in
biological applications and imaging tools owing to their self-assembly and programma-
bility. For instance, high quenching efficiency of the parent PDI/pyrrolidine-substituted
PDI heterodimers, which were arranged in a DNA stack, was exploited to design fluo-
rescent probes toward specific nucleic acid sequences [71]. In this fluorescent reporter,
the closed form of the molecular beacon (MB) induces π–π interactions of the pair in the
stem region of the molecular beacon sequence, which leads to fluorescence quenching
(Figure 12). This closed form is converted to the open form in the presence of a specific
target oligonucleotide strand that is complementary to the loop region of the molecular
beacon, leading to fluorescence recovery of parent PDI (PH)/pyrrolidine-substituted PDI
(PN) heterodimers [72].

Figure 12. Structure of molecular beacon probe (MB) with a heterodimer based on a parent perylene
diimide (PH) and pyrrolidine-substituted PDI in the stem region [72]. © 2018 Wiley-VCH Verlag
GmbH & Co. KGaA, Weinheim.

The binding selectivity of cationic PDI to thymine–thymine (T-T) mismatches and the
formation of PDI dimer at the mismatch site were exploited to design biosensors [91]. In
fact, it was observed that the presence of Hg2+ ions produced switching of cationic PDI
emission from excimer to monomer due to the disruption of the dimeric form and the
conversion of T-T mismatch into T–Hg–T base pair in DNA. Thus, the binding and optical
properties of cationic PDIs can be exploited to develop fluorescent probes for T-containing
DNA mismatches as well as for Hg2+ ions [91]. Moreover, a light-up fluorescent sensor for
nucleic and ribonucleic acids with nanomolar sensitivity was developed by conjugating a
PDI derivative, harboring an alkoxy group at the bay position, to an artificial pocket made
by replacing nucleosides with deoxyribospacers inside the DNA structure [92]. In contrast
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to the assembled form, the monomeric form of PDI linked to the DNA pocket exhibited
distinct photochemical properties.

Furthermore, it was proposed that PDI–triplex conjugates can be used to specifically
target single-stranded nucleic acid sequences and to modulate genetic expression by the
formation of complexes with segments involved in transcriptional processes [93]. In
addition, self-assembled DNA monolayers conjugated with PDI base surrogate were used
to develop a redox-based probe [94]. It was observed that the rate of electron transfer,
mediated by stacks of DNA base pairs, is dependent on the stability of the DNA bridge
and the distance between the PDI moiety and the electrode surface [94]. Finally, a cyclic
PDI ligand was designed and evaluated as an anticancer drug owing to its high selectivity
and efficiency in inhibiting telomerase activity [95].

6. Conclusions and Perspectives

PDIs are some of the most relevant organic dyes that have been largely studied and
extensively used, owing to their chemical robustness, thermal and photo-stability as well
as their physicochemical and optoelectronic properties. In addition, once rendered am-
phiphilic, PDI-based molecules undergo self-organization to form nanostructures of varying
morphologies. However, the precise control of their molecular self-assembly into ordered
supramolecular nanomaterials remains a highly active research area. Conjugation of PDIs
to oligonucleotides and peptides has opened new avenues for the design of nanomaterials
with unique structures, properties, and functionalities. Such an achievement is largely due
to the advances made in the synthetic approaches to (a)symmetric PDI derivatives, and the
development of cutting-edge technologies for characterization. The self-assembly process
of these PDI-bioconjugates as well as the morphology of the resulting superstructures are
dictated by internal non-covalent interactions and numerous external microenvironment
conditions. This balance of internal and external factors complexifies the prediction of the
morphology of the resulting supramolecular architectures. Nonetheless, as highlighted in
this review, recent advances regarding the controlled assembly of peptide–PDI and DNA–
PDI bioconjugates will most likely lead to a plethora of innovative functional biomaterials
that can be exploited for various biomedical and nanotechnological applications.
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Abstract: Polymer self-healing films containing fragments of pillar[5]arene were obtained for the first
time using thiol/disulfide redox cross-linking. These films were characterized by thermogravimetric
analysis and differential scanning calorimetry, FTIR spectroscopy, and electron microscopy. The films
demonstrated the ability to self-heal through the action of atmospheric oxygen. Using UV–vis, 2D
1H-1H NOESY, and DOSY NMR spectroscopy, the pillar[5]arene was shown to form complexes with
the antimicrobial drug moxifloxacin in a 2:1 composition (logK11 = 2.14 and logK12 = 6.20). Films
containing moxifloxacin effectively reduced Staphylococcus aureus and Klebsiella pneumoniae biofilms
formation on adhesive surfaces.

Keywords: pillar[5]arene; self-healing; moxifloxacin hydrochloride; electron spin resonance; polymer
films; polythiols; antibacterial activity

1. Introduction

In recent decades, methods of disrupting pathogenic biofilms have been actively
developed [1]. These methods are based on finding ways to inhibit and control the bacterial
biofilms formation [2]. It is believed that up to 80% of all human bacterial infections (cystic
fibrosis pneumonia, otitis media, pathology of teeth and periodontal tissues, osteomyelitis,
urinary tract infections, etc.) are associated with the establishment of biofilms by pathogenic
and opportunistic microorganisms [3,4]. Along with this, the formation of microbial
biofilms speeds up the corrosion of metals, makes medical equipment unusable, and leads
to a deterioration in sanitation and hygiene in medical institutions [5].

To date, three main strategies have been proposed in the struggle against pathogenic
biofilms: prevention of bacterial adhesion to the surface [6,7]; disruption of biofilm de-
velopment and/or impact on its structure with an antimicrobial drug; and impact on the
creation of the biofilm, followed by its degradation [8–10]. However, all these methods have
common limitations, namely a low efficiency on account of the rapid growth and formation
of the extracellular bacterial matrix and a short duration of action due to the presence in
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biofilms of metabolically inactive cells that are insensitive to factors, primarily antimicrobial
drugs [11]. The use of polymeric compositions capable of long-term inhibition of biofilm
formation will make it possible to eliminate these limitations [12]. Over the past few years,
special attention has been given to supramolecular polymer systems formed by macrocyclic
structures [13,14]. Such polymer systems can have a number of the required functions,
including self-regeneration, controlled adhesion of microbial cells, and the formation of
host–guest systems (macrocycle/antibiotic or antiseptic), to inhibit the activity of cells
inside the biofilm.

Derivatives of cyclodextrins [15], cucurbit[n]urils [16], and calix[n]arenes [17,18] are
frequently used to form supramolecular polymer ensembles with desired properties. Al-
though these macrocycles have a relatively low toxicity, they are quite difficult to modify
into polyfunctional polymer structures.

The use of paracyclophane derivatives—pillar[n]arenes—as a macrocyclic system
solves this problem [19]. Pillar[n]arenes can be easily functionalized thorough free hydroxyl
groups [20,21], and the presence of a hydrophobic cavity promotes the formation of host–
guest systems [22–25]. Recent studies [26–30] demonstrate the effectiveness of using
pillar[5]arenes as platforms to create self-assembling drug delivery systems, stimulus-
responsive polymeric systems, and antibacterial coatings.

In this work, we developed an original strategy for creating disulfide-containing self-
healing materials based on the copolymerization of pillar[5]arene-tetrakis(3-mercaptoprop
rionate) capable of forming host–guest complex with therapeutic drugs that inhibit the
development of Gram-positive and Gram-negative bacteria, Staphylococcus aureus, and
Klebsiellapneumoniae.

2. Materials and Methods
2.1. Characterization

1H NMR, 13C NMR, and 1H-1H NOESY spectra were obtained on a Bruker Avance-400
spectrometer (13C{1H}—100 MHz and 1H—400 MHz). Chemical shifts were determined
against the signals of residual protons of deuterated solvent (CDCl3).

Attenuated total internal reflectance IR spectra were recorded with Spectrum 400 (Perkin
Elmer) Fourier spectrometer. The IR spectra from 4000 to 400 cm−1 were considered in this
analysis. The spectra were measured with 1 cm−1 resolution and 64 scans co-addition.

Elemental analysis was performed with Perkin Elmer 2400 Series II instrument.
Mass spectra (MALDI-TOF) were recorded on an Ultraflex III mass spectrometer in a

4- nitroaniline matrix. Melting points were determined using a Boetius Block apparatus.
Additional control of the purity of compounds and monitoring of the reaction were

carried out by thin-layer chromatography using Silica G, 200 µm plates, UV 254.
Stationary electron paramagnetic resonance (EPR) spectra were obtained at a frequency

of 9.6 GHz (X-band) on a Bruker Elexsys E580 spectrometer at room temperature (modula-
tion amplitude M = 0.1 Gs, microwave power P = 2 µW). Low-temperature experiments
were carried out on a Bruker ESP-300 spectrometer using a flow-through helium cryostat.

The pulsed EPR spectra were recorded by the method of detecting the EPR spectrum
from the integrated intensity of the electron spin echo (ESE) as a function of the external
magnetic field B0. Khan’s sequence was used:

π/2-τ-π-τ-ESE (1)

where the duration of a π/2 pulse was tp = 16 ns, π pulse tp = 32 ns, and delay between
pulses τ = 200 ns.

A two-pulse Hahn sequence was used to determine the transverse relaxation time T2.
The time interval between pulses τ was increased with a step of 4 ns to the required value,
and each time, the integrated ESE intensity was recorded at B = B0. Next, we plotted the
dependence of the integrated ESE intensity as a function of time 2τ and approximated it
with the function:

I(2τ) = I0 exp(2τ/T2) (2)
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The transverse relaxation time TM (phase coherence time) was determined.
Irradiation took place for 1 h on an X-ray unit URS-55 (tungsten anti-cathode W,

voltage U = 50 kV). The estimated absorption dose is approximately equal to 10 kGy.
1H diffusion-ordered spectroscopy (DOSY) spectra were recorded on a Bruker Avance

400 spectrometer at 9.4 tesla at a resonating frequency of 400.17 MHz for 1H using a BBO
Bruker 5 mm gradient probe. The temperature was regulated at 298 K, and no spinning
was applied to the NMR tube. DOSY experiments were performed using the STE bipolar
gradient pulse pair (stebpgp1s) pulse sequence with 16 scans of the 16 data points collected.
The maximum gradient strength produced in the z direction was 5.35 Gmm−1. The duration
of the magnetic field pulse gradients (δ) was optimized for each diffusion time (∆) in order
to obtain a 2% residual signal with the maximum gradient strength. The values of δ and ∆
were 1.800 µs and 100 ms, respectively. The pulse gradients were incremented from 2 to
95% of the maximum gradient strength in a linear ramp.

2.2. Fluorescence Spectroscopy

Fluorescence spectra were recorded on a Fluorolog 3 luminescent spectrometer (Horiba
Jobin Yvon). The excitation wavelength was selected as 335 nm. The emission scan range
was 350–550 nm. Excitation and emission slits were 2 nm for solutions and 2 nm for
supramolecular films. Quartz cuvettes with optical path length of 10 mm were used.
Fluorescence spectra were automatically corrected by the Fluoressence program. The
spectra were recorded in the solvent system (THF:CH3OH = 100:1) with concentration of
Moxifloxacin Hydrocloride (moxi) 5 µM. The obtained molar ratio of polymers to moxi
3/3S or 3/4S was 1:10. The experiment was carried out at 293 K.

2.3. UV–Visible Spectroscopy

UV–vis spectra were recorded using the Shimadzu UV-3600 spectrometer; the cell
thickness was 1 cm, slit width 1 nm. Recording of the absorption spectra of the mixtures of
moxifloxacin hydrocloride (moxi) and benzalkonium chloride (BCl) with pillar[5]arenes
3 at 1 × 10−4 M were carried out after mixing the solutions at 298 K. The 1 × 10−4 M
solution of pillar[5]arene 3 (100, 120, 150, 200, 400, 600, 800 µL) in THF was added to 10 µL
of the solution of guest (moxi) (1.2 ×10−2 M) in methanol and diluted to final volume
of 3 mL with THF. The UV spectra of the solutions were then recorded. The stability
constant of complexes were calculated as described below. Three independent experiments
were carried out for each series. Student’s t-test was applied in statistical data processing.
Experiment was carried out according to the literature method [22].

2.4. Dynamic Light Scattering (DLS)

The particle size and zeta potential was determined by the Zetasizer Nano ZS instru-
ment at 20 ◦C. The instrument contains 4 mW He-Ne laser operating at a wave length of
633 nm and incorporated noninvasive backscatter optics (NIBS). The measurements were
performed at the detection angle of 173◦, and the software automatically determined the
measurement position within the quartz cuvette. The 1 × 10−4−1 × 10−6 M THF solutions
of 3, the 1 × 10−3−1 × 10−5 M solutions of 3/3S and 3/4S, the 1 × 10−4 M solutions of an-
tibiotics (moxi, BCl) (dissolved in methanol 1 × 10−2 M), and the complexes of macrocycle
3 or polymers 3/3S or 3/4S with antibiotics (moxi, BCl) were prepared. The concentration
ratio of macrocycle 3 or polymers 3/3S or 3/4S and antibiotics in complexes was 1:10. The
experiments were carried out for each solution in triplicate.

2.5. Transmission Electron Microscopy (TEM)

TEM analysis of samples was carried out using the JEOL JEM 100CX II transmission
electron microscope. For sample preparation, 10 µL of the suspension 10−5 M were placed on
the Formvar/carbon-coated 3 mm cuprum grid, which was then dried at room temperature.
After complete drying, the grid was placed into the transmission electron microscope using
special holder for microanalysis. Analysis was held at the accelerating voltage of 80 kV in
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SEM mode by Carl Zeiss Merlin microscope. Additionally, studies of the morphology of the
samples were carried out using the Atomic force microscope Dimension FastScan (Bruker).

2.6. Gel Permeation Chromatography (GPC)

GPC studies were carried out on a GTsP chromatograph (Prague, Czech Republic)
equipped with a refractometric detector and a 7.8 × 300 mm column. THF was used as the
eluent. Phenogel 5 µm, pore size 10 Å (Phenomenex, CA, USA), was utilized as a sorbent.
Polystyrene standards were used for calibration.

2.7. Simultaneous Thermogravimetry and Differential Scanning Calorimetry (TG–DSC)

TG–DSC was performed on a Netzsch Jupiter STA 449 C Jupiter analyzer in 40 µL
platinum crucibles with a cap having a 0.5 mm hole at constant heating rates (10 and
4 deg/min; heating range 311–500 K) in dynamic argon atmosphere, flow rate 20 mL/min,
atmospheric pressure; sample weight 10–20 mg. The results were processed using the
NETZSCH Proteus software.

2.8. X-ray Diffraction Analysis

The dataset for single crystal 3 was collected on a Rigaku XtaLab Synergy S instrument
with a HyPix detector and a PhotonJet microfocus X-ray tube using Cu Kα (1.54184 Å)
radiation at low temperature. Images were indexed and integrated using the CrysAlisPro
data reduction package. Data were corrected for systematic errors and absorption using the
ABSPACK module: numerical absorption correction based on Gaussian integration over a
multifaceted crystal model and empirical absorption correction based on spherical harmonics
according to the point group symmetry using equivalent reflections. The GRAL module was
used for analysis of systematic absences and space group determination. The structures were
solved by direct methods using SHELXT [31] and refined by the full-matrix least-squares on
F2 using SHELXL [32]. Non-hydrogen atoms were refined anisotropically. The hydrogen
atoms were inserted at the calculated positions and refined as riding atoms. The positions
of the hydrogen atoms of methyl groups were found using rotating group refinement with
idealized tetrahedral angles. Disordered parts of the molecule are refined using constraints
and restraints. The contribution of the disordered solvent was removed using the SQUEEZE
option from PLATON operated the Olex2 interface. The figures were generated using Mercury
4.1 [33] program. Crystals were obtained by slow evaporation method.

Crystal data for C55H70O10S10 (M = 1211.71 g/mol): monoclinic, space group P21/n
(no. 14), a = 13.1087(6) Å, b = 12.0684(3) Å, c = 41.0482(14) Å, β = 92.459(4)◦, V = 6487.9(4) Å3,
Z = 4, T = 100.00(10) K, µ(Cu Kα) = 3.559 mm−1, Dcalc = 1.241 g/cm3, 46,894 reflections
measured (4.31◦ ≤ 2θ ≤ 154.11◦), 13,152 unique (Rint = 0.0519, Rsigma = 0.0522), which were
used in all calculations. The final R1 was 0.1881 (I > 2σ(I)), and wR2 was 0.5275 (all data).
CCDC refcode: 2163077.

2.9. Computational Method

Models of moxifloxacin and the thiolated pillar[5]arene were generated using Spartan
’20 [34]. The lowest energy structures were determined by molecular mechanics and geome-
try optimized by molecular mechanics using the Merck Molecular Force Field (MMFF). The
2:1 pillar[5]arene:moxifloxacin complex was created using these structures and geometry
optimized using the MMFF followed by DFT (B3LYP/6-31G*) to give the final structure.

2.10. Biological Experiments

Films of free and moxi-loaded polymers 3/3S and 3/4S were formed in the wells of
8-well glass plates and dried for 72 h until a dry film formed on the adhesive surface of
the glass.

Cultures of Staphylococcus aureus and Klebsiella pneumoniae were grown in L-broth to a
density of 1.5 × 1011 cells/mL. Then, 400 µL were added to the wells of culture plates and
chambers for microscopy. Cultivated at 37 ◦C for 48 h until the formation of stable biofilms.

49



Nanomaterials 2022, 12, 1604

Biofilms formed after 48 h of cultivation were washed with sodium phosphate buffer
(pH = 7.2) from planktonic cells, dried under sterile conditions, and stained with 0.1%
gentian violet solution for 20 min. Stained biofilms were washed three times with sodium
phosphate buffer (pH = 7.2) and dried. Biofilm thickness was determined by washing with
96% ethanol the gentian violet dye from the biofilm matrix.

Light absorption measurements in eluate samples were measured at λ = 570 nm on a
BIO-Rad xMark Microplate spectrophotometer.

The data were given in relative units. In the calculations, the light absorption of the
eluate was taken as a unit in the variants without surface modification by films.

Most chemicals were purchased from Aldrich and used as received without additional
purification. Organic solvents were purified in accordance with standard procedures.

2.11. Synthesis

Pillar[5]aren 1 were synthesized according to the literature procedure [35].

2.11.1. Synthesis of 4,8,14,18,23,26,28,31,32,35-deca-[Acylthioethoxy]-pillar[5]arene (2)

Potassium thioacetate (0.74 g, 6.47 mmol) with anhydrous DMF (12 mL) were placed
in a round-bottom flask equipped with a magnetic stirrer. The solution was stirred until
complete dissolution. Then pillar[5]arene 1 0.4 g (0.32 mmol) was added in one portion.
Then the reaction mixture was heated for 56 h at 90 ◦C in an argon atmosphere. After the
reaction, the mixture was poured into distilled water. The precipitated beige precipitate
was filtered off on a Schott filter and washed with distilled water. The organic phase was
separated and evaporated to dryness on a rotary evaporator.

Yield: 0.46 g (88%), mp. 100 ◦C. 1H NMR (CDCl3): 2.38 s (30H, –CH3), 3.30 t (20H,
3JHH = 5.9 Hz, –CH2S–), 3.72 s (10H, –CH2–), 3.93–4.19 m (20H, –OCH2–), 6.79 s (10H, ArH).
13C NMR (CDCl3): 29.37; 29.57; 30.78; 67.55; 115.55; 128.53; 149.45; 195.34. IR (ν/CM−1)
2932 (–CPh-H), 2868 (–CH2–, CPh–O–CH2), 1684 (C=O), 1496 (–CH2–), 1465 (CPh–CPh), 1352
(–CH3), 1204 (CPh–O–CH2), 1102 (CPh–O–CH2), 1027 (CPh–CPh), 879 (–CPh–H), 703 (C–S).
MS (MALDI–TOF): calc. [M+] m/z = 1632.1, found [M + Na] + m/z = 1654.6. Found (%): C,
54.98; H, 5.46; N, 19.95. Calc. for C75H90O20S10. (%):C, 55.19; H, 5.56; O, 19.64; S, 19.64.

2932 (–CPh–H), 2868 (–CH2–, CPh–O–CH2), 1684 (C=O), 1496 (–CH2–), 1465 (CPh-CPh),
1352 (–CH3), 1204 (CPh–O–CH2), 1102 (CPh–O–CH2), 1027 (CPh–CPh), 879 (–CPh–H), 703
(C–S).

2.11.2. Synthesis of 4,8,14,18,23,26,28,31,32,35-deca-[2-Mercaptoethoxy]-pillar[5]arene (3)

In a round-bottom flask equipped with a magnetic stirrer, pillar[5]arene 2 0.46 g
(0.28 mmol) was dissolved in anhydrous acetonitrile (23 mL). Then hydrazine hydrate
0.98 mL (31.46 mmol) was added dropwise, and a white precipitate formed. The reaction
was carried out for a week at room temperature in an argon atmosphere. Then, the
reaction mixture was filtered and washed with acetonitrile. The precipitate was dissolved
in chloroform and evaporated on a rotary evaporator in an argon atmosphere. The resulting
white powder is the target product.

Yield: 0.25 g (75%), mp. 158 ◦C. 1H NMR (CDCl3): 1.65 t (10H, 3JHH = 7.9 Hz, -SH),
2.78–2.83 m (20H, –CH2S–), 3.80 s (10H, –CH2–), 3.98 t (20H, 3JHH = 5.3 Hz, –OCH2–), 6.78 s
(10H, ArH). 13C NMR (CDCl3): 29.85; 29.90; 70.59; 115.80; 128.84; 149.85. IR (v, sm−1) 2931
(–CPh–H), 2863 (–CH2–, CPh–O–CH2), 2552 (–SH–), 1496 (–CH2–), 1463 (CPh–CPh), 1200
(CPh–O–CH2), 1100 (CPh–O–CH2); 1025 (CPh–CPh); 877 (–CPh–H); 702 (C–S). MS (MALDI–
TOF): calc. [M+] m/z = 1210.2, found [M + K + 2H]+ m/z = 1252.1, [M + Na + H]+ m/z =
1235.2. Found (%): C, 54.78; H, 5.98; S, 26.04, Calc. for C55H70O10S10. (%): C, 54.52; H, 5.82;
O, 13.20; S, 26.46.

2.11.3. General Procedure for the Synthesis of 3n, 3/3S, 3/4S

A total of 0.09 g (0.074 mmol) of pillar[5] arene 3 was dissolved in 6 mL of THF; then,
0.35 mL of polythiol (trimethylolpropane tris(3-mercaptopropionate) or pentaerythritol
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tetrakis(3-mercaptopropionate)) (or without for 3n) dissolved in 6 mL of THF and 1.2 mL of
H2O2 (30%) dissolved in 6 mL THF was added. The reaction proceeded at room temperature
for 40 h. Then the reaction mixture was poured into water and centrifuged. The resulting
precipitate was dissolved in THF. Then, the precipitate was dried in vacuum under reduced
pressure. The target product is a white, stretching mass.

4,8,14,18,23,26,28,31,32,35-deca-[2-mercaptoethoxy]-pillar[5]arene (3)-based cross-linked
supramolecular polymer (3n).

Yield: 0.08 g (89%), mp. 317 ◦C. IR (v, sm−1) 2917 (–CPh–H); 2859 (CPh–O–CH2); 1496
(–CH2–); 1463 (CPh–CPh); 1194 (CPh–O–CH2); 1058 (CPh–O–CH2); 772 (CPh–H); 698 (C–S).

Tetrablock co-monomer, based on 4,8,14,18,23,26,28,31,32,35-deca-[2-mercaptoethoxy]-pi
llar[5]arene (3) and trimethylolpropane tris(3-mercaptopropionate), (3/3S).

Yield: 0.36 g (70%). MS (MALDI-TOF): calc. [M + 5K + 4Na + 1 × 3S-11H]+ m/z =
1886.7, [M + 5K + Na + 2 × 3S-12H]+ m/z = 2212.1, [2M + 10K + 2 × 3S-18H]+ m/z = 3589.6,
[3M + Li + 3 × 3S-11H]+ m/z = 4825.8, found [M + 5K + 4Na + 1 × 3S-11H]+ m/z = 1887.4,
[M + 5K + Na + 2 × 3S-12H]+ m/z = 2212.4, [2M + 10K + 2 × 3S-18H]+ m/z = 3590.2, [3M +
Li + 3 × 3S-11H]+ m/z = 4825.8.

Tetrablock co-monomer, based on 4,8,14,18,23,26,28,31,32,35-deca-[2-mercaptoethoxy]-
pillar[5]arene (3) and trimethylolpropane tris(3-mercaptopropionate), (3/4S).

Yield: 0.41 g (76%). MS (MALDI-TOF): calc. [2M + 3K + 3Na + 2 × 4S-14H]+ m/z =
3572, [2M + Na + 2 × 4S-1H]+ m/z = 3413.5, found [2M + 3K + 3Na + 2 × 4S-14H]+ m/z =
3572.0, [2M + Na + 2 × 4S-1H]+ m/z = 3413.4.

2.11.4. General Procedure for the Synthesis of Cross-Linked Supramolecular Polymers
3/3Sn, 3/4Sn

Freshly prepared 3/3S and 3/4S tetrablock co-monomers (m = 0.3 g) were dissolved in
10 mL of THF, sprayed onto the surface of a glass substrate, and dried in the presence of at-
mospheric oxygen at ambient temperature for 30–40 min. Next, the formed supramolecular
polymeric film 3/3Sn, 3/4Sn was used for further study.

Cross-linked supramolecular polymer, based on 4,8,14,18,23,26,28,31,32,35-deca-[2-
mercaptoethoxy]-pillar[5]arene (3) and trimethylolpropane tris(3-mercaptopropionate), (3/3Sn).

Mp. 322 ◦C. IR (ν/CM−1): 3450 (–C=O); 2958 (–CH2–); 2941 (–CPh–H); 2907 (CPh–
O–CH2); 2568 (–S–H); 1729 (–C=O); 1499 (–CH2–); 1471 (CPh–CPh); 1406 (–CH2–C=O);
1233 (–CH2–O–C=O); 1192 (CPh–O–CH2); 1178 (CPh–O–CH2); 1142 (–CH2–O–C=O); 1048
(CPh–O–CH2); 671 (C–S); 583 (–S–S–).

Cross-linked supramolecular polymer, based on 4,8,14,18,23,26,28,31,32,35-deca-[2-
mercaptoethoxy]-pillar[5]arene (3) and pentaerythritol tetrakis(3-mercaptopropionate), (3/4Sn).

Mp. 324 ◦C. IR (v, sm−1) 3451 (–C=O); 2960 (–CH2–); 2925 (–CPh–H); 1726 (–C=O);
1497 (–CH2–); 1470 (CPh–CPh); 1407 (–CH2–C=O); 1230 (–CH2–O–C=O); 1209 (CPh–O–CH2);
1173 (CPh–O–CH2); 1127 (–CH2–O–C=O); 663 (–C–S–); 595 (–S–S–).

Detailed information of physical-chemical characterization is presented in Electronic
Supporting Information (ESI).

3. Results
3.1. Synthesis and Polymerization of Pillar[5]arene Containing Mercapto Groups

Self-healing is an attractive properties of materials, which is currently in demand [36].
The ability of a product to self-heal significantly increases its service life due to improved
mechanical characteristics, surface renewal, and preservation of its integrity [37]. The
design of such materials includes two main approaches to self-regeneration: the use of
physical methods of cross-linking based on the mutual diffusion of individual parts and
chemical methods of cross-linking using the formation of a reversible covalent bond [38]. In
all of these approaches, macrocyclic compounds can be used. However, unlike self-healing
through supramolecular interactions, chemical methods of self-healing provide higher
mechanical strength and material stability [39].
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Thus, to create self-healing materials based on pillar[5]arene, we chose to modify
the macrocyclic platform with substituents able to form reversible covalent bonds. These
interactions include the reversible formation of disulfide bonds, metal–ligand interactions,
ionic interactions, and the formation of hydrogen bonds [40]. A common disadvantage of
many such systems is the need for external influences, such as heating, UV irradiation, or
pH changes through the addition of acid or alkali, which is necessary to initiate surface re-
generation. The use of thiol/disulfide redox dynamic exchange reactions to form reversible
disulfide bonds is the most accessible approach to date [40]. Although thiol/disulfide redox
reactions can be accelerated in the presence of catalysts, they can also occur under ambient
conditions (air temperature from 16 ◦C to 32 ◦C and relative humidity from 20% to 80%)
with atmospheric oxygen as an external trigger [41].

To initiate thiol/disulfide cross-linking redox reactions in a polymeric material based
on pillar[5]arene, the presence of thiol fragments in the structure of the macrocyclic plat-
form is necessary. To this end, we developed an approach for introducing thiol fragments
into the pillar[5]arene structure (Figure 1). Decabromoethoxy pillar[5]arene 1 was pre-
pared according to the literature procedure [35] and reacted with potassium thioacetate
in anhydrous DMF at 90 ◦C, whereupon macrocycle 2 was isolated by precipitation from
water in 88% yield. Acetate fragments were cleaved with hydrazine hydrate in anhydrous
acetonitrile [42] to give target macrocycle 3, which was collected by filtration in 75% yield.
Pillar[5]arene 3 was used without further purification in subsequent experiments (Figure 1,
see SI, Figures S1–S13). The presence of free mercapto groups in macrocycle 3 was con-
firmed by one-dimensional 1H NMR spectroscopy, where they are observed as a triplet of
10 SH-protons at δ = 1.65 ppm (see SI, Figure S2). It should be noted that the macrocycle 3
forms as a powder, which showed no oxidation over a month of storage under argon at
room temperature. Macrocycle 3 was characterized using X-ray diffraction (Figure 1) from
crystals grown from a CHCl3–CH3CN solvent mixture. The crystal habit of 3 is monoclinic,
and the symmetry group is P 21/n.
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Figure 1. Synthesis of macrocycles 2 and 3; X-ray lateral view of macrocycle 3 and sketch showing
copolymerization of macrocycle 3 into 3n and 3 with trimethylolpropane-tris(3-mercaptopropionate)
3S and pentaerythritol-tetrakis(3-mercaptopropionate) 4S in THF in the presence of 5 wt. % H2O2

and atmospheric oxygen.

Afterwards, we developed a procedure to prepare co-monomers and polymers using
thiol/disulfide redox dynamic exchange reactions involving pillar[5]arene 3. The poly-
merization proceeded under the action of 30% H2O2 in THF for 40 h at room temperature,
and polymer 3n was isolated in 88% yield (Figure 1) as a light-yellow powder (Figure 1).
Polymer 3n is practically insoluble in both polar and nonpolar solvents, and its decomposi-

52



Nanomaterials 2022, 12, 1604

tion onset temperature was 298 ◦C. Thus, it can be concluded that it is not suitable for the
formation of self-healing films.

For the synthesis of self-healing films based on pillar[5]arene 3, we chose to prepare
cross-linked copolymers in the presence of low-molecular cross-linking agents: trimethylol-
propane tris(3-mercaptopropionate) 3S or pentaerythritol tetrakis(3-mercaptopropionate)
4S (Figure 1). These commercially available compounds are used as gel formers [43] and
polymer resin hardeners [44]. Thus, we carried out the selection of conditions for oxidative
copolymerization to obtain copolymers in advance (see SI, Table S1).

Variation in the nature of the solvent (CH3CN, DMF, THF) and oxidants (I2, FeCl3)
does not lead to the formation of polymer products 3 with 3S or 4S. Analysis of the 1H
NMR spectra of the reaction mixtures showed the presence of the starting compounds
and polymer 3n. The use of H2O2 as an oxidizing agent and various ratios of reacting
components led to the formation of comonomers 3/3S and 3/4S. The temperature regime of
the syntheses varied in the range from 0–75 ◦C. However, the best results were achieved
when the reaction was carried out at 25 ◦C for 24 h both for 3S and 4S. Thus, by reacting
macrocycle 3 with 5-fold excesses of 3S or 4S in the presence of 30% H2O2 in THF for 24 h
at room temperature, products 3/3S and 3/4S were isolated in 70% and 76% yields (see SI,
Table S1).

The structure of the formed products 3/3S and 3/4S was studied by gel permeation
chromatography (GPC) and MALDI mass spectrometry (see SI, Figures S7, S8, S29 and
S30). We chose GPC as a convenient method to determine the relative molecular weight of
3/3S and 3/4S. Thus, GPC analysis of fractions of samples 3/3S and 3/4S freshly prepared
in THF showed average mass values up to 3000 Da, which corresponds to diblock- or
tetrablock-linked (Figure 1) fragments of macrocycle 3 with polythiols 3S or 4S (see SI,
Figures S29 and S30). The formation of cross-linked tetrablock comonomers 3/3S and
3/4S can be explained by the polyfunctionality of the macrocyclic platform, the possible
thermodynamic stability of the resulting tetrablock comonomers, and the low solubility of
longer polymer units in THF [40].

The overall pattern of sequential fragmentation in the MALDI mass spectra of 3/3S
and 3/4S tetrablock comonomers (see SI, Figures S7 and S8) also agrees with the GPC data,
as the mass spectra of 3/3S and 3/4S contain peaks of molecular ions in the range from 1713
Da to 5219 Da, which corresponds to a possible crosslinking from two to six fragments of
3S, 4S, and macrocycle 3 (see SI, Figures S7 and S8).

The method of forming a film from a solution of co-monomers is a relatively simple
process since the co-monomer is in a dissolved state. We used the method of spraying a
solution of 3/3S and 3/4S in THF (1 × 10–3 M) [45] over the surface of a glass substrate. As
a result, it was found that as the solvent evaporates, the solution passes into a gel-like state,
followed by the formation of a film upon drying.

3.2. Interaction of Macrocycle 3 with the Antibiotic Moxifloxacin Hydrochloride

The films obtained on the basis of 3/3S and 3/4S contain fragments of pillar[5]arenes,
which are capable of host–guest interactions with therapeutic drugs [26]. In this regard, we
hypothesized that using an antimicrobial drug as a therapeutic agent would promote the
formation of pillar[5]arene/drug complexes in the film structure to effectively suppress the
development of bacteria. In addition, the presence of disulfide bonds (from 3/3S and 3/4S)
in the film structure will contribute to the self-healing of the damaged surface under the
action of atmospheric oxygen.

On account of the ability of macrocycle 3 to interact with antimicrobial drugs, benza-
lkonium chloride and moxifloxacin hydrochloride (moxi) were studied using UV–vis and
NMR spectroscopy (see SI, Figures S25 and S26). The choice of substrates was determined
by their use in medical practice as effective preparations to treat bacterial infections [46].
The studies were carried out in a mixture of THF:CH3OH = 100:1. The choice of the
solvent system was due to the good solubility of 3 in THF and its low solubility in sol-
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vents (water, alcohols), which dissolve binding substrates benzalkonium chloride and
moxifloxacin hydrochloride.

It turned out that only when macrocycle 3 bound moxifloxacin hydrochloride were spec-
tral changes at the absorption wavelength of moxifloxacin (λ = 340 nm) significant enough
to establish quantitative binding characteristics (see SI, Figure S27). The association constant
was determined based on spectrophotometric titration data. Thus, the concentration of moxi
(1 × 10–5 M) was constant, while the concentration of macrocycle 3 (0–2.67 × 10–5 M) varied
(see SI, Figure S27). Binding constants of 3/moxi in THF:CH3OH = 100:1 were calculated by
UV–vis spectroscopy from the analysis of binding isotherms and were established on the bind-
ing model 3/moxi = 2:1 using Bindfit [47], a statistical model widely used in supramolecular
chemistry to determine the characteristics of intermolecular interactions [48]. To confirm the
proposed stoichiometry, the titration data were also processed using a binding model with a
host–guest ratio of 1:1 and 1:2. However, in this case, the constants were determined with a
much larger error (see SI, Figure S28). The calculated logarithms of the association constants
(logKa) for 3/moxi were logK11 = 2.14 and logK12 = 6.20.

We chose 2D 1H-1H NOESY and 2D DOSY NMR (see SI) spectroscopy to confirm the
formation of the 3/moxi complex and set its structure. An analysis of the experimental data
obtained using 1H NMR spectroscopy did not make it possible to determine the nature of the
interaction by changing the position of the host–guest chemical shifts. The chemical shifts of
protons of moxi and 3 were broadened due to ongoing association processes (ESI). However,
in the 2D 1H-1H NOESY NMR spectrum of associate 3/moxi (2:1, Cmoxi = 5 × 10−3 M) in
CHCl3/CD3OD cross peaks between protons of aromatic fragments (Ha) of macrocycle 3 and
protons H10, H12, H13 of the octahydro-1H-pyrrolo[3,4-b]pyridine fragment were observed
(see SI). Cross peaks are also observed between the protons of the cyclopropyl fragment of
moxi (H4 and H5) and the protons of the methylene bridges Hb. The 2:1 inclusion complex
was supported by calculations (DFT/BLY3P/6-31G*) as shown in Figure 2.
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The formation of the 3/moxi complex was additionally confirmed by 2D DOSY
NMR spectroscopy. Diffusion coefficients of 3, 3/moxi, and moxi at 298 K (5 × 10−3 M)
were determined. The 2D DOSY NMR spectrum of the 3/moxi system shows the pres-
ence of signals of the complex lying on one straight line with one diffusion coefficient
(D = 1.4 × 10−10 m2 s−1) (see SI). This value of the diffusion coefficient 3/moxi is much
lower than the self-diffusion coefficients of macrocycle 3 (D = 3.5× 10−10 m2 s−1) and moxi
(D = 4.7× 10−10 m2 s−1) under the same conditions. The results obtained definitely indicate
the formation of an associate 3/moxi. The formation of the 3/moxi complex is in good
agreement with the literature data on the binding of pillar[5]arenes with fluoroquinolone
derivatives [49].

It is also important to evaluate the possibility of the interaction of moxi with 3/3S
and 3/4S tetrablock co-monomers, which are soluble in THF and contain fragments of
pillar[5]arene. Experiments on the interaction of moxi with 3/3S and 3/4S were carried
out in THF:CH3OH (100:1). Highly sensitive fluorescence spectroscopy (Figure 3) was
chosen as an effective method for detecting interactions between 3/3S, 3/4S, and the
antibiotic moxi. The molecular weights of tetrablock co-monomers obtained by GPC
(see SI, Figures S29 and S30) to calculate the concentrations of 3/3S and 3/4S.
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In the spectrum of moxi (5 µM), as 3/3S (Figure 3a) and 3/4S (Figure 3b) increases
from 0.1 to 50 µM, the fluorescence also rises sequentially. The study was carried out at
the emission wavelength of moxi (λ = 455 nm) in THF:CH3OH (100:1). Thus, the data of
fluorescence spectroscopy confirm the interaction of 3/3S and 3/4S with the antibiotic.

This increase in the intensity emission can be related with the antibiotic’s inclusion into
the cavity of pillar[5]arene, which is part of the tetrablock comonomer. The data obtained
by 2D NOSY and DOSY NMR spectroscopy confirm this hypothesis.

For the 3/3S and 3/4S, the processes of self-association and aggregation in the presence
of moxi were additionally studied by dynamic light scattering (DLS) in THF:CH3OH (100:1)
(see SI, Figures S15–S24, Table S2). It was shown that 3/3S and 3/4S do not form stable
self-associates (see SI, Table S2) in the studied concentration range (1 × 10−3–1 × 10−5 M).
However, adding a 10-fold excess of moxi to the tetrablock co-monomers 3/3S or 3/4S
reduces the polydispersity index to 0.28–0.34. Stabilization of the system is observed when
the average particle size of 460 nm is reached in the case of the moxi/3/4S (see SI, Table S2)
system and 620 nm for moxi/3/3S (see SI, Table S2). Separately, macrocycle 3 and moxi
did not form stable associates in THF:CH3OH (100:1) over the entire concentration range
studied (1 × 10−3–1 × 10−5 M). When the method of spraying a solution of moxi/3/3S
and moxi/3/4S in THF (1 × 10−3 M) onto a glass substrate was used, the formation of a
drug-loaded films was observed.
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3.3. Formation of Supramolecular Polymer Networks

Thus, pillar[5]arene 3 and tetrablock comonomers 3/3S and 3/4S based on it were able
to interact with the antimicrobial drug moxi and form host–guest complexes. As shown
above, 3/3S and 3/4S are able to form films loaded with moxi. In this regard, it can be
assumed that moxi can be placed in the structure of the film based on pillar[5]arene and
contribute to the suppression of the development of pathogenic microorganisms as part of
the polymer coating.

To confirm this hypothesis, the films obtained after spraying a solution of 3/3S or 3/4S
in THF (1 × 10−3 M) on a glass substrate were additionally investigated by a number of
physical methods. The resulting cross-linked copolymers based on macrocycle 3 and thiols
3S or 4S were transparent films (Figure 1) soluble in THF. However, after evaporation
of the solvent, the film becomes insoluble in THF over ~10–20 min, apparently due to
the formation of additional disulfide bonds under the action of atmospheric oxygen. To
confirm the formation of additional disulfide bonds and cross-linking 3/3S, 3/4S into 3/3Sn,
and 3/4Sn polymer network compositions (Figure 1) during film formation, the IR spectra
of 3/3Sn and 3/4Sn were studied and compared to 3 and 3n. The IR spectra of 3/3Sn and
3/4Sn (Figure 4) show characteristic bands for the structure of thiols 3S, 4S (1732 cm–1),
and macrocycle 3 (2960, 2925, 1470, 1209 cm–1). The absence of free S-H bonds vibrations at
ν = 2750 cm−1 as well as the presence of SS bonds vibrations at ν = 640 cm−1 [50] in the
fingerprint region, which did not appear in the initial macrocycle 3, confirm the formation
of additional disulfide bridges [40] under the action of atmospheric oxygen when THF
solutions of 3/3S and 3/4S comonomers are dried.
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Thermogravimetric analysis is widely used to assess the phase and thermal characteristics
of polymeric materials [51], including self-regenerating ones [52] (see SI, Figures S31–S34). The
DSC curve for macrocycle 3 includes three processes, one of which corresponds to the largest
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weight loss (34%), and three stages of decomposition on the TG curve. This exo-process (see
SI, Figure S31) is observed over the temperature range of 261–285 ◦C, which is consistent with
the oxidative S–S crosslinking that can occur in a sample with a change in temperature [53].
The TG curves of the 3/3Sn and 3/4Sn samples (see SI, Figures S33 and S34) contain four or
five weight-loss steps. The first stage (up to 65 ◦C) corresponds to the removal of residual
solvent. The second stage is different for each 3/3Sn and 3/4Sn sample and varies over the
temperature range 137–211 ◦C. This stage is accompanied by a loss of up to 7% of the mass and
is associated with the evaporation of water included in the structure of the film. In contrast to
3 alone, the DSC curve in the temperature range of 250–300 ◦C of the 3/3Sn and 3/4Sn (see SI,
Figures S33 and S34) samples does not show an exo-process. This process corresponds to the
main stage of weight loss. However, in a higher temperature range of 280–340 ◦C, in samples
3/3Sn and 3/4Sn, an endo-process is observed corresponding to the first stage of destruction
(25–34% weight loss) and of the melting of substances 3/3Sn and 3/4Sn. The fourth step
on the TG curve for the 3/3Sn and 3/4Sn samples corresponds to the weight loss of 13–17%
and on the DSC curve in the temperature range of 347–374 ◦C corresponding of oxidative
S–S cross-linking.

Thus, analysis of the TG-DSC (see SI, Figures S31–S34) data allows us to conclude
that the 3/3Sn and 3/4Sn polymer structures are more thermally stable than macrocycle
3, which is characterized by thermally sensitive S–S crosslinking processes. The melting
temperature of free macrocycle 3 is 30–50 ◦C lower than that of 3/3Sn and 3/4Sn, which
confirms the improved thermal characteristics of the obtained materials.

3.4. Interaction of 3/3S, 3/4S and Supramolecular Copolymers 3/3Sn, 3/4Sn with the Antibiotic
Moxifloxacin Hydrochloride

Since 3/3Sn and 3/4Sn polymer films were formed from 3/3S and 3/4S tetrablock co-
monomers, capable of interacting with moxi, it was necessary to investigate the ability to
bind moxi in the structure of 3/3Sn and 3/4Sn. For this purpose, moxi/3/3Sn, moxi/3/4Sn
polymer films were formed by spraying a solution of moxi/3/3S and moxi/3/4S
(THF:CH3OH = 100:1, 1 × 10−3 M) on to the glass substrate for 30 min (Figure 3f,g)
and the fluorescence spectra of the resulting films recorded (Figure 3c,d). It is known that
ionized forms of antibiotics of the fluoroquinolone series dissolve well in water, therefore,
under real conditions, when the environmental humidity changes, the antibiotic can be
removed from the polymer surface. In order to simulate this situation, the surface of
moxi/3/3Sn and moxi/3/4Sn was repeatedly washed with distilled water. The number of
washes varied from 1 to 20 times. According to fluorescence spectroscopy data, the intensity
of moxi emission in the samples decreased during the first washing for moxi/3/3Sn by
67% (Figure 3c) and by 45% for moxi/3/4Sn (Figure 3d). Further washing did not lead to
significant changes in the moxi fluorescence intensity in the 3/3Sn, 3/4Sn films.

Since the moxi/3/4Sn systems turned out to be the most monodisperse and resistant
to washing, their morphology was studied using electron and atomic force microscopies
(see SI, Figures S35–S43). According to scanning electron microscopy (SEM) data, the 3/4Sn
film is an irregular network polymer consisting of intertwining filaments with a thickness
of 63 nm (Figure 5a). A similar morphology is confirmed by 3D images of the atomic force
microscope (AFM) (Figure 5b). Also, according to transmission electron microscopy (TEM)
(Figure 5c, see SI, Figures S35–S43), the formation of dendritic structures on the surface of
interlacing threads is observed. The TEM images of moxi/3/4Sn show the formation of
dendritic structures typical of polymer morphology with included spherical moxi particles
on the surface (Figure 5d). The size of spherical particles moxi was 100 nm, and the
thickness of the dendritic fragments corresponded to the thickness of the filaments and
was 67 nm (Figure 5d, see SI, Figure S36).
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Figure 5. (a) SEM images of 3/4Sn (1 × 10−5 M) after the solvent (THF:CH3OH (100:1)) evap-
oration; (b) AFM images of a 3/4Sn film (1 × 10−5 M) after the solvent (THF:CH3OH (100:1))
evaporation; (c) TEM images of 3/4Sn film (1 × 10−5 M) after the solvent (THF:CH3OH (100:1))
evaporation; (d) TEM images of system 3/4S (1 × 10−5 M)/moxi (1 ×10−4 M) after the solvent
(THF:CH3OH (100:1)) evaporation.

Thus, in the course of the studies, the formation of 3/3Sn, 3/4Sn films capable of
binding antibacterial drugs of the fluoroquinolone series was demonstrated. The resulting
3/3Sn, 3/4Sn structures are built on the principle of the formation of dynamic -S-S- covalent
bonds, which, due to thiol/disulfide redox dynamic exchange reactions, lead to self-healing
of damaged surface areas. The mechanism of self-healing process is proposed to be through
the formation of free sulfur radicals [54], which again form disulfide bonds under the action
of external triggers (Figure 6a).
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3.5. Study of the Process of Self-Regeneration of Films 3/3Sn, 3/4Sn

Electron paramagnetic resonance (EPR) was used to determine the presence of sul-
fur radicals in 3/3S, 3/4S, 3n, 3/3Sn, 3/4Sn structures, since free radicals have a nonzero
electronic (spin) magnetic moment, characterized by a quantum number of S = 1/2 [55].
Figure 6b shows the steady-state absorption spectrum for the 3n powder sample at room
temperature. Comparing the spectroscopic g-factor value with the literature data [54,55], it
is obvious that sulfur radicals are present in the 3n (see SI, Figures S44 and S45) powder
sample, which confirms the hypothesis put forward.

No EPR signals in liquid 3/4S samples with different THF concentrations were ob-
served, which may indicate the instability of sulfur radicals in these solutions. The heating
of 3n powder also did not lead to the formation of new sulfur radicals. The shape of EPR
spectrum has a weak (but visible) asymmetry, which indicates the anisotropy of the g-factor
arising from the interaction of the electron shell of the radical with the surrounding electric
field gradients of neighboring ions. The phase coherence time (TM) of 578 ns is a rather
short value for transverse relaxation compared to other stable radicals [56]. The asymmetry
of the spectrum (anisotropy) and the short value of TM (due to nuclear spin diffusion) are
associated with the localization of the sulfur radical in the polymer structure.

Additionally, samples of 3/4Sn and 3/3Sn in the form of film structures (see SI,
Figures S44 and S45) were studied. The EPR spectra show signals from sulfur radicals
superimposed on a broader and structureless line. The formation of this line (underlayer
signal) is possibly associated with a change in the structure or local environment of the
sulfur radical, which leads to a strong (dipole-dipole) inhomogeneous broadening.

Since radiation exposure leads to the formation of stable free radicals, a sample of the
3/4Sn film was undergone by X-ray irradiation (Figure 6c). To improve the signal-to-noise
ratio (20 times), the experiments were carried out at 15 K. After irradiation, the spectrum is
a sum of signals of different origins, which is possibly due to the presence of a hyperfine
interaction of the paramagnetic center with the nuclei of hydrogen 1H or sulfur 33S or
the formation of other types of sulfur radical. Figure 6c also shows the dynamics of the
EPR spectra that decrease in intensity with time. This indicates the lower stability of these
paramagnetic centers, in contrast to the radicals in the powder sample, the spectrum of
which does not change with time.

The 3/3Sn sample was also irradiated with an X-ray source for 1 h, but this procedure
did not lead to the formation of additional EPR signals.

Modern microscopy methods are convenient and effective tools for dynamic study of
the self-healing process [57]. Therefore, the process of self-healing of the formed films based
on the 3/4Sn system was qualitatively assessed using optical microscopy to monitor the
healing of the cut surface under the action of atmospheric oxygen. Initially, the 3D surface
of a 3/4Sn film was created by SEM at low pressure. An uneven thickness distribution in
the film upon drying in air was found (Figure 7a). Micrometer-sized surface scratches were
then made on the surface using a micrometer blade (Figure 7b). The film was stored in the
ambient atmosphere, and the damaged area was monitored using an optical microscope
(Figure 7b, see SI, Figures S42 and S43). The healing response was clearly observed within
2 h at room temperature. The cut healed from the ends where the cut surfaces were closest
to each other. In this case, the cut surface, according to SEM data, was an intergrowth
of dendritic structures directed perpendicular to the cut wall (Figure 7c). This not only
demonstrates the ability of the material to heal, but also opens up the possibility of creating
a material with the function of self-regeneration under the action of biological substrates or
in the body’s environment.
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3.6. Antibacterial Properties of Self-Regenerating Films 3/3Sn, 3/4Sn

Despite the ability of 3/4Sn to self-heal and interact with moxi, the antibacterial drug
may not be available for entry into the bacterial matrix. As a result, the moxi/3/4Sn system
will not inhibit the formation of microbial biofilms.

It is worth noting that, according to the literature data [58], pillar[5]arenenes containing
thioether fragments do not have pronounced cytotoxicity. This makes these compounds
attractive for use in biomedical materials.

To test the ability of a moxi/3/3Sn and moxi/3/4Sn films to suppress the development
of pathogenic microorganisms, we evaluated the formation of bacterial biofilms on the
adhesive surfaces of slide chambers treated with moxi/3/3Sn and moxi/3/4Sn. Pathogenic
microorganisms of the Gram-negative morphotype of the Enterobacteriaceae family [59] and
Gram-positive bacteria Staphylococcaceae have serious impacts on human health. Methicillin-
resistant strains of Staphylococcus aureus attract special attention in the clinic [60]. In this
study, a clinical isolate of Klebsiella pneumonia belonging to the Enterobacteriaceae family
and Staphylococcus aureus ATCC® 29213™ were selected as model pathogens capable of
forming biofilms.

Modification of the surface of adhesive glasses with 3/4Sn, 3/3Sn and moxi/3/4Sn,
moxi/3/3Sn led to a change in the thickness of microorganism biofilms (Figure 8b). On the
surface coated with 3/4Sn and 3/3Sn films, in the case of S. aureus biofilms and biofilm of K.
pneumonia, a slight increase in the total biomass of biofilm was observed compared to the
untreated variant (Figure 8a). A significant scatter of data in this processing option can be
associated with a different area of the modified surface. Addition of moxi into 3/4Sn and
3/3Sn films reduced the total biomass of biofilm of both S. aureus and K. pneumoniae.

Thus, moxi/3/4Sn and moxi/3/3Sn films were formed by sputtering solutions of
tetrablock co-monomers in THF (1 × 10−3 M) in a chamber with an adhesive glass bottom.
The resulting moxi/3/4Sn and moxi/3/3Sn systems were washed five times with distilled
water to remove excess unbound moxi. It was shown that moxi/3/4Sn reduced the capacity
of biofilms formed by S. aureus and K. pneumoniae, by 80% and 48%, respectively (Figure 8a).
In the variant with the moxi/3/3Sn film (1 × 10−3 M), its application reduced the capacity of
the biofilm formed by S. aureus and K. pneumoniae, by 77% and 43%, respectively (Figure 8a).
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Additionally, the inhibition of pathogenic biofilm formation by S. aureus and
K. pneumoniae in the presence of moxi was studied (Figure 8a). An analysis of experimental
data showed that individual moxi suppresses the development of pathogenic biofilms
more effectively. However, moxifloxacin hydrochloride is highly soluble in water, which
makes moxi not applicable under changing environmental conditions. When humidity
changes, moxi will be washed off the treated surface. Doping moxi into the composition
of the polymer film makes it possible to keep it on the surface and create a concentration
gradient near the biofilm. It should be noted that the efficiency of moxi in the composition
of the polymer film remains as high as without it (Figure 8).

Drug release methods are as important as the encapsulation process. As a mechanism
for releasing moxi from the moxi/3/4Sn complex, a guest exchange mechanisms can be
assumed [61]. So, a molecule with a high affinity for the macrocyclic pillar[5]arene should
be chosen as a new guest. As such molecules, some amino acids can be selected like arginine
(Arg) and lysine (Lys). These amino acids are part of the human body proteins—elastin
and collagen. Arginine (Arg) and lysine (Lys) have a large affinity for the carboxylated
pillar[5]arene cavity [62]. The process of pathogenic biofilm formation on the surface of
moxi/3/4Sn will gradually release the encapsulated moxi, thereby ensuring continuous
maintenance of the concentration of the active form of moxifloxacin hydrochloride in the
biofilm matrix and in close proximity to microbial cells.

4. Conclusions

A novel decasubstituted pillar[5]arene containing free mercapto groups, 3, was synthe-
sized and its structure determined by powder X-ray diffraction. Using UV–vis spectroscopy,
the ability of pillar[5]arene 3 to interact with the antimicrobial drug moxifloxacin was
shown. The association constant and stoichiometry of the 3/moxi complex were calculated
by UV–vis spectroscopy from the analysis of binding isotherms for model 3/moxi = 2:1
(logK11 = 2.14 and logK12 = 6.20). The structure of the resulting complex was confirmed
by 2D 1H-1H NOESY NMR spectroscopy. THF soluble tetrablock co-monomers 3/3S and
3/4S were isolated by thiol/disulfide redox reactions of 3 with trimethylolpropane tris(3-
mercaptopropionate) 3S or pentaerythritol tetrakis(3-mercaptopropionate) 4S, the structure
of which was studied by GPC and MALDI mass spectrometry. Spraying of 3/3S and 3/4S so-
lutions in THF (1 × 10−3 M) on the surface of a glass substrate led to the formation of 3/3Sn
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and 3/4Sn polymer films. The formation of films occurs due to the formation of additional
-S-S- bonds between tetrablock co-monomers 3/3S and 3/4S. They were characterized by
TG-DSC analysis, FTIR spectroscopy, and their morphology studied by electron microscopy.
Optical spectroscopy and EPR showed that the resulting 3/4Sn film had the ability to
self-heal under atmospheric oxygen. It was found that the 3/3Sn and 3/4Sn systems do
not affect the formation of biofilms formed by S. aureus and K. pneumoniae. However, the
introduction of the drug moxi into the composition of 3/3Sn and 3/4Sn films resulted in a
noticeable inhibition of the formation of biofilms of these pathogenic microorganisms. The
ability to retain an antimicrobial drug in 3/3Sn and 3/4Sn films after washing with water
was shown by fluorescence spectroscopy. These results open up wide opportunities to
develop new antibacterial polymeric materials with self-healing abilities that are resistant
to external conditions.
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4,8,14,18,23,26,28,31,32,35-deca-[2-mercaptoethoxy]-pillar[5]arene (3) and trimethylolpropane tris(3-
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[2-mercaptoethoxy]-pillar[5]arene (3); Figure S11: IR spectrum of 4,8,14,18,23,26,28,31,32,35-deca-[2-
mercaptoethoxy]-pillar[5]arene (3)-based supramolecular polymer (3)n; Figure S12: IR spectrum of
tetrablock co-monomer, based on 4,8,14,18,23,26,28,31,32,35-deca-[2-mercaptoethoxy]-pillar[5]arene
(3) and trimethylolpropane tris(3-mercaptopropionate), (3/3S); Figure S13: IR spectrum of tetrablock
co-monomer, based on 4,8,14,18,23,26,28,31,32,35-deca-[2-mercaptoethoxy]-pillar[5]arene (3) and
trimethylolpropane tris(3-mercaptopropionate), (3/4S); Figure S14: (a) The 2D 1H-1H NOESY NMR
spectrum of the 3/moxi complex (2:1, 5 × 10−3 M;) in CHCl3/CD3OD = 100:1 at 25 ◦C; (b) 2D
DOSY NMR 3/moxi complex in CHCl3/CD3OD = 100:1 at 25 ◦C (400 MHz, 298K); Figure S15: Size
distribution of the particles by intensity for 3 (1 × 10−4 M) in solvent system THF:CH3OH 100:1 (d =
845 ± 303 nm, PDI = 0.42 ± 0.06); Figure S16: Size distribution of the particles by intensity for 3/3S (1
× 10−5 M) in solvent system THF:CH3OH 100:1 (d = 782 ± 254 nm, PDI = 0.650 ± 0.174); Figure S17:
Size distribution of the particles by intensity for 3/4S (1 × 10−5 M) in solvent system THF:CH3OH
100:1 (d = 640 ± 193 nm, PDI = 0.35 ± 0.02); Figure S18: Size distribution of the particles by intensity
for moxi (1 × 10−4 M) in solvent system THF:CH3OH 100:1 (d = 1269 ± 479 nm, PDI = 0.50 ± 0.14);
Figure S19: Size distribution of the particles by intensity for BCl (1 × 10−4 M) in solvent system
THF:CH3OH 100:1 (d = 209 ± 21 nm, PDI = 0.24 ± 0.06); Figure S20: Size distribution of the particles
by intensity for 3/3S (1 × 10−5 M) + moxi (1 × 10−4 M) in solvent system THF:CH3OH 100:1 (d =
617 ± 203 nm, PDI = 0.34 ± 0.05); Figure S21: Size distribution of the particles by intensity for 3/4S
(1 × 10−5 M) + moxi (1 × 10−4 M) in solvent system THF:CH3OH 100:1 (d = 462 ± 13 nm, PDI =
0.28 ± 0.04); Figure S22: Size distribution of the particles by intensity for (4S)n (1 × 10−5 M) + moxi
(1 × 10−4 M) in solvent system THF:CH3OH 100:1 (d = 561 ± 7 nm, PDI = 0.24 ± 0.02); Figure S23:
Size distribution of the particles by intensity for 3/3S (1 × 10−5 M) + BCl (1 × 10−4 M) in solvent
system THF:CH3OH 100:1 (d = 556 ± 97 nm, PDI = 0.29 ± 0.05); Figure S24: Size distribution of the
particles by intensity for 3/4S (1 × 10−5 M) + BCl (1 × 10−4 M) in solvent system THF:CH3OH 100:1
(d = 553 ± 140 nm, PDI = 0.36 ± 0.10); Table S2: Aggregation of thiols, cross-linked polymers and
model polymers; Figure S25: Absorption spectra of macrocycle 3 (1 × 10−5 M) with a BCl solution (1
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× 10−4 M) in the solvent system THF:CH3OH = 100: 1; Figure S26: Absorption spectra of macrocycle
3 (1 × 10−5 M) with a moxi solution (1 × 10−4 M) in the solvent system THF:CH3OH = 100: 1; Figure
S27: Titration curve for the system macrocycle 3 (0–2.67 × 10−5 M)/moxi (1 × 10−5 M) in solvent
system THF:CH3OH = 100:1; Figure S28: Bindfit (Fit data to 1:1, 1:2 and 2:1 Host–Guest equilibria)
screenshots taken from the summary window of the website supramolecular.org. This screenshots
shows the raw data for UV–vis titration of 3 with moxi, the data fitted to 1:1 binding model (a), 1:2
binding model (b) and 2:1 binding model (c); Figure S29: GPC curves of products 3/3S (eluent-THF,
calibrated by PS standards); Figure S30: GPC curves of products 3/4S (eluent-THF, calibrated by PS
standards); Figure S31: TGA (green) and differential scanning calorimetry (DSC) (blue) curves of 3;
Figure S32: TGA (green) and differential scanning calorimetry (DSC) (blue) curves of 3n; Figure S33:
TGA (green) and differential scanning calorimetry (DSC) (blue) curves of 3/3Sn; Figure S34: TGA
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3/4S (1 × 10−5 M) in the solvent system THF:CH3OH (100:1) after the solvent evaporation; Figure S36:
(a,b) TEM image of 3/4S (1 × 10−5 M)/moxi (1 × 10−4 M) in the solvent system THF:CH3OH (100:1)
after the solvent evaporation; Figure S37: (a,b) SEM image of 3/4S (1 × 10−5 M) in the solvent system
THF:CH3OH (100:1) after the solvent evaporation; Figure S38: SEM image of 3/4S (1 × 10−5 M) at
low pressure in the solvent system THF:CH3OH (100:1) after the solvent evaporation; Figure S39:
Three-dimensional model of 3/4S (1 × 10−5 M) film from SEM images at low pressure; Figure S40:
Three-dimensional model of 3/4S (1 × 10−5 M)/moxi (10−4 M) film from SEM images at low pressure;
Figure S41: AFM image of 3/4S (1 × 10−5 M) film in the solvent system THF:CH3OH (100:1) after the
solvent evaporation; Figure S42: Optical microscope of 3/4Sn film in the solvent system THF:CH3OH
(100:1) after the solvent evaporation with surface disturbance; Figure S43: Optical microscope of
3/4Sn film after 120 min during the H2O2 surface treatment after 120 min; Figure S44: EPR spectra of
3n sample at room temperature in stationary (a) and in pulsed (b) modes of the X-band (9.6 GHz);
Figure S45: EPR spectra of 3/4Sn film and 3/3Sn film at room temperature before irradiation with an
X-ray source.
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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.
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Abstract: According to the World Health Organization, breast cancer is the most common oncological
disease worldwide. There are multiple animal models for different types of breast carcinoma, allowing
the research of tumor growth, metastasis, and angiogenesis. When studying these processes, it is
crucial to visualize cancer cells for a prolonged time via a non-invasive method, for example, magnetic
resonance imaging (MRI). In this study, we establish a new genetically encoded material based on
Quasibacillus thermotolerans (Q.thermotolerans, Qt) encapsulin, stably expressed in mouse 4T1 breast
carcinoma cells. The label consists of a protein shell containing an enzyme called ferroxidase. When
adding Fe2+, a ferroxidase oxidizes Fe2+ to Fe3+, followed by iron oxide nanoparticles formation.
Additionally, genes encoding mZip14 metal transporter, enhancing the iron transport, were inserted
into the cells via lentiviral transduction. The expression of transgenic sequences does not affect cell
viability, and the presence of magnetic nanoparticles formed inside encapsulins results in an increase
in T2 relaxivity.

Keywords: encapsulins; magnetic resonance imaging; fluorescence; cell tracking

1. Introduction

Usually, tumor cells’ in vivo visualization is carried out using optical methods, as well
as MRI and positron emission tomography (PET) methods. For example, it is possible
to perform two-color fluorescent imaging using tumor cells expressing red fluorescence
protein (RFP) transplanted into transgenic mice expressing green fluorescence protein
(GFP) [1]. In addition, there are two-color fluorescent cells with RFP expressed in the
cytoplasm and GFP expressed in the nucleus [2]. Another example of fluorescent labels
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is quantum dots (QDs), which are inorganic fluorescent nanoparticles with great optical
properties such as high quantum yield, high molar extinction coefficients, high resistance to
photo bleaching and chemical decomposition, and restricted emission spectra, compared to
organic dyes [3]. A common disadvantage of fluorescent labels, both exogenous labels and
genetically encoded proteins, is a small penetration depth (about 2 mm), which makes their
use only possible for surface tissues in small animals, for example, for subcutaneous tumor
imaging in mice. In addition, a significant disadvantage of exogenous fluorescent labels is
the decrease in the intensity of the fluorescent signal associated with cell proliferation.

Superparamagnetic iron oxide (SPIO) nanoparticles [4,5] are often considered for
MRI tumor cells tracking. One of the drawbacks of SPIO nanoparticles is the negative
contrast they produce that is often difficult to interpret. An alternative is to use gadolinium-
based agents that give positive contrast on T2-weighted MRI scans. For example, in [6],
rhodamine-conjugated gadolinium nanoparticles were utilized to label and track breast
carcinoma cells in vivo. Cells labeled by such nanoparticles can be visualized using both
MRI and optical imaging; however, the same problem as when using fluorescent labels
remains—the intensity of the MR signal decreases over time due to cell proliferation. In
addition, nanoparticles can be ejected by tumor cells and internalized by phagocytic cells
in the tumor microenvironment, which degrades imaging accuracy.

Finally, more than a decade ago, PET was introduced to visualize malignant cells
using the labels with various half-lives such as 18F-FDG or 64Cu-PTSM [7]. Their main
disadvantages are toxicity and short half-life, which do not allow the long-term monitoring
of tumor cells in vivo.

In light of the above, developing a stable and non-toxic label that allows the non-
invasive tracking of tumor cells remains highly relevant. Encapsulins, protein nanocom-
partments with a high molecular weight, homologous in structure to viral capsids (icosahe-
dral shells consisting of protomer proteins), were first discovered in 1994 in Brevibacterium
linens [8]. Later, it was found that encapsulins occur in many other bacterial strains and
archaea [9–11]. Q. thermotolerans encapsulin can accumulate more than 30,000 iron atoms
inside its shell, which is an order of magnitude more than the amount of iron accumulated
in ferritins. The diameter of the Q.thermotolerans encapsulin shell is large (42 nm) and
consists of 240 protomers (32.2 kDa each). The accumulation of iron inside the encapsulin
shell results from a catalytic activity of IMEF (Iron-Mineralizing Encapsulin-Associated
Firmicute) cargo protein. It is assumed that, in wild-type Q. thermotolerans, encapsulins
protect cells against oxidative stress by depositing iron inside the nanocompartments,
thereby reducing the amount of free iron in the cytoplasm [12]. In this paper, we present
Q. thermotolerans encapsulin-based genetic label, which is stably expressed in 4T1 mouse
carcinoma cells.

To obtain a 4T1 cell line with a stable expression of Q. thermotolerans encapsulins
genes (4T1-Qt), lentiviral transduction was performed using two viral vectors that carry
genes encoding encapsulin shell and cargo protein (QtEncFLAG-QtIMEF), as well as genes
encoding the divalent metal transporter (mZip14). We used ferrous ammonium sulfate
(FAS) as a source of Fe2+. The entire system works as follows: Fe2+ ions from FAS are
transported into cells via mZip14 and enter the encapsulin nanocompartments. There,
under the action of IMEF, Fe2+ is oxidized, resulting in iron oxide nanoparticles, which
further allow 4T1-Qt cell tracking by MRI.

2. Materials and Methods
2.1. Cell Line

4T1 mammary mouse carcinoma cells were cultured in RPMI 1640 media (Gibco,
Waltham, MA, USA) supplemented with antibiotics (100 U/mL penicillin, 100 mg/mL
streptomycin, Gibco), GlutaMax Supplement (2 mM, Gibco), and 10% fetal bovine serum
(HyClone, Cytiva, Washington, DC, USA). The cells were cultured under standard condi-
tions (37 ◦C and 5% CO2) in T-75 cultural flasks (Corning, New York, NY, USA) and used
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between 5 and 13 passages. Upon reaching high confluence, the cells were subcultured at a
ratio of 1:4–1:6 following the standard trypsinization method.

2.2. Lentivirus Production and Lentiviral Transduction of Cells

HEK293T packaging cells were seeded in 6-well tissue culture plates (3.0 × 106 cells
per plate) and cultured in complete DMEM medium (Gibco) at 37 ◦C and 5% CO2. After 24 h
of cultivation, lentiviral packaging plasmids (pRSV-Rev, pMDLg/pRRE, pCMV-VSV-G),
plasmid-carrying encapsulin genes (pLCMV QtEncFLAG-QtIMEF), and plasmid encoding
genes of iron transporter (pLCMV mZip14) were added to the cells in Opti-MEM medium.
Individual lentiviral vector was constructed for QtEncFLAG-QtIMEF and mZip14. Then, 24 h
after transfection, the medium was aspirated and replaced with DMEM supplemented with
2–5% FBS and antibiotics. Viruses were harvested 48 and 72 h post-transfection, loaded onto
a 20 mL syringe, and filtered through a 0.45µm syringe filter (Merck). Transduction 4T1
carcinoma cells with the lentiviral vectors was performed according to standard protocol
in DMEM growth medium supplemented with 10% heat-inactivated FBS and polybrene
(8 µg/mL, Sigma-Aldrich, Darmstadt, Germany). Lentiviruses were added to give a MOI of
4 for each virus; 48 h after transduction, the selection was started using puromycin (Thermo
Fisher Scientific, Waltham, MA, USA) at a concentration of 5 µg/mL, and the medium with
puromycin was changed to a new one every other day.

2.3. Reverse Transcription Polymerase Chain Reaction (RT-PCR)

The cells obtained after lentiviral infection were analyzed by reverse transcription
polymerase chain reaction. Total RNA was extracted by Extract RNA reagent (Evrogen,
Moscow, Russia) according to the manufacturer’s protocol. RNA concentrations and
quality were assessed by spectrophotometry. Then, cDNA was synthesized with Invitrogen
SuperScript III Reverse Transcriptase (Thermo Fisher, Waltham, MA, USA) and oligo-DT
and random primers. The cDNA and negative control (RNA with no reverse transcriptase
added) were used for classical PCR with Taq polymerase (Fermentas, Waltham, MA, USA).
The products of PCR were separated in a 1% agarose gel electrophoresis. The amplified
fragments were identified by their length.

2.4. Western Blot Analysis

Western blot analysis was carried out as described earlier [13]. Briefly, 4T1-Qt cells
were lysed using RIPA buffer, and the resulting lysate was precipitated (15 min, 14,000× g).
Sample buffer 5× was added to different amounts of cell lysate, heated at 95 ◦C, then
cooled on ice. Samples were loaded onto a gel and electrophoresed (80 V for 25 min and
100 V for 1.5 h); then, the gel was transferred into a transfer buffer. The nitrocellulose
membrane was activated and placed over the gel. The transfer was carried out in a chamber
filled with transfer buffer for 1 h at 100 V. Then, the membrane was washed three times to
remove transfer buffer residues in PBST. To prevent nonspecific binding, the membrane
was incubated in a PBST solution with 5% non-fat milk for 2 h and washed again. The
membrane was incubated with anti-DYKDDDDK Tag antibodies (1:1000, BioLegend, San
Diego, CA, USA) for 2 h, followed by washing three times. After that, alkaline horseradish
peroxidase conjugated secondary antibodies (1:1000, goat anti-mouse IgG, Santa Cruz
Biotechnology,) were added. Clarity Max Western ECL Substrate kit (BioRad, Hercules,
CA, USA) was used to reveal the result. The results were registered with the ChemidocMP
Imaging system (BioRad, Hercules, CA, USA).

2.5. Immunofluorescence Staining

For direct immunofluorescence analysis, 4T1 and 4T1-Qt cells were seeded on a
35 mm µ-Dish with a polymer coverslip bottom for high-end microscopy (Ibidi, Grafelfing,
Germany) in the amount of 5 × 104 cells/dish, cultured for 24 h in standard conditions,
fixed by 4% formaldehyde in 1 × PBS (Sigma-Aldrich, Darmstadt, Germany), and stained
by Monoclonal Antibody to DYKDDDDK Tag (L5), Alexa Fluor 647 (1:250, BioLegend, San
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Diego, CA, USA), according to the manufacturer’s instructions. Nuclei were counterstained
with DAPI (1:500, Sigma Aldrich, Darmstadt, Germany).

2.6. Laser Scanning Confocal Microscopy

Fluorescence confocal micrographs were captured with the Nikon Eclipse Ti2 mi-
croscope (Minato, Tokyo, Japan) equipped with ThorLabs laser (Newton, NJ, USA) and
scanning systems, Nikon Apo 25×/1.10 water immersion objective lens (Minato, Tokyo,
Japan), Nikon Plan Apo 10×/0.45 objective lens (Minato, Tokyo, Japan), and 405 and
642 lasers. Scanning was performed using the ThorImageLS software (Newton, NJ, USA),
ImageJ2 FiJi was used to process the images.

2.7. MTS-Assay

Cytotoxicity FAS for 4T1 and 4T1-Qt cells were performed via CellTiter 96 AQueous
One Solution Cell Proliferation Assay (Promega, Madison, WI, USA) according to manufac-
turer’s protocol. 4T1 and 4T1-Qt cells were seeded at 8 × 103 cells/well in a 96-well culture
plate in 100 µL of the medium per well. After 24 h of incubation, FAS (Sigma-Aldrich,
Darmstadt, Germany) at different concentrations (4 mM, 2 mM, 1 mM, 0.5 mM, 0.25 mM,
and 0.13 mM) was added to the cells. After 24 h incubation, the cells were washed with
PBS, and a fresh growth medium with MTS reagent was added in each well. Non-treated
cells by FAS were used as a positive control. The cells were incubated with MTS reagent
for 4 h at 37 ◦C and 5% CO2 in the humid atmosphere. The assay was conducted in three
replicates. Optical density was measured using a Multiscan GO plate reader (Thermo
Scientific, Waltham, MA, USA), λ = 490 nm.

Cell viability was calculated as:

Cell viability (%) = (As − Ab)/(Ac − Ab) × 100 (1)

where As—mean optical density in sample wells, Ab—mean optical density in blank wells,
Ac—mean optical density in positive control wells.

2.8. Magnetic-Activated Cell Sorting (MACS)

The magnetic sorting of 4T1 and 4T1-Qt cells after 24 h of incubation with 2 mM
FAS was performed using a magnetic separation kit (Miltenyi Biotech, Bergisch Gladbach,
North Rhine-Westphalia, Germany). The cells were thoroughly washed from FAS with
PBS and then removed from the plastic by trypsinization, precipitated (500 g, 5 min), and
resuspended in 1.5 mL of PBS containing 2% FBS, and the number of cells was counted
using an automatic cell counter. MS columns were placed in the magnetic field of an
OctoMACS Separator and equilibrated with 0.5 mL PBS per column (Gibco, Waltham,
MA, USA). The cell suspension was applied to magnetic columns, and free-passing cells
were collected in a 15 mL tube. The columns were washed 3 times with 1 mL of PBS
containing 2 % FBS, removed from the separator’s magnetic field, and placed in a new
15 mL tube. Then, 1 mL of PBS with 2% FBS was added to the column, and the cells retained
in the column were eluted using a plunger. Next, the cells were pelleted (500 g, 5 min),
resuspended in a complete growth medium, and counted. The isolated cells were further
cultured under standard conditions.

2.9. Prussian Blue Staining

4T1 and 4T1-Qt cells were seeded at 2 × 105 cells/dish in 35 mm Petri dishes and
cultured for 24 h. FAS (4 mM, 2 mM, 1 mM, 0.5 mM, 0.25 mM, and 0.13 mM) was added to
the cells, and they were incubated with FAS for 24 h. Afterward, the cells were thoroughly
washed with PBS, fixed by 4% formaldehyde in PBS, and then stained using Iron Stain Kit
(Sigma-Aldrich), according to the manufacturer’s instructions. Images of 4T1 and 4T1-Qt
cells were taken with an inverted microscope Primo Vert (Zeiss, Oberkochen, Germany).

79



Nanomaterials 2022, 12, 1657

2.10. Transmission Electron Microscopy (TEM)

4T1-Qt cells were seeded in µ-Slide 8 Well (Ibidi, Grafelfing, Germany) at a concentra-
tion of 4 × 104 cells/well and cultured in a growth medium (composition described above)
supplemented with 2 mM FAS for 24 h. Afterward, the cells were thoroughly washed with
PBS and fixed with 2% paraformaldehyde and 2.5% glutaraldehyde (Sigma-Aldrich, Darm-
stadt, Germany) in PBS, pH 7.4. Then, the cells were postfixed with 1% osmium tetroxide
solution and dehydrated in ethanol of increasing (50%, 70%, 80%, and 95%) concentration.
Finally, the cell sample was embedded in an Epoxy resin using an Epoxy embedding
medium kit (Sigma Aldrich) according to the manufacturer’s protocol. Ultrathin (70 nm)
cell sections were obtained with an EM UC6 ultramicrotome (Leica, Wetzlar, Germany).
Imaging was performed with a JEOL JEM 1400 electron microscope (Akishima, Tokyo,
Japan).

2.11. Measurement of Intracellular Iron Content by Atomic Emission Spectroscopy (AES)

4T1-Q and 4T1 (control) cells were cultured in 6-well plates (5 × 105 cells/well). To
investigate the iron accumulation in cells, the growth medium was supplemented with
2 mM, 1 mM, 0.5 mM, and 0.25 mM FAS for 24 h. Then, the cells were thoroughly washed
with PBS, detached with 0.25% trypsin solution, precipitated by centrifugation, and counted.
For each cell line, 1.6 × 106 cells were dissolved in 70 µL of concentrated nitric acid for
2 h at 60 ◦C. Iron concentration was determined using an Agilent 4200 MP-AES atomic
emission spectrometer (Santa Clara, CA, USA).

2.12. MRI

For T2 relaxometry measurement, 4T1 and 4T1-Qt cells were incubated with 2 mM and
1 mM FAS for 24 h. Afterward, cells were washed 3 times with DPBS, detached with TripLE,
and centrifuged at 500× g for 5 min. The pellets (5 × 106 cells each) were resuspended in
200 µL DPBS and transferred to 500 µL PCR tubes. Cells were then spun down at 500× g for
2 min and used for MRI. MRI images were acquired on ClinScan 7T system (Bruker Biospin,
Billerica, MA, USA) in Spin Echo sequence with the following parameters: TR = 10,000, slice
thickness 1.2 mm, FoV 84 × 120, base resolution 448 × 640, TE 8, 16, 24, . . . , 256.

2.13. Animals and Tumor Model

All manipulations with experimental animals were approved by the local Ethical
Committee of the Pirogov Russian National Research Medical University. Six- to eight-week-
old female BALB/c mice were purchased from Andreevka Animal Center (Andreevka,
Russia). Tumors were induced via subcutaneous injection of 1 × 106 cells (4T1 and 4T1-Qt.
Tumor size and animal weight were monitored twice a week. The tumor volume (V) was
calculated as V = a2/2 × b, where a is the smaller of the two orthogonal sizes (a and b),
measured by caliper. Animals were euthanized when the tumors reached 500 mm3 or
body weight loss exceeded 10% with a lethal dose of isoflurane. For immunohistochemical
analysis (12 days after 4T1 and 4T1-Qt cells implantation), isolated tumors were postfixed
for 24 h in 4% paraformaldehyde solution in PBS, and 40–60 µm tumor slices were obtained
using an HM 650v vibratome (Microm GmbH, Ettlingen, Germany). The tumor slices were
stained by mono-clonal Antibody to DYKDDDDK Tag (L5) and Alexa Fluor 647 (1:100,
BioLegend, San Diego, CA, USA), and nuclei were counterstained with DAPI (1:400, Sigma
Aldrich, Darmstadt, Germany).

3. Results
3.1. Expression of Bacterial Genes in Eukaryotic Cells

We used two lentiviruses to obtain 4T1 cells with stable expression of Q.thermotolerans
encapsulin-encoding genes: QtEncFLAG-QtIMEF-encoding encapsulin protomer and cargo
protein, and mZip14-encoding iron transporter. The expression of encapsulin genes was
validated via RT-PCR (Figure 1a). The protein expression of QtEncFLAG protomer was
confirmed using Western blot analysis against FLAG-tag on the protomer protein. Figure 1b
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demonstrates a band at approximately 35 kDa. The signal level in Western blot increased
with the amount of cell lysate loaded into the gel.
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Figure 1. (a) RT-PCR analysis of 4T1-Qt cells; (b) Western blot analysis against FLAG-tag on
Q.thermotolerans encapsulin protomer proteins in 4T1-Qt cells.

We also performed direct immunofluorescence staining of 4T1-Qt cells using primary
labeled monoclonal anti-DYKDDDDK Tag antibodies that bind to the FLAG sequence
coexpressed with QtEncFLAG, i.e., on encapsulin protomer proteins. Wild-type 4T1 cells
were used as a control. The high-intensity red fluorescent signal from Alexa Fluor 647 label
in 4T1-Qt cells (Figure 2a) is visible in the micrograph. In control 4T1 cells stained with
anti-DYKDDDDK Tag antibodies, a red fluorescent signal was not detected (Figure 2b).
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Confocal microscopy resolution is not enough to detect individual 42 nm diameter
encapsulins, so this imaging method is relatively coarse. In addition, we used the TEM
to visualize the iron oxide nanoparticles formed inside the encapsulins, allowing us to
estimate the efficiency of iron biomineralization and storage.

3.2. Iron Biomineralization Inside the Encapsulins

We hypothesized that when FAS is added to wild-type 4T1 cells, excess iron may
have a toxic effect due to ferritin overload and accumulation of free iron in the cytoplasm.
In contrast, in genetically modified 4T1-Qt, part of the iron ions will be sequestered into
encapsulins, which may reduce toxicity. From the data presented in Figure 3, it can be seen
that our hypothesis was confirmed in the 0.25–4 mM FAS concentration range.
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Figure 3. Cytotoxicity assay of various FAS concentrations in the growth medium for 4T1 and 4T1-Qt
cells. The data are shown as the mean + S.D. of three independent experiments. p values were
calculated using a one-tailed t-test, assuming unequal variances (** indicate p-value < 0.001, * indicate
p-value < 0.05).

Knowing the toxicity of FAS for 4T1 and 4T1-Qt cells, we decided to qualitatively
assess iron accumulation in cells via Prussian blue staining using the same concentrations
of FAS as in the cytotoxicity assay. In a series of micrographs, the light blue staining of
iron deposits in 4T1-Qt cells after 24 h incubation with FAS in the 0.25–2 mM concentration
range is detected (Figure 4a, stained areas are indicated by black arrows). At 4 mM FAS,
deviations in cell morphology and a decrease in the number of cells per well are seen,
consistent with the toxicity assay data (only 54% of 4T1-Qt cells remained viable after 24 h
incubation with 4 mM FAS). In contrast, no staining of control 4T1 cells was detectable
after 24 h incubation with FAS at the same concentrations (Figure 4b). We can also observe
the toxic effect of FAS on 4T1 cells at 0.25–4 mM concentration, in the form of a significant
decrease in the density of the cell monolayer, the presence of cell debris, rounded cells, and
cells with atypical morphology.

AES was used to quantify the iron accumulation in 4T1 and 4T1-Qt cells after the
incubation with 0.25 mM, 0.5 mM, 1 mM, and 2 mM FAS (Figure 5).
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one-tailed t-test, assuming unequal variances (* indicate p-value < 0.05).

It was found that iron accumulates in 4T1-Qt cells in a dose-dependent manner, and
intracellular iron concentration increases proportionally to the amount of FAS added to
the growth medium. The iron accumulation in 4T1-Qt cells is significantly higher than the
same value in wild-type 4T1 cells.

Finally, we performed TEM imaging of encapsulins in 4T1-Qt cells after the incubation
with 2 mM FAS for 24 h. We expected to find encapsulin-derived iron oxide nanoparticles
within each cell. However, during TEM micrographs analysis, we noticed that the num-
ber of nanoparticles per cell is quite variable. For example, some of the cells contained
electron-dense particles (Figure 6a); however, there were also cells without nanoparticles
inside the encapsulin shells (Figure 6b). Both vectors used for transduction contained the
same antibiotic resistance genes (puromycin). Thus, there were not only cells where both
transgenic sequences survived during the selection, but also cells without mZip14. For
MRI studies, such heterogeneity is unacceptable; therefore, it was necessary to obtain a
more homogeneous cell line in terms of nanoparticle content.

3.3. Genetically Encoded Labels for MRI

To select the cells with high numbers of iron oxide-loaded encapsulins, MACS of
4T1-Qt cells preincubated with 2 mM FAS was performed. The magnetic sorting efficiency
was about 2% (in other words, 2% of target cells were retained within the magnetic column).
The sorted 4T1-Qt cells were then expanded and used to determine the T2 relaxation time
in vitro. The same was conducted for the sorted 4T1-Qt cells after 24 h of incubation with
1 mM and 2 mM FAS. Wild-type 4T1 cells were used as a control (Figure 7).
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Figure 6. Bright-field TEM image of an ultrathin section of a 4T1-Qt cell, aggregated encapsulin shells
in the cytoplasm are highlighted by a square (a), and red arrows indicate electron-dense nanoparticles
in 4T1-Qt cell cytoplasm cell, scale bar 500 nm and 2 µm, respectively (b).
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Figure 7. T2 relaxation time for 4T1 and 4T1-Qt cells. The data are shown as the mean + S.D. Statistical
analysis was performed using an unpaired t-test (* corresponds to p-value < 0.05).

The relaxation time of wild-type 4T1 cells after their incubation with FAS was not
measured. It is known that, in cells dying by ferroptosis, the intensity of the MR signal
may increase [14,15], and this experiment was deemed inappropriate in our case (cf. FAS
toxicity data presented above).

It is well-known that xenogeneic proteins expression can affect cell growth rate and
their tumorigenic potential by suppression of the tumor growth via immune mecha-
nisms [16]. For a comparative assessment of the growth dynamics of tumors obtained from
4T1 and 4T1-Qt cells, tumor volumes were measured on different days after subcutaneous
tumor cells implantation. Transgenic and wild-type tumors transplanted into mice reached
detectable size 3–5 days after implantation. Our experiments showed that the dynamics of
4T1 and 4T1-Qt tumor growth did not differ (Figure 8).
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Figure 8. Tumor growth dynamics after subcutaneous implantation of wild-type 4T1 and 4T1-Qt
cells. The data are shown as the mean + S.E.M.
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This data indirectly confirm the absence of 4T1-Qt cells immunogenicity in immuno-
competent mice.

We also provide direct immunofluorescence staining of 4T1- and 4T1-Qt-cell-induced
tumor sections, using primary labeled antibodies to FLAG Tag sequence. Figure 9 shows
confocal images of the tumor sections obtained 12 days after the injection of 4T1 and 4T1-Qt
cells. Confocal microscopy images demonstrate a bright red fluorescent signal in 4T1-Qt
cells induced tumor section. In control 4T1-cell-induced tumors stained with anti-FLAG
Tag antibodies, a red fluorescent signal was not detected.
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Figure 9. 4T1-Qt- (a) and 4T1- (b) cell-induced tumors sections stained with Alexa Fluor 647 anti-
DYKDDDDK Tag antibody (red fluorescence). Nuclei were counterstained with DAPI (blue fluores-
cence). Laser scanning confocal microscopy, scale bar 100 and 1000 µm.

4. Discussion

The choice of the 4T1 cell line was based on the growth and metastasis of these
cells in female BALB/c mice, closely mimicking stage IV human breast cancer. Tumors
induced by subcutaneous injection of 4T1 cells in mice spontaneously metastasize to the
lungs in almost 100% of cases, as well as to bones, lymph nodes, and, less often, to the
brain [17,18]. We hope that the encapsulin-based label will allow us to study the growth
and metastasis of 4T1-Qt tumors in vivo via MRI. Our previous study [13] has shown
that the stable heterologous expression of Myxococcus xanthus encapsulin genes can be
achieved in human mesenchymal stem cells (MSCs). The presence of transgenic sequences
in cells did not reduce the rate of cell proliferation, and the T2 relaxation time of MSCs
containing nanoparticles in encapsulins was significantly lower than the T2 relaxation time
of intact MSCs. Another work [19] demonstrated that the encapsulin cargo system from
Q. thermotolerans may be suitable for HepG2 hepatocellular carcinoma cells vizualisation.
Thus, in the future, encapsulin-based genetic labels might be successfully used for MRI
monitoring of eukaryotic cells.

Compared to our previous work, the label has been optimized; namely, two viral
vectors instead of three are used to obtain a cell line stably expressing encapsulin genes. In
addition, the efficiency of lentiviral transduction of malignant cells was higher compared to
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stem cells. Another significant improvement of this study is MACS, which is well-suited for
tumor cells despite their low sorting efficiency. Due to the rapid proliferation of malignant
cells, it is still possible to obtain a sufficiently large encapsulin-enriched cell fraction.

It is well-known that iron metabolism in tumor cells is often altered compared to
non-malignant ones, which also applies to the 4T1 cell line. As in many carcinomas, 4T1
cells have an increased expression level of a type 1 transferrin receptor (TfR1) gene [20].
More importantly, these cells have a reduced expression of a gene encoding ferroportin
(FPN) [21]—a transmembrane protein that transports iron ions from cells to the extracellular
environment. As mentioned before, in Q.thermotolerans, encapsulins presumably perform
a protective function by sequestering free cytoplasmic iron. Our data suggest that this
protective mechanism can also be realized in eukaryotic cells with a heterologous expression
of encapsulin genes.

AES data indicate that iron accumulation in 4T1-Qt cells is dose-dependent. The intra-
cellular iron concentrations per cell for 4T1 and 4T1-Qt cells after the incubation with 2 mM
FAS are almost an order of magnitude different (0.1 ± 0.05 pg/cell and 0.7 ± 0.2 pg/cell,
respectively). For a 4T1-Qt line obtained in this study, the maximum concentration of FAS
allowing us to reach the maximum concentration of intracellular iron while maintaining
the cell viability is 2 mM. In wild-type 4T1 cells, iron is stored mostly in the protein ferritin.
Each ferritin complex can accumulate about 4000 iron atoms, while in transgenic 4T1-Qt
cells, iron storage also occurs inside the encapsulins, which can accumulate more than
30,000 iron atoms inside its shell. Thus, while intact cells die due to iron overload, 4T1-Qt
cells remain viable because extra iron added in the cell culture medium is deposited inside
encapsulins shells. That is why iron accumulation in 4T1-Qt cells is significantly higher
than in wild-type 4T1 cells.

MRI data have shown lower T2 relaxation times for MACS-separated 4T1-Qt cells after
24 h incubation with FAS at 1 mM and 2 mM concentrations (120 ± 14 ms and 134 ± 15 ms,
respectively) in comparison with 4T1 cells (294 ± 53 ms).

Finally, preliminary in vivo studies showed no significant differences in the dynamics
of tumor growth, which indicates that the genetically encoded label does not affect cell
proliferation in mouse breast carcinoma model, and the encapsulin encoding sequence is
stably present in 4T1-Qt cells, even 12 days after implantation in mice.

5. Conclusions

In this work, we describe the 4T1 mouse carcinoma cell line stably expressing Qt
encapsulin genes for the first time. The latter do not alter the viability and proliferation of
4T1-Qt cells; moreover, Qt encapsulins have a protective effect against high concentrations
of iron ions, at the same time providing a dose-dependent iron accumulation in 4T1-Qt
cells. Finally, in vitro MRI study showed a decrease in T2 relaxation time for magnetically
sorted 4T1-Qt cells compared to wild-type 4T1 cells. We believe that this is an essential step
towards the future in vivo MRI monitoring of malignant cells.
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Abstract: Metal nanoparticles are increasingly used as key elements in the fabrication and processing
of advanced electronic systems and devices. For future device integration, their charge transport
properties are essential. This has been exploited, e.g., in the development of gold-nanoparticle-based
conductive inks and chemiresistive sensors. Colloidal wires and metal nanoparticle lines can also be
used as interconnection structures to build directional electrical circuits, e.g., for signal transduction.
Our scalable bottom-up, template-assisted self-assembly creates gold-nanorod (AuNR) lines that
feature comparably small widths, as well as good conductivity. However, the bottom-up approach
poses the question about the consistency of charge transport properties between individual lines, as
this approach leads to heterogeneities among those lines with regard to AuNR orientation, as well
as line defects. Therefore, we test the conductance of the AuNR lines and identify requirements for
a reliable performance. We reveal that multiple parallel AuNR lines (>11) are necessary to achieve
predictable conductivity properties, defining the level of miniaturization possible in such a setup.
With this system, even an active area of only 16 µm2 shows a higher conductance (~10−5 S) than a
monolayer of gold nanospheres with dithiolated-conjugated ligands and additionally features the
advantage of anisotropic conductance.

Keywords: self-assembly; gold nanorods; anisotropic conductance

1. Introduction

Metal nanoparticles (NPs) are increasingly used as key elements in the fabrication
and processing of advanced electronic systems and devices. At a comparably small size
(e.g., >1.4 nm for gold [1]), an electronic band structure develops, and metal NPs become
electrically conductive. In addition, gold NPs can serve as model systems in fundamental
research [2] because of their precise shapes, chemical stability, ease of surface functionaliza-
tion and processability.

In many applications, the conductivity of gold NP assemblies is crucial. It has been
exploited, e.g., in the development of gold-NP-based conductive inks [3]. Assembled
metal NPs and metal NP films can also be implemented into strain-sensitive [4] or resistive
pressure-sensitive devices [5–7], which can be used, e.g., in healthcare [8]. Moreover,
the fact that gold NPs possess a high surface-to-volume ratio proved them useful as
sensing platforms to detect alcohols or neurotransmitters [9,10], solvent vapor [11–13], or
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electrochemical reactions [14] upon adsorption. Furthermore, arrays of parallel colloidal
nanowires can be implemented to create surfaces with anisotropic conductance [15]. These
could be used as interconnection structures to build electrical circuits, e.g., for signal
transduction of directional mechanical events.

The step from single NPs to electronic components such as colloidal nanowires requires
NP arrangement into tailored supracolloidal structures. The assembly of metal NPs into
lines, as well as the optical properties of the resulting colloidal wires have been the subject
of a plethora of investigations. Lines of plasmonic nanoparticles show optical effects, such
as the coupling of plasmonic modes [16–19], and higher enhancement factors for surface-
enhanced Raman spectroscopy (SERS) than single plasmonic NPs [20,21]. Whereas top-
down methods can fabricate metal nanowires of arbitrary shape, large-scale fabrication is
challenging, and lithographic methods are energy consuming and environmentally critical.
In contrast, colloidal nanowire fabrication via self-assembly is scalable and has a reduced
environmental footprint. Various bottom-up methods have been employed to assemble
metal NPs into lines and stripes, including spin coating [20,22,23], dip coating [19,24],
microfluidics [25] and capillary-assisted assembly [26]. The above-mentioned papers
partially include testing the conductivity of the fabricated linearly assembled NPs. Studies
on the conductivity mechanisms in three-dimensional networks of metal NPs [27] and in
non-linear gold nanosphere chains [28] report that hopping dominates the charge transport
at room temperature.

However, even for the fabrication of colloidal gold nanowires, top-down methods [17,26]
are often used. Among the existing colloidal nanowires, there are only a few examples of linear
gold nanorod (AuNR) assemblies. AuNR lines offer lower percolation thresholds for electrical
conduction compared to colloidal nanowires composed of less anisotropic nanoparticles [29].
Therefore, they are well-suited for creating micron-sized surfaces with anisotropic conductivity.
Most of the fabricated AuNR lines have widths in the (sub-)micrometer range, which is
unfavorable for pushing the limit of device miniaturization. The printed stripes of poly
[2-(3-thienyl)-ethyl-oxy-4-butylsulfonate]-functionalized AuNRs by Reiser et al. had low
resistivities of 10−6 Ωm, but, on the other hand, widths of several hundred micrometers [3].
Rey et al. used a procedure of template-assisted capillary assembly of AuNRs by polydimethyl
siloxane (PDMS) templates based on electron-beam lithography-made masters, which relies
on lithographic processing steps. The resulting single AuNR lines had gaps of 5–7 nm between
the AuNR tips and did not show any measurable conductance [26]. Despite the partial use
of expensive methods, in none of these examples were the AuNR lines obtained with small
dimensions while still maintaining acceptable conductivity values.

In contrast, our bottom-up, template-assisted, self-assembled AuNR lines feature
comparably small widths [3,30] and better conductivities than other comparable assem-
blies, such as gold nanospheres with dithiolated-conjugated ligands [31]. Nevertheless,
the bottom-up approach for preparing AuNR lines poses the question about the consis-
tency of charge transport properties between individual lines, as this approach leads to
heterogeneities among those lines with regard to AuNR orientation, as well as line defects.
However, consistent charge transport properties are essential for future device integration.
Therefore, the motivation of this work was to test the conductance of the AuNR lines and
identify requirements for reliable performance. We revealed that multiple parallel AuNR
lines (>11) are necessary to achieve predictable conductivity properties, defining the level
of miniaturization possible in such a setup. Thereby, we set the foundation to use AuNR
lines as resistance-based sensor wires or as anisotropically conducting surfaces in devices
on the meso scale.

2. Materials and Methods

Materials. Cetyltrimethylammonium bromide (CTAB, 99%) was received from Merck
chemicals. Cetyltrimethylammonium chloride (CTAC), HAuCl4·3H2O (99.9%), HBr (48%
in water), silver nitrate (AgNO3, 99.9999%), sodium borohydride (NaBH4, 99%), and
hydroquinone (99%) were purchased from Sigma-Aldrich. Photoresist maP-1215 and the
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developer maD-331/S were purchased from micro-resist technology. All chemicals were
used as received. Purified water (Milli-Q-grade, 18.2 MΩ cm at 25 ◦C) was used as obtained
from the purification system.

Gold Nanorod (AuNR) Synthesis. AuNRs were synthesized with minor modifica-
tions, as published elsewhere [32]. Briefly, seed particles were prepared by adding 3 mL
of a freshly prepared 0.01 M NaBH4 solution in a 47 mL mixture of 0.1 M CTAB and
0.25 mM HAuCl4 under vigorous stirring at 40 ◦C. The solution was stirred rapidly for
2 min, followed by continued slow stirring at 32 ◦C for 30 min. A 1 L of 0.1 M CTAB
solution was prepared and 5 mL of 0.1 M HAuCl4 solution (fc.: 0.5 mM), 500 µL of 0.1 M
HBr, and 4 mL of 0.1 M AgNO3 were added (f.c.: 0.4 mM). Of the 0.1 M hydroquinone
solution (f.c.: 5 mM), 50 mL was added as the reducing agent while stirring and 2 min later,
18 mL of the as-prepared seed solution was added and kept at 32 ◦C for at least 48 h.

Vis-NIR measurements. The extinction spectrum of the CTAC-stabilized AuNRs in
aqueous solution were acquired with the spectrophotometer Cary 5000 (Agilent Technolo-
gies Deutschland GmbH, Germany). With the intensity of the extinction spectrum (Figure 1)
at a wavelength of 400 nm (interband transition of gold [33], the concentration of the AuNR
dispersion was calculated.

TEM measurements. Transmission electron microscopy (TEM) measurements were
performed with a Libra200 (Zeiss, Germany) operated at an acceleration voltage of 200 kV.
For TEM analysis, 1 mL as-synthesized nanoparticle solutions were concentrated to 50 µL
via centrifugation, and washed twice to reduce the surfactant concentration below the
critical micelle concentration (cmc; ~0.9 mM). Subsequently, 2–5 µL of these solutions
were dried on a 400 mesh copper grid covered with a carbon support film. The geometric
dimensions of over 250 AuNRs were determined by using ImageJ.

Template Fabrication. Wrinkled PDMS templates were fabricated as follows. Pre-
polymer and agent from the PDMS Sylgard 184 kit were mixed in a ratio of 10:1. It was
hardened for 1 day at room temperature and subsequently cured at 80 ◦C for about 4 h.
Stripes of 1.0 cm × 4.5 cm were cut from the cooled PDMS. To create wrinkles on the
PDMS surface, a PDMS stripe was formed to 140% of its original length by a custom-made
stretching device. After treatment with oxygen plasma (80 W, 0.2 mbar) for 5 min, the
PDMS stripe was released to its original length. This procedure resulted in wrinkles with a
wavelength of about 950 nm and a depth of ca. 220 nm.

Substrate Fabrication. Si/SiO2(230 nm) wafers (15 × 15 mm) were used as the sub-
strate, and gold electrodes of 80 µm width and 1.5 µm channel length (finger width 10 µm)
were photolithographically prepared using a chromium adhesion layer. Photoresist maP-
1215 was spin-coated on the wafer (3000 rpm; 30 s) and soft-baked on the hot plate (100 ◦C)
for 60 s. A Karl Süss Mask Aligner MA/BA6 was used for light exposure and after develop-
ment in maD-331/S, the substrates were metallized with 3 nm chromium and 30 nm gold in
a PLS570 evaporator. The lift-off was done in acetone in an ultrasonic bath for two minutes.

Template-Assisted Self-Assembly of AuNRs. The substrates were cleaned by soni-
cation in acetone and isopropanol, consecutively, blow-dried (air) and cleaned for 5 min in
UV/ozone. The AuNRs were assembled from the aqueous solution. Of a 10 mg/mL solu-
tion with 1 mM CTAC, 2 µL was deposited on top of a substrate and a 12 × 12 mm PDMS
template with the wrinkles being oriented perpendicular to the gold electrodes (Figure 2a)
was left on top for 4 h, giving rise to the AuNR lines due to confinement assembly (see
Figure 1c). Usually, a AuNR line has a width of 300 nm and is formed by the template with
a periodicity of around 905 nm, see Figure 2a.

Electrical Measurements. Electrical measurements were executed at room tempera-
ture under nitrogen in a Lake Shore Cryotronics probe station CRX-6.5K with a Keith-
ley 2634B System Source Meter, and the samples were contacted with tungsten two-
point probes.
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Scanning Electron Microscopy. Scanning electron micrographs were taken using a
HITACHI model SU8030 at 30 kV.

3. Results and Discussion
3.1. Fabrication

Gold nanorods (AuNRs) with an aspect ratio of 7.3 were synthesized as previously
described. Shortly, seeded growth was performed with tetrachloroauric acid in aqueous
solution of Cetyltrimethylammoniumbromide (CTAB) with AgNO3 and hydroquinone.
Into this mixture, single crystalline gold seeds were injected rapidly while vortexing by
hand, followed by overnight resting at 32 ◦C, exchange of the stabilizing surfactant to
CTAC, and purification. Thorough purification and consistent behavior of the colloids
would not have been ensured with CTAB due to crystallization [34]. The exchange of the
surfactant from CTAB to CTAC, however, enabled easy handling of the colloidal AuNRs at
room temperature.

The positions of the plasmonic modes of the AuNRs in the UV-vis spectrum (Figure 1a)
at 505 nm (transversal) and at 1107 nm (longitudinal) correlate to the length of 118 ± 16 nm
and width of 16 ± 1 nm derived from the TEM images (Figure 1b and Figure S1) [35,36].
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Figure 1. (a) Vis-NIR spectrum of the AuNRs with the transversal plasmon mode at 505 nm and the
longitudinal plasmon mode at 1107 nm. (b) TEM image of AuNRs and (c) scheme of the template-
assisted self-assembly of the AuNRs from aqueous solution on a Si/SiO2 (230 nm) wafer with a
wrinkled PDMS template.

To create AuNR lines, template-assisted self-assembly with wrinkled PDMS tem-
plates was used, since it allowed for easy and cost-effective assemblies on various sub-
strates [37,38]. We chose an FET substrate consisting of a Si/SiO2(230 nm) wafer with
photolithographically deposited gold electrodes. The PDMS templates were fabricated by
treating stretched PDMS stripes with oxygen plasma, followed by relaxation. This results in
PDMS stripes with a wrinkled surface of sinusoidal shape. By changing the parameters of
the plasma treatment, the geometrical dimensions of the wrinkles, periodicity and feature
height can be tuned [39–41] and thereby, adjusted exactly to the required dimensions of
the attempted application. AuNRs were assembled from aqueous solution into lines by
confinement assembly (see Figure 1c). This is a template-assisted self-assembly method in
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which the colloids are confined between the PDMS template and the substrate [37]. The
AuNR lines formed in the grooves of the wrinkles (Figure 1c). The PDMS templates had a
periodicity of 950 nm and depth of 220 nm. These dimensions allowed for the flow of the
AuNRs through the channels between the substrate and the template during the assembly
process, but still provided enough confinement to result in narrow AuNR lines, with widths
of 319 ± 139 nm (Figure 2a).
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AuNR lines perpendicular to the gold electrodes of the substrate.

3.2. Measurement Results

To measure the resistance of these AuNR lines, the electrode array of the substrate
with parallel gold electrodes was used. The AuNR lines were assembled perpendicular
to the electrodes, thereby connecting the electrodes (see Figure 2b). The center-to-center
distance of the AuNR lines was about 905 ± 31 nm. The resistance was measured between
each of the two parallel gold electrodes with a distance (channel length) of 1.5 µm.

The measured resistances were then correlated with SEM images of the AuNR lines.
For each measured channel, the resistance and total number of continuous, electrode-
connecting AuNR lines was noted as in the examples in Figure 3a,b. Any AuNR lines with
gaps larger than 50 nm in between were not counted. This “coarse-grained” approach
still does not rule out that there is no conductivity due to smaller gaps, as will become
apparent in further discussion. As electronic conductivity decreases exponentially with the
increasing spacing between the gold NPs [42–46], we do not expect charge to be transferred
from one AuNR to another if the gap between them is 5–7 nm or larger [26].

The channel in Figure 3 (i) does not show a continuous AuNR line, and consequently,
there is no conductance (R = 3.3 TΩ). In Figure 3 (ii) there is one continuous AuNR line
visible and, thus, to that, the resistance measurement shows a much lower resistance of
79 GΩ. This is comparable with the resistances of 1 nm spaced gold nanowires, which
have similar widths as this AuNR line [47]. In accordance with the literature of colloidal
nanowires, the AuNR line shows an ohmic behavior at room temperature in this low-
voltage regime [48,49]. The channel depicted in Figure 3 (iii) is connected by six AuNR
lines, and a resistance of 7.4 MΩ was measured. For all the studied channels with a
conductivity higher than the detection limit, the current-vs-voltage curves exhibited ohmic
behavior, independent of the number of connecting AuNR lines. After acquiring the data
for all channels, we correlated the number of apparently continuous AuNR lines with the
corresponding resistances (see Figure 3c).
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3.3. Discussion

In Figure 3c, the measured resistances for each channel are plotted against the corre-
sponding number of continuous AuNR lines, n. The more AuNR lines connect a pair of
electrodes, the lower the measured resistance. The large scattering of the resistances for a
lower n can be attributed to AuNR lines with strongly deviating resistance due to lower
or a complete lack of conductance. If a channel has only a few conductive AuNR lines, its
conductivity will be more severely affected by a low or non-conductive line, as is the case
with many lines per channel. Unlike the scattering resistances for low numbers of AuNR
lines, the total channel resistances converge for n > 11 and are constant within one order
of magnitude (~105 Ω). Therefore, it can be concluded that more than 11 AuNR lines are
needed for reliable conductance.
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As for the non-conductive AuNR lines, we cannot rule out that some seemingly
channel-bridging AuNRs still have charge-transport interrupting gaps which could
not be detected by the coarse-grained SEM method. For the conducting AuNR lines,
the reasons for deviating conductance can be manifold. Firstly, they can be attributed
to the nonuniform arrangement of AuNRs in different AuNR lines. This causes a
distribution of the number of charge–transport paths in the AuNR lines (corresponding
to resistors connected in parallel) and of the number of resistive gaps within such a
charge–transport path (corresponding to resistors connected in a series). Secondly, as
we work with a CTAC concentration around the critical micelle concentration during the
AuNR line assembly, the formation of the CTAC bilayers around the AuNRs could differ
from one AuNR to another. The formation of the CTAC bilayers between the AuNRs
is linked to the gap size and the latter one to the resistance of this gap. Assembled
CTAC-stabilized AuNRs were shown to have a minimum distance of 3.4 nm, which
corresponds to the thickness of a shared interdigitated CTA+ bilayer [50]. The thickness
of CTA+ multilayers can also be significantly larger (i.e., 9 nm) as Sau and Murphy [50]
reported, thus giving rise to a larger gap resistance, contributing to an increased total
resistance of the AuNR line.

To attempt a more detailed account of the consistency of the resistances, we consider
the AuNR lines as ohmic resistors Ri connected in parallel. The measured total resistance
Rtotal of each channel then results as:

1
Rtotal

=
n

∑
i=1

1
Ri

, (1)

with Ri being the resistance of an individual AuNR line in one channel. We cannot know the
resistance of every single AuNR line, but we can model the resistance with the assumption
that every AuNR line in a considered channel has the same resistance, Rsingle. Although
this assumption may have weaknesses (as can be seen from the comparably large scattering
of resistances in Figure 3c), it helps in assessing the resistance measurement data. Assuming
all Ri = Rsingle, Equation (1) yields

1
Rtotal

= n· 1
Rsingle

, (2)

with n as the total number of continuous AuNR lines within the relevant channel. Figure S2
shows that the Rsingle values are roughly constant for n > 11, and therefore supports the
assumption of our model of uniform AuNR lines acting as ohmic resistors connected in
parallel. To calculate a general Rsingle, we can use a linear regression for the total channel
resistances, Rtotal versus 1

n , with Rsingle, fitted as the slope of the linear graph:

Rtotal = Rsingle, fitted(n > 11)· 1
n

. (3)

With a coefficient of determination of 0.81, this linear regression gives a slope, i.e., Rsingle, fitted

of 5.3·106 Ω (see Figure S3). This single AuNR line resistance is in the range of the lowest
resistances measured for similarly sized gold nanowires, which were about 1 nm apart from
each other [47]. This shows that despite the surfactant-induced gaps, the charge transport
along the AuNR lines works remarkably well. Inserted into the plot of the total channel
resistances versus the number of AuNR lines per channel (Figure 4), the modeled total
channel resistance, Rtotal,model, fits the measured data well for the ohmic-resistors regime for
n > 11 and even for the smallest values of the total channel resistances for a lower n.
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Our conductivity measurement results mirror the heterogeneities of the AuNR ar-
rangement between different AuNR lines, which results in strongly fluctuating resistances
for small numbers of AuNR lines. However, by connecting electrodes with several (n > 11)
AuNR lines, this heterogeneity does not negatively impair the consistency of conductivity
measurements. Hence, the assembly of multiple conductive supracolloidal lines offers a
suited approach to mitigate inconsistency in the transport behavior of this promising class
of mesoscale electronic materials. This approach takes up an area of 10.8 µm × 1.5 µm for
12 parallelly aligned AuNR lines with a center-to-center distance of about 950 nm. Such a
system still shows higher conductance (~10−5 S) than a monolayer of gold nanospheres
with dithiolated-conjugated ligands (>10−7 S) [31], and additionally features the advantage
of anisotropic conductance.

4. Conclusions

In summary, we successfully fabricated AuNR lines via template-assisted self-assembly
and characterized their conductance. By using bottom-up fabricated PDMS templates and
wet-chemically synthesized AuNRs for the confinement assembly, the whole process of the
linear assembly did not require expensive equipment. Another advantage is the possibility
to print these AuNR lines on a plethora of materials [37,38], including heat-sensitive
polymer films, since our fabrication process does not include sintering. Additionally, our
structures feature comparably low dimensions in terms of the AuNR line width [3,30].
We observed a dependence of the conductance on the number of channel-bridging AuNR
lines. For more than 11 AuNRs per channel, the single-line resistances approached a
unified behavior, described by the ohmic model of uniform resistors connected in parallel.
The results demonstrate that consistent conductivity properties can be reached if several
supracolloidal wires are employed, even if their conductivity properties fluctuate strongly
among the individual lines. This is especially applicable to the development of sensors
based on surfaces with anisotropic resistance properties. With our approach, the active
areas can be as small as 16 µm2, but also as large as cm2 [18], depending on the intended
application. In this regard, the up-scalable fabrication and integration of our AuNR lines
into robust technical processes is promising for future device integration [51].

Supplementary Materials: The supporting information can be downloaded at: https://www.mdpi.
com/article/10.3390/nano13091466/s1, Figure S1: Histograms of the AuNRs’ dimensions, their
width and length, derived from TEM measurements; Figure S2: Conductivity measurements: Calcu-
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lated mean resistance for single AuNR lines; Figure S3: Linear fit of the measured R_total and model
for R_total by using the R_(single, fitted) derived from the linear regression; Figure S4: Conductivity
measurements: (a) calculated conductances per AuNR line and (b) total channel conductances G,
measured and modeled values; Figure S5: The measured channel resistances for n = 1, n = 2, n = 3
and n = 4 exemplarily illustrate the scattering of the total channel resistances R_total for small n.

Author Contributions: Conceptualization, M.H., C.A.S., M.M., C.R., M.S. and A.F.; methodology, M.H.
and C.A.S.; formal analysis, M.H., C.A.S.; investigation, M.H., C.A.S., M.M.; resources, M.S. and A.F.;
data curation, M.H. and C.A.S.; writing—original draft preparation, M.H. and C.R.; writing—review
and editing, M.H., C.A.S., M.M., C.R., M.S. and A.F.; visualization, M.H. and C.A.S.; supervision, M.S.
and A.F.; project administration, M.S. and A.F.; funding acquisition, M.S. and A.F. All authors have read
and agreed to the published version of the manuscript.

Funding: The studies were performed within the LaSensA project carried out under the M-ERA.NET
2 scheme European Union’s Horizon 2020 research and innovation program (grant no. 685451), and
were co-funded by the Research Council of Lithuania (LMTLT), agreement no. S-M-ERA.NET-21-2,
the National Science Centre of Poland, project no. 2020/02/Y/ST5/00086, and the Saxon State
Ministry for Science, Culture and Tourism (Germany), grant no. 100577922, as well as by the tax
funds on the basis of the budget passed by the Saxon state parliament. We gratefully acknowledge
financial support from the Deutsche Forschungsgemeinschaft (DFG) within RTG2767, project no.
451785257. C.A.S. gratefully acknowledges funding by the DFG under grant SCHE1905/9-1. M.M.
gratefully acknowledges funding by the Deutsche Forschungsgemeinschaft (DFG, German Research
Foundation, 453211202). C.R. gratefully acknowledges receipt of a Liebig fellowship (Fonds der
Chemischen Industrie). M.S. gratefully acknowledges funding by the European Research Council
(ERC) under the European Union’s Horizon 2020 research and innovation program (grant agreement
no. 802822), as well as by the DFG under grant SCHE1905/9-1.

Data Availability Statement: The data presented in this study are available on request from the
corresponding authors.

Acknowledgments: We would like to thank Elke Nadler for SEM measurements, Andre Maier for
the optical lithography and for SEM measurements, and Daniel Schletz for valuable discussion.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Schmid, G.; Corain, B. Nanoparticulated Gold: Syntheses, Structures, Electronics, and Reactivities. EurJIC 2003, 2003, 3081–3098.

[CrossRef]
2. Maurer, J.H.; Gonzalez-Garcia, L.; Reiser, B.; Kanelidis, I.; Kraus, T. Templated Self-Assembly of Ultrathin Gold Nanowires by

Nanoimprinting for Transparent Flexible Electronics. Nano Lett. 2016, 16, 2921–2925. [CrossRef] [PubMed]
3. Reiser, B.; Gonzalez-Garcia, L.; Kanelidis, I.; Maurer, J.H.M.; Kraus, T. Gold nanorods with conjugated polymer ligands: Sintering-

free conductive inks for printed electronics. Chem. Sci. 2016, 7, 4190–4196. [CrossRef] [PubMed]
4. Jia, P.; Kong, D.; Ebendorff-Heidepriem, H. Flexible Plasmonic Tapes with Nanohole and Nanoparticle Arrays for Refractometric

and Strain Sensing. ACS Appl. Nano Mater. 2020, 3, 8242–8246. [CrossRef]
5. Schlicke, H.; Rebber, M.; Kunze, S.; Vossmeyer, T. Resistive pressure sensors based on freestanding membranes of gold nanoparti-

cles. Nanoscale 2016, 8, 183–186. [CrossRef]
6. Schlicke, H.; Kunze, S.; Rebber, M.; Schulz, N.; Riekeberg, S.; Trieu, H.K.; Vossmeyer, T. Cross-Linked Gold Nanoparticle

Composite Membranes as Highly Sensitive Pressure Sensors. Adv. Funct. Mater. 2020, 30, 2003381. [CrossRef]
7. Su, Y.S.; Yang, W.R.; Jheng, W.W.; Kuo, W.; Tzeng, S.D.; Yasuda, K.; Song, J.M. Optimization of Piezoresistive Strain Sensors Based

on Gold Nanoparticle Deposits on PDMS Substrates for Highly Sensitive Human Pulse Sensing. Nanomaterials 2022, 12, 2312.
[CrossRef]

8. Ketelsen, B.; Yesilmen, M.; Schlicke, H.; Noei, H.; Su, C.H.; Liao, Y.C.; Vossmeyer, T. Fabrication of Strain Gauges via Contact
Printing: A Simple Route to Healthcare Sensors Based on Cross-Linked Gold Nanoparticles. ACS Appl. Mater. Interfaces 2018,
10, 37374–37385. [CrossRef]

9. Lin, H.Y.; Chen, H.A.; Lin, H.N. Fabrication of a single metal nanowire connected with dissimilar metal electrodes and its
application to chemical sensing. Anal. Chem. 2008, 80, 1937–1941. [CrossRef]

10. Hsu, M.S.; Chen, Y.L.; Lee, C.Y.; Chiu, H.T. Gold nanostructures on flexible substrates as electrochemical dopamine sensors. ACS
Appl. Mater. Interfaces 2012, 4, 5570–5575. [CrossRef]

11. Joseph, Y.; Krasteva, N.; Besnard, I.; Guse, B.; Rosenberger, M.; Wild, U.; Knop-Gericke, A.; Schlogl, R.; Krustev, R.; Yasuda, A.;
et al. Gold-nanoparticle/organic linker films: Self-assembly, electronic and structural characterisation, composition and vapour
sensitivity. Faraday Discuss. 2004, 125, 77–97, discussion 99–116. [CrossRef] [PubMed]

98



Nanomaterials 2023, 13, 1466

12. Ahn, H.; Chandekar, A.; Kang, B.; Sung, C.; Whitten, J.E. Electrical Conductivity and Vapor-Sensing Properties of ω-(3-
Thienyl)alkanethiol-Protected Gold Nanoparticle Films. Chem. Mater. 2004, 16, 3274–3278. [CrossRef]

13. Milyutin, Y.; Abud-Hawa, M.; Kloper-Weidenfeld, V.; Mansour, E.; Broza, Y.Y.; Shani, G.; Haick, H. Fabricating and printing
chemiresistors based on monolayer-capped metal nanoparticles. Nat. Protoc. 2021, 16, 2968–2990. [CrossRef] [PubMed]

14. MacKenzie, R.; Fraschina, C.; Dielacher, B.; Sannomiya, T.; Dahlin, A.B.; Voros, J. Simultaneous electrical and plasmonic
monitoring of potential induced ion adsorption on metal nanowire arrays. Nanoscale 2013, 5, 4966–4975. [CrossRef] [PubMed]

15. Chen, S.; Pan, Q.; Wu, T.; Xie, H.; Xue, T.; Su, M.; Song, Y. Printing nanoparticle-based isotropic/anisotropic networks for
directional electrical circuits. Nanoscale 2022, 14, 14956–14961. [CrossRef]

16. Barrow, S.J.; Funston, A.M.; Gomez, D.E.; Davis, T.J.; Mulvaney, P. Surface plasmon resonances in strongly coupled gold
nanosphere chains from monomer to hexamer. Nano Lett. 2011, 11, 4180–4187. [CrossRef]

17. Slaughter, L.S.; Willingham, B.A.; Chang, W.S.; Chester, M.H.; Ogden, N.; Link, S. Toward plasmonic polymers. Nano Lett. 2012,
12, 3967–3972. [CrossRef]

18. Hanske, C.; Tebbe, M.; Kuttner, C.; Bieber, V.; Tsukruk, V.V.; Chanana, M.; Konig, T.A.; Fery, A. Strongly coupled plasmonic modes
on macroscopic areas via template-assisted colloidal self-assembly. Nano Lett. 2014, 14, 6863–6871. [CrossRef]

19. Tebbe, M.; Mayer, M.; Glatz, B.A.; Hanske, C.; Probst, P.T.; Muller, M.B.; Karg, M.; Chanana, M.; Konig, T.A.; Kuttner, C.; et al.
Optically anisotropic substrates via wrinkle-assisted convective assembly of gold nanorods on macroscopic areas. Faraday Discuss.
2015, 181, 243–260. [CrossRef]

20. Mueller, M.; Tebbe, M.; Andreeva, D.V.; Karg, M.; Alvarez Puebla, R.A.; Pazos Perez, N.; Fery, A. Large-area organization
of pNIPAM-coated nanostars as SERS platforms for polycyclic aromatic hydrocarbons sensing in gas phase. Langmuir 2012,
28, 9168–9173. [CrossRef]

21. Pazos-Pérez, N.; Ni, W.; Schweikart, A.; Alvarez-Puebla, R.A.; Fery, A.; Liz-Marzán, L.M. Highly uniform SERS substrates formed
by wrinkle-confined drying of gold colloids. Chem. Sci. 2010, 1, 174. [CrossRef]
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Abstract: Metallic nanoparticles show plasmon resonance phenomena when irradiated with elec-
tromagnetic radiation of a suitable wavelength, whose value depends on their composition, size,
and shape. The damping of the surface electron oscillation causes a release of heat, which causes
a large increase in local temperature. Furthermore, this increase is enhanced when nanoparticle
aggregation phenomena occur. Local temperature increase is extensively exploited in photothermal
therapy, where light is used to induce cellular damage. To activate the plasmon in the visible range,
we synthesized 50 nm diameter spherical gold nanoparticles (AuNP) coated with polyethylene glycol
and administered them to an E. coli culture. The experiments were carried out, at different gold
nanoparticle concentrations, in the dark and under irradiation. In both cases, the nanoparticles
penetrated the bacterial wall, but a different toxic effect was observed; while in the dark we observed
an inhibition of bacterial growth of 46%, at the same concentration, under irradiation, we observed
a bactericidal effect (99% growth inhibition). Photothermal measurements and SEM observations
allowed us to conclude that the extraordinary effect is due to the formation, at low concentrations,
of a light-induced cluster of gold nanoparticles, which does not form in the absence of bacteria,
leading us to the conclusion that the bacterium wall catalyzes the formation of these clusters which
are ultimately responsible for the significant increase in the measured temperature and cause of the
bactericidal effect. This photothermal effect is achieved by low-power irradiation and only in the
presence of the pathogen: in its absence, the lack of gold nanoparticles clustering does not lead to any
phototoxic effect. Therefore, it may represent a proof of concept of an innovative nanoscale pathogen
responsive system against bacterial infections.

Keywords: gold nanoparticles; light-induced clusterization; pathogen responsive; E. coli infection

1. Introduction

Gold nanoparticles are widely used in the manufacture of numerous products, from
electronics to biomedical devices [1–9]. In particular, they have raised high interest in cell
biology and biomedicine due to their unique chemical, optical and electronic properties
that result from their minute size [10–13]. Interestingly, when light interacts with gold
nanoparticles, it is both scattered and absorbed causing a surface plasmon excitation and
the resulting spectral shape of the absorbed radiation depends on many factors such as
the size, shape, composition, and environment of the nanoparticles [14–20]. Over the
years, scientists around the world have been experimenting with the synthesis of metal
nanoparticles of different shapes and sizes. This is because the properties of nanoparticles
depend on their nanostructure. By changing the nanostructural properties, the plasmonic
properties change accordingly. Great interest has been aroused in the gold nanoparticles,
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which have a plasmon band that falls in the visible range, but can also move towards
the wavelengths of NIR [21–23]. In addition, the surface of gold nanoparticles can be
easily functionalized with amino groups or thiol groups [24], and still biomolecules such
as DNA and proteins are used as covering agents of gold nanoparticles [25]. The ease of
characterization of nanoparticles has also contributed to increased interest in the “nano
world” [26,27].

A key aspect in uncovering more new biomedical applications of gold nanoparti-
cles is their cellular uptake [28,29]. Despite numerous studies in this field, the current
understanding of the factors influencing the cellular internalization of nanoparticles re-
mains very limited. It is accepted that commonly used gold nanoparticles are able to
cross cell membranes, usually via endocytic pathways; however, the effectiveness of ab-
sorption depends on the charge, as well as the size, shape, and surface chemistry of the
nanoparticles [29–38]. Bulk gold is considered to be biologically inert; on the other hand, at
nanoscale size, gold has different attributes due its surface plasmon resonance excitation
features [39]. It is important to underline that, as the nanotechnology field continues to
develop, several studies in understanding the size- and shape-dependent toxicity of gold
nanomaterials are being carried out. These studies are increasingly emphasizing how
different morphologies of the nanoparticles have a different impact on organisms and on
the consequent applications [40–43]. Several studies have been conducted on clusterization
of nanoparticles during their interaction with living cells. The result is that the nanoparticle
cluster greatly enhances diagnostic sensitivity and therapeutic effectiveness compared to
individual nanoparticles [44].

Gold nanoparticles (AuNP) are appealing photothermal candidates because they
show efficient local heating upon excitation of surface plasmon oscillations [45–47]. The
strong absorption, efficient light/heat conversion, and high photostability, contribute
to arousing increasing interest in the photothermal applications of gold nanoparticles
that permit a directional control of the incident radiation on the administration region
of the these phototransducers, resulting in localized heat transfer to the surrounding
environment [28,48–50]. When discussing the photothermal activity of gold nanoparticles,
several important parameters are implicitly considered: the wavelength of the laser, that
should be matched with the peak of the plasmonic band of the used nanoparticles [51], the
power of the laser, and the nanoparticle’s size. In particular, the higher the power of the
laser, the higher the temperature increase [5,46,52,53]. Furthermore, by increasing the size
of the nanoparticles, the temperature increases as well [17]. However, a high-power laser
can itself cause damage to the cellular environment, and it is not possible to administer
nanoparticles with a large size [54].

Herein, we show the interaction between gold nanoparticles and bacterial popula-
tions [55–57], i.e., Escherichia coli [58–61], in dark or light conditions [62–64]. In fact, recently,
gold nanoparticles have also gained interest for their antibacterial properties against differ-
ent microorganisms [65]. We prepared 50 nm-diameter gold nanospheres, covered with
thiolate polyethylene glycol (PEG-SH), well known to not have significant antibacterial
effects [36]. From an accurate study performed by the use of electron microscopies, it was
possible to observe the uptake of nanoparticles within bacterial cells as well as the pleomor-
phism (rough surface) and shrinkage in size because of increased cell death [61,66–70] An
antibacterial test, performed by varying AuNP concentration (from 0.26 to 3.54 µg/mL),
clearly indicates that E. coli exposure to gold nanoparticles inhibits bacterial growth, and
that this inhibition, directly proportional to the nanoparticle concentration, is mainly ob-
served in light conditions. We administered the light to the bacteria simultaneously with the
dosage of the nanoparticles, and this caused the fast aggregation of nanoparticles, induced
by light [71], on the bacterial surface. According to our previous studies [17,18], the clusters
have a greater photothermal effect than single nanoparticles, and this was confirmed by
the total bacterial inhibition growth. Since this clustering occurs only in the presence of
bacteria, this system may represent a proof-of-concept of an innovative nanoscale pathogen
responsive system against bacterial infections. To the best of our knowledge, we are propos-
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ing the first example of a system able to activate only in the presence of the bacterial cells,
and to have a bactericidal effect even at low concentrations. In particular, it is important to
underline that in this work several limitations have been overcome, in fact, a low-power
laser and small-sized gold nanoparticles have been employed obtaining, as the result, a
complete inhibition of bacterial E. coli growth.

2. Materials and Methods

Chemicals. All chemicals were purchased from Sigma-Aldrich (Schnelldorf, Germany)
(highest purity grade available) and used as received. Tetrachloroauric acid trihydrate
(HAuCl4·H2O, ≥99.9%), sodium citrate C6H5Na3O7·2H2O (99%), Milli-Q water (resistivity
18.2 MΩ·cm at 25 ◦C) were used in all experiments. All glassware was washed with
aqua regia, rinsed with water, sonicated threefold for 3 min with Milli-Q water, and dried
before use.

Sterile tissue culture plates of polystyrene, 6-well, 35mm, non-treated Biofil. E. coli
(DSM 1576 Medium 1) from DSMZ (German Collection of Microorganisms and Cell Cul-
tures, Braunschweig).

Exponential growth phase. E. coli solution was diluted (1:100 v/v) in 20 mL of fresh
DMS Medium 1 to restart the cell cycle and after 3 h of incubation at 37 ◦C the cells were
synchronized at the log phase of the growth curve, featured with the optical density at
600 nm of 0.4–0.6. At this OD value, the cells divide and the growth rate is constant and the
cells are in exponential growth phase.

Gold spheres covered with sodium citrate (AuNS@Citrate). Seed solution. A water solution of
sodium citrate (6.0 E-2 M) was stirred vigorously and heated until the boiling temperature.
At this point, 1 mL of HAuCl4 0.025 E-3 M was added. Immediately, the reaction was
cooled to 90 ◦C. The decrease in the temperature provides the inhibition of a new nucleation,
favoring the consequent overgrowth of the seeds. Sodium citrate has two functions: it
reduces Au (III) to Au (0) and coats the seed to prevent their aggregation. Within 10 min,
the color of the solution changed from yellow to bluish grey and then to soft pink. Growth
solution. After temperature stabilized to 90 ◦C, 1 mL of sodium citrate (0.060 E-2 M) and
1 mL of a HAuCl4 solution (0.025 E-3 M) were consecutively added. By repeating this
process various times, it was possible to obtain citrate-coated gold nanospheres with an
increasing diameter [17,72]. To accelerate the process, the sample was diluted by extracting
a 55 mL aliquot and adding 53 mL of hot distilled water to it, followed by 2 mL of 0.06 E-3 M
sodium citrate water solution. When the temperature was stabilized at 90 ◦C, 1 mL of
HAuCl4 was added. By repeating the process six times, nanospheres with 50 nm diameter
were obtained, characterized by UV–Vis absorption spectroscopy and TEM.

Gold spheres covered with thiolate polyethylene glycol (AuNS@PEG-SH). A water solution
of PEG-SH was prepared (30 mg in 1 mL) and added to 25 mL of 5 E-4 M water-dispersed
AuNS@Citrate. The sample was left under stirring overnight, and then purified by unlinked
PEG-SH (three centrifuge cycles, 600 rpm). The solid residue was dissolved in water
(Figure 1) [15].

 

 

 

 

 

Fig.1 UV-Vis extinction spectrum and TEM image of AuNS@PEG-SH 
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Fig.2 Secondary electrons (on the left) and backscattered electrons (on the right) paired images demonstrating the uptake of AuNP in both 
non-irradiated (A, B) and irradiated (C, D) E. Coli cells. Irradiated E. Coli cells show greater pleomorphism (rough surface) and shrink in 
size because of increased cell death. Large aggregates of AuNP adhere onto the cell surface.  
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Figure 1. UV–Vis extinction spectrum and TEM image of AuNS@PEG-SH.

103



Nanomaterials 2023, 13, 746

Preparation of microorganism suspension. The antibacterial potential of synthesized
AuNPs with and without irradiation was tested against one human pathogen bacterial
strain: E. coli (DSM 1576 Medium 1), as a model for Gram-negative bacteria. The lyophilized
microorganisms were pre-cultured aerobically, with shaking in 50 mL of DSM Medium 1 for
E. coli for 24 h at 37 ◦C, and were maintained on nutrient agar NA slants (0.5% beef extract,
1% peptone, 0.5% NaCl, and 1.5% agar). The organisms were stored at 4 ◦C and subcultured
at regular intervals of 30 days to maintain the cell viability. The bacterium was transferred
from stored slants at 4 ◦C to 10 mL of nutrient broth (meat extract, peptone, NaCl), and
cultivated overnight at 37 ◦C. Considering that, for E. coli, an OD600 nm of 0.1 corresponds
to a concentration of approx. 108 cells/mL, for experiments, the bacterial cultures were
diluted in sterile PBS (phosphate-buffered saline) to obtain a microorganism suspension of
about 104 cells/mL. To evaluate the antibacterial performances of gold nanoparticles against
E. coli and of their photothermal bactericidal property, we used the growth inhibition assay.
This method determines the number of viable bacteria, colony-forming units (CFU/mL)
after 24 h of contact between microorganism and AuNPs, in the dark and irradiated. The
bacterial suspension of 2 × 104 cells, in the exponential phase of growth, were added to
the gold nanoparticles diluted in the growth DSM Medium 1 (1:500) to reach four final
gold nanoparticle concentrations: 0.26, 0.39, 1.56, 3.54 µg/mL, in a final volume of 2ml,
and placed in petri wells of 35 mm. A duplicate of these samples was irradiated with a
green light source for 5 min. In addition, the bacterial strain sample without nanoparticles
was used as negative control. All petri wells were incubated at 35 ◦C for 24 h with 95%
humidity and were shaken at 200 rpm on a stirrer plate (Orbital Shaker, PSU-10i, Grant-bio).
Cell division occurs slowly because the growth medium is very diluted.

All samples were collected and 100 µL of appropriate dilution was spread over the
surface of the nutritive agar using a sterile bent plastic rod. After incubation at 35 ◦C for
24 h, the number of CFU was evaluated. Each experiment was performed in duplicate and
repeated 3 times. The inhibitory effect was calculated using the following formula:

Percent inhibition = 1 − T/C × 100

where T is the CFU/mL of the test sample after 24 h, and C is the CFU/mL of the control
after 24 h [73,74].

Electron microscopy (TEM and SEM), dynamic light scattering (DLS), photophysical
and photothermal measurements

Transmission electron microscopy (TEM). The size and shape of gold nanoparticles were
characterized using a transmission electron microscope (TEM). Samples for TEM were pre-
pared by depositing a drop of a diluted solution on formvar/carbon-film-coated 300 mesh
copper grids for 15 min. This process was followed by the removal of extra solution using
blotting paper. After that, the grids were allowed to dry prior to measurement. The analysis
was carried out on a JEOL JEM-1400 Plus transmission electron microscope at an operating
voltage of 80 kV [75].

Scanning electron microscopy (SEM). SEM analysis was carried out to investigate the
uptake and effects of AuNP on bacterial cell morphology. Briefly, samples were fixed with
3% glutaraldehyde for 2 h and dehydrated with a graded series of ethanol solutions (50%,
60%, 70%, 80%, 90%, 99%, and anhydrous ethanol) for 10 min each. Prior to observation,
specimens were coated with graphene films and finally viewed under a scanning electron
microscope ZEISS Crossbeam 350 operating at 10.00 kV. Both secondary electrons (SE)
and backscattered electrons (BSE) images were simultaneously acquired and compared.
Acquisition by SE revealed topographic information with excellent resolution. With the
use of BSE, the inorganic AuNP and the organic structures were distinguished by virtue
of their different atomic number. This atomic number sensitivity creates contrast in the
image where the inorganic NPs (with high atomic number) appear as bright spots, while
the organic structures (bacterial cells) with low atomic number appear darker. This enables
the ready visualization of inorganic NPs and their location both outside and/or inside
the cells.
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The analysis of interactions of gold nanoparticles with bacteria and their morphological
effects requires high resolution imaging techniques due the extremely small size of the
plasmonic metal nanoparticles. Nanoparticles are not individually distinguishable with
conventional optical microscopy, since their size is below the resolution limit. Thanks to its
high resolution, transmission electron microscopy (TEM) has proven to be a powerful tool
that allows observation of nanoparticles inside the cells, and is widely used for the analysis
of nanoparticle uptake and relationships with cell and tissue components [76]. However,
sample preparation can be a rather challenging, laborious, and/or time-consuming process,
and the obtained information for each sample is limited to the thickness of the cell slices [77].
A new generation of high-resolution SEM (HRSEM) provides less limitation, with a final
image resolution better than 1 nm, that makes it possible to analyze the interactions/uptake
of metallic nanoparticles by cells. HRSEM benefits from the rapid (but accurate) method
for the sample preparation and the higher depth-of-field imaging, thereby providing
detailed information on the 3D morphological organization of cells. Using this technique,
it is possible to visualize the interaction of NPs with the cell membrane and map their
3D distribution.

Dynamic light scattering (DLS). Size distribution of nanoparticles was measured by
dynamic light scattering, by using a Zetasizer Nano S from Malvern Instruments (632.8 nm,
4 mW HeNe gas laser, avalanche photodiode detector, 175◦ detection). The measurements
were performed in triplicate at 25 ◦C. AuNS@PEG in water and AuNS@PEG in PBS were
characterized. The results are showed in Figure S1 (Supplementary Material).

Photophysical characterization. Perkin Elmer Lambda 900 spectrophotometer was em-
ployed to obtain the absorption spectra [78–80]. An amount of 3 mL of the nanoparti-
cle dispersion was transferred from the reaction flask to a quartz cuvette to carry out
the measurement.

Photothermal characterization. Solutions were irradiated, within a customized thermo-
optical setup, by using a CW laser source (gem532; Laser Quantum, Stockport, UK),
emitting at 532 nm in the high-absorption plasmonic band of the investigated AuNPs. The
laser beam acted perpendicularly (from the top) to the air/solution interface, using three
mirrors, in the central part of a quartz cuvette. A high-resolution thermal camera was used
to map and quantify the temperature increase of the AuNPs solutions under top-pumping
laser excitation. The IR thermoimages were recorded by ThermoCamera FLIR (A655sc),
providing thermal images with 640 × 480 pixels, with an accuracy of ±2 ◦C.

3. Results

The extinction spectrum in Figure 1 shows a 540 nm band due to the plasmonic
resonance of 50 nm- diameter AuNS@PEG-SH, while the TEM image confirms the shape
and size of synthetized gold nanoparticles.

AuNS@PEG-SH were administered to E. coli culture, at different concentrations, in
dark or light conditions. The results of cell inhibition growth are shown in Table 1. In
Table S1 (Supplementary Material), for more clarity, the results of the original experiments
with counting colonies are also reported.

According to these results, in the dark, the administration of gold nanoparticles to
E. coli has no detectable effect at low concentrations (0.26 and 0.39 µg/mL), while at the
concentration of 1.56 µg/mL there is a growth inhibition of 15%, which reaches a greater
bacteriostatic effect at the concentration value of 3.54 µg/mL, causing a growth inhibition of
46%. These results show that the MIC (minimum inhibitory concentration) of AuNS@PEG-
SH in reference to E. coli culture is in the range 0.39–1.56 µg/µL. This behavior is due to the
toxic effect exerted by the gold nanoparticles: due to their nano size, they penetrate cells,
causing cytotoxic damage [81–83]. According to SEM images (Figure 2A,B), SE and BSE
paired images demonstrate the uptake of AuNPs in non-irradiated E. coli cells.
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Table 1. E. coli CFU/mL exposed to different concentrations of AuNP, with and without irradiation,
and the percentage of growth inhibition after 24 h of growth in incubator. No changes were recorded
for the control (E. coli CFU/mL 2.1 × 108 with and without irradiation). The data are reported as the
average of three determinations made in duplicate ± standard deviation.

Dark Condition Under Irradiation

AuNP Concentration E. coli (CFU/mL) % Growth Inhibition E. coli (CFU/mL) % Growth Inhibition

0.26 µg/mL 2.1 × 108 ± 0.179 × 108 0 2.12 × 108 ± 0.133 × 108 0

0.39 µg/mL 2.08 × 108 ± 0.227 × 108 0 2.08 × 108 ± 0.232 × 108 0

1.56 µg/mL 1.8 × 108 ± 0.145 × 108 −15% 0.977 × 108 ± 0.117 × 108 −53%

3.54 µg/mL 1.23 × 108 ± 0.232 × 108 −46% 2.1 × 106 ± 0.219 × 106 −99%
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Figure 2. Secondary electrons (on the left) and backscattered electrons (on the right) paired im-
ages demonstrating the uptake of AuNP (3.54 µg/mL) in both non-irradiated (A,B) and irradiated
(C,D) E. coli cells. Irradiated E. coli cells show greater pleomorphism (rough surface) and shrinkage
in size because of increased cell death. Large aggregates of AuNP adhere onto the cell surface.

To activate plasmon resonance, we irradiated the bacterial cultures by using a 532 nm
laser source (i.e., at a wavelength matching the nanoparticles plasmonic band) with a soft
power of 60 mW. The results reported in Table 1 show that the growth inhibition is equal
to 53%, while at the same concentration in the dark the value was 15%; it increases as the
concentration of nanoparticles increases, reaching the remarkable value of 99% when the
concentration of gold nanoparticles is equal to 3.54 µg/mL (while this value measured in
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the dark was 46%). This exceptional inhibition value, that corresponds to a bactericidal
effect, is attributed to the cytotoxic effect, due the gold nanoparticles’ uptake, combined
with the photothermal one (Figure 2C,D). According to the literature, a bactericidal effect
is obtained when the radiation induces a temperature increase over 60 ◦C [83,84]. By
examining the SEM images of Figure 2C,D, a formation of gold nanoparticles clusters is
clearly visible, which we assume to be responsible for the bactericidal photothermal effect.

Under the same conditions, an aqueous solution of AuNS@PEG-SH at a concentra-
tion of 3.54 µg/mL (i.e., the concentration inducing a bactericidal effect) was irradiated,
achieving a temperature increase of 2 ◦C (Figure S2 in Supplementary Information). This
slight increase in temperature, due to the irradiation of the gold nanoparticles, remained
modest also by increasing the concentration of the nanoparticles: in a saturated solution,
the maximum measured value was 11.6 ◦C (Figure S3 in Supplementary Information).
Interestingly, in these aqueous solutions of AuNS@PEG-SH, cluster formation has never
been observed. The only way to measure a noticeable rise in temperature was to increase
the laser power (1500 mW). Indeed, by irradiating the gold nanoparticle solution with the
concentration showing a bactericidal effect (i.e., 3.54 µg/mL), we measured a temperature
increase of 26 ◦C (Figure S4 in Supplementary Information), while by irradiating the satu-
rated solution, it showed a temperature increase of 35.4 ◦C (Figure S5 in Supplementary
Information); in the latter case, we observed the formation of nanoparticle clusters. In fact,
within seconds, a layer of gold appeared on the surface of the colloidal solution under
irradiation. Upon interrupting the irradiation and shaking the sample, the layer of gold
disappeared; this phenomenon, induced by high-power laser irradiation, is widely reported
in the literature [44,71,85,86].

4. Discussion

The photothermal effect was studied both in the dispersion of nanoparticles alone
(at two different concentrations, i.e., 3.54 µg/mL and saturated solution) and in presence
of bacteria (at the 3.54 µg/mL concentration of nanoparticles). In the colloidal dispersion
of nanoparticles alone, at the 3.54 µg/mL concentration, a relevant photothermal effect
was not observed, while this effect was detected in the saturated solution, where clusters
formation was observed. This leads to the conclusion that the clusters are responsible for
the photothermal effect.

In the bacterial cultures that showed significant growth inhibition, clusters of gold
nanoparticles were formed even at low concentrations (3.54 µg/mL) and with a low-power
laser (60 mW). Since these clusters are formed, at this concentration, only in the presence of
bacterial cells, we suppose that it is the bacterial wall that favors the aggregation of gold
nanoparticles, once irradiated. It is precisely this cluster the effective photothermal tool,
determining an increase of the local temperature, responsible of the observed bacterial
growth inhibition and to the final cell death, as displayed in Figure 2C,D, where irradiated
E. coli cells exhibit greater pleomorphism (rough surface) and shrink in size caused by
cell death.

To obtain a photothermal effect, mediated by gold nanoparticles, it is necessary to
have two requirements: a high-power light source and nanoparticles of considerable size.
These two necessary aspects have disadvantages: the use of high-power lasers can itself be
harmful to the cellular environment in many ways; the use of large nanoparticles makes
administration difficult. In this work we have tried to overcome these two limitations
by using a low-power laser and small size gold nanoparticles. A complete inhibition
of bacterial growth was observed, due to the fact that the low-power laser induced the
formation of gold nanoparticle clusters of such dimensions that are able to induce, under
irradiation, a temperature increase capable of obtaining a bactericidal effect [17]. This
fact, which under the same experimental conditions was not observed in the absence of
bacteria, is due to a sort of catalytic effect exerted by the bacterial wall in the formation of
the clusters, as can be clearly seen from the SEM images.
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5. Conclusions

Local temperature increase is extensively exploited in photothermal therapy, where
light is used to induce cellular damage. Gold nanoparticles, showing plasmon resonance
phenomena when irradiated with electromagnetic radiation, are able to induce relevant
temperature rises mainly dependent on their size.

In this work we present a proof-of-concept nano-sized system for a photothermal
treatment of an E. coli culture. We synthesized 50 nm-diameter gold nanospheres covered
with thiolate polyethylene glycol, AuNS@PEG-SH, and administered these nanoparticles
in water solutions at different concentrations, to a bacterial culture, observing cell growth
in the dark or under light irradiation.

Previously, we have measured the temperature values of the AuNP solutions under
high-power (1500 Mw) laser irradiation, measuring a temperature value of 54.4 ◦C, while,
as expected, low-power laser source (60 Mw) causes a negligible temperature rise; in both
cases the values depend directly on the concentration of the solutions.

Bacterial treatments with AuNS@PEG-SH aqueous solutions show no growth inhibi-
tion at low concentration, while at 1.56 µg/mL and 3.54 µg/mL, we observe, in the dark,
a bacteriostatic effect (46% of growth inhibition at a concentration of 3.54 µg/mL). SEM
images show an uptake of nanoparticles in the bacteria cells, responsible for the observed
bacterial inhibition growth.

To irradiate the bacteria, it was preferred to use a soft-power laser (i.e., 60 mW) in order
to have no harmful effects due to the power of the source alone. Under these conditions,
we observed an AuNP concentration-dependent inhibition of the bacterial growth, which
at the concentration of 3.54 µg/mL leads to a bactericidal effect. To explain this surprising
effect, we collected SEM images of the bacterial culture which was administered the AuNP
solution with a concentration of 3.54 µg/mL, and irradiated with the low-power laser.
We observed the formation of nanoparticle clusters on the bacterial wall. These clusters
are not formed in the absence of bacteria except using high power lasers. These clusters
are responsible for the low-power-induced photothermal effect, and their formation is
catalyzed by the bacterial wall.

In conclusion, the results show that these nanoparticles constitute a proof-of-concept
of a photothermal system able to activate only in the presence of the pathogen, and to have
a bactericidal effect even at low concentrations.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/nano13040746/s1, Figure S1: DLS measurement; Figure S2: Ther-
mal photo of AuNS@PEG-SH water solution (3.54 µg/mL) irradiated with a laser source (λ = 532 nm,
60 mW). Room temperature 19 ◦C; Figure S3: Thermal photo of AuNS@PEG-SH-saturated water solu-
tion irradiated with a laser source (λ = 532 nm, 60 mW). Room temperature 19 ◦C; Figure S4: Thermal
photo of AuNS@PEG-SH water solution (3.54 µg/mL) irradiated with a laser source (λ = 532 nm,
1500 mW). Room temperature 19 ◦C; Figure S5: Thermal photo of AuNS@PEG-SH-saturated water
solution irradiated with a laser source (λ = 532 nm, 1500 mW). Room temperature 19 ◦C. Table S1.
Results of the original experiments with counting colonies.
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Abstract: This work used several model arylate polymers with the number of methylene segment
n = 3, 9, 10, and 12, which all crystallized to display similar types of periodically banded spherulites
at various Tc and kinetic factors. Universal mechanisms of nano- to microscale crystal-by-crystal
self-assembly to final periodic aggregates showing alternate birefringence rings were probed via 3D
dissection. The fractured interiors of the birefringent-banded poly(decamethylene terephthalate)
(PDT) spherulites at Tc = 90 ◦C revealed multi-shell spheroid bands composed of perpendicularly
intersecting lamellae bundles, where each shell (measuring 4 µm) was composed of the interior
tangential and radial lamellae, as revealed in the SEM results, and its shell thickness was equal to
the optical inter-band spacing (4 µm). The radial-oriented lamellae were at a roughly 90◦ angle
perpendicularly intersecting with the tangential ones; therefore, the top-surface valley band region
appeared to be a submerged “U-shape”, where the interior radial lamellae were located directly
underneath. Furthermore, the universal self-assembly was proved by collective analyses on the three
arylate polymers.

Keywords: nano- to micro-patterns; arylate polymers; self-assembly

1. Introduction

Crystal deformation into variety of geometric shapes is common in nature. Almost
a century ago, Ferdinand Bernauer [1] certainly was an early-day pioneer on probing
variety of crystal deformation by analyzing more than 400 compounds and reached a
conclusion that many of these molecular crystals can be made to grow as twist helices
or other deformations that could be conveniently observed under polarized-light optical
microscopes. Over the past two decades, in a series of systematic investigations and
a comprehensive review, Kahr et al. [2–4] probed many representative cases of small-
molecule compounds (both organic and inorganic), which are worthy as comparative
background information for addressing similar issues in polymer crystals. Long-chain
polymeric crystals, other than chain-folding in lamellae, share some interesting common
features of crystal deformation as those found in small-molecule compounds. Woo and
Lugito [5] further summarized this in a review article demonstrating novel approaches by
3D dissection into interior lamellae with periodic-banded spherulites of many polymers
to disclose novel mechanisms with discontinuity in corrugate-board structures, and the
review also provided summary evidence for interior periodic assembly matching with
optical inter-ring spacing.

Homologous series of arylate polyesters are widely studied. Polymorphic poly(butylene
terephthalate) (PBT) reportedly displays crystal transformation [6,7]; yet, it does not form
ring-banded aggregates at any Tc. Polyarylates with longer methylene groups than that of
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PBT, such as poly(pentamethylene terephthalate) (PPenT), poly(hexamethylene terephtha-
late) (PHT), and poly(heptamethylene terephthalate) (PHepT), are not as widely studied
due to the fewer commercial applications. PPenT can transform from the α form to the β

form [8,9], where both the α and β forms are characterized by triclinic chain packing in
unit cells, which differ only in the c-axis but remain the same in other lattice parameters.
The α-crystal cell is seen in PPenT under zero tension; by contrast, the β-modification
dominates if crystallized under high tensions [8,9]. By comparison, PPenT, possessing one
more methylene unit than PBT in its repeat unit and, thus, a lower melting point, has been
less studied. PPenT has an equilibrium Tm value of 149.4 ◦C, as reported in the literature [8],
much lower than that of PBT due to the even–odd effects in the main chains. Regardless of
the similar polymorphism behavior of PBT and PPenT, PBT never crystallizes into periodic
ring-banded spherulites; by contrast, PPenT displays distinct ring-banded spherulites [10].
PBT is similar to PPenT in that they both display polymorphic crystal lattices, but the
former does not pack into periodic banded aggregate upon crystallization, while the latter
does. Polymorphic PHT, similar to polymorphic PBT, does not crystallize into periodic
ring-banded aggregates [11]; by contrast, PHepT, with one more methylene segment in
the repeating unit than that in PHT, readily crystallizes into ring-banded crystals [12]. The
even–odd effect superficially appears to work in the formation of ring-banded polymer
spherulites; however, it may be too early to predict. Poly(octamethylene terephthalate)
(POT) [13], with an even number of methylene segments in the repeat unit, also easily
crystallizes to display periodic bands at a suitable Tc.

A polymorphic polymer can form a ring-banded pattern or a ringless one; conversely,
a monomorphic polymer can also form ring-banded aggregates or nonbanded ones. Ob-
viously, the above factual comparison suggests that polymorphism, with more than one
crystal lattice form, in polymers is not a determining factor that accounts for the forma-
tion of periodic bands or nonbanded ones. The brief survey also indicates that all these
arylate polyesters naturally chain-fold upon packing in their long chains into crystalline
lamellae of finite thickness (ca. 10–15 nm) and, thus, all inevitably have surface stresses
in the lamellae; however, the facts are that some display ring bands but others do not—
suggesting that chain-fold stresses might not be a determining factor. From the fact that
not all polymers display ring bands, there appears to be a contradiction of the proposition
of surface-stress-induced lamellae twist, by applying the classical Aristotle’s proof-by-
contradiction. By observing from these experimental facts, chemical structural and kinetic
factors both can influence the morphology patterns and periodicity in the final crystal-
lized aggregates of aryl polyesters [9–16]. Recently, poly(nonamethylene terephthalate)
(PNT) [14–17] was found to display not just one single type of ring band but two dra-
matically different types of ring bands when crystallized at a specific Tc, suggesting that
periodic bands in polymer aggregates cannot be interpreted by the classical continuous
helix-twist models. Aryl polyesters may possess polymorphism; however, monomorphism
or not in the crystal-unit lattices usually cannot be correlated with the formation of multiple
types of spherulites. Monomorphic poly(octamethylene terephthalate) (POT) displays
multiple types of spherulites; poly(heptamethylene terephthalate) (PHepT) can possess
fractions of α and β crystal lattices and can exhibit many different spherulite patterns
with peculiarly varying periodicity [18]. Although commercially available PTT has been
widely investigated [19–25], arylate polyesters and their crystal morphologies have been
less probed [20–28].

The lamellar assembly of PDT in comparison to a series of other arylate polyester
spherulites for more universal proofs was the aim of this work. The governing mecha-
nisms of self-assembly into the intriguing periodically banded patterns were analyzed to
understand the universal periodicity commonly seen in arylate polyesters, such as PTT,
in comparison to other arylates with a longer methylene segment in repeat units, such as
PDT, PNT, POT, and PDoT. The crystal lattice structures of many arylate polyesters might
have been classically studied using X-ray [29]; however, the higher-hierarchical lamellar
aggregation into periodically crystal assembly has rarely been investigated on these ary-
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late polyesters owing to the complexity of the assembly mechanisms. By following the
preliminary and pioneering investigations on periodic assembly of several simple arylate
polyesters [26], this work further expounded the mechanisms in fuller and wider detail,
and the grating assembly in the nano- to microstructures with suitable cross-bar pitches
responsible for photonic iridescence was demonstrated for universal and unprecedented
proofs.

2. Materials and Methods

The crystal morphologies of several arylate polyesters in homologous series, with
their methylene segments varying systematically from short to long, are discussed here.
For comparison purposes, a homologous series of arylate polyesters were analyzed and
compared. Poly(decamethylene terephthalate) (PDT or P10T, with 10 methylene segments
in each repeating unit) was used. The synthesis procedures for PDT were similar to those
used earlier in syntheses of a similar polyester of poly(dodecamethylene terephthalate)
(PDoT, m = 12) reported earlier [26,30]. All these polyarylates are not commercially avail-
able and had to be synthesized in-house with a two-step polymerization, with procedures
the same as those earlier described in a previous work. Briefly, for reference, the proce-
dure is restated here: monomers of 1,10-decanediol and dimethyl terephthalate (DMT)
with 0.1% butyl titanate as a catalyst were heated in vessels via ester exchanges. The
purification of the products was properly conducted by washing out traces of unreacted
monomers or impurities. The weight-averaged molecular weight (Mw) of the synthesized
PDT, as determined by gel-permeation chromatography (GPC, Waters), was 21,000 g/mol
with PDI = 2.02. Other arylate polyester, poly(dodecamethylene terephthalate) (PDoT,
m = 12), was similarly synthesized using respective diols; for brevity, they are not all
listed here [26,30]. PDoT (m = 12) has Mn = 9224 g mol−1 and the polydispersity index
(PDI) = 1.91, as determined by gel-permeation chromatography, which has a low glass
transition temperature and a medium melting temperature at −1.3 and 121 ◦C, respec-
tively. Poly(trimethylene terephthalate) (PTT, m = 3) is commercially available Industrial
technology research institute, Hsinchu, Taiwan and has a glass transition (Tg) and melting
temperature (Tm) of 45 ◦C and 228 ◦C [31], respectively.

The film specimens were prepared by drop-casting. The polymers were dissolved in
chloroform at ~4 wt.% by stirring. The homogeneous solution was then cast on the glass
slide as thin films and dried by placing at 30 ◦C in a vacuum oven to remove the residual sol-
vent. The film samples were first heated to a suitable maximum melting temperature (Tmax)
for 2 min on top of a hotplate for erasing the thermal history and then removed rapidly
from the hotplate to a temperature-controlled hot stage (temperature precision ± 0.5 ◦C)
being preset at the intended crystallization temperatures till full crystallization. For the
interior dissection of the morphology, fracturing on the specimens (thickness 10–20 µm)
was performed. The films of the crystallized samples (at a controlled film thickness and
Tc) on the glass substrates were fractured by precutting the glass substrates to direct the
intended fracture propagation. The fractured pieces of the samples were affixed onto metal
stands at proper orientation angles using silver-tape glues at suitable inclination angles
with respect to the electron beams in the SEM vacuum chamber, Tokyo, Japan.

Apparatus and Procedures

A polarized-light optical microscope (POM, Nikon Optiphot-2, Tokyo, Japan) equipped
with a Nikon Digital Sight (DS-U1) digital camera and a microscopic heating stage (Linkam
THMS-600 with T95 temperature programmer, Linkam Scientific Instrument Ltd., Surrey,
UK) was used.

Atomic-force microscopy (AFM diCaliber, Veeco Corp., Santa Barbara, CA, USA)
investigations on the top surfaces of the cast film samples were made in an intermittent
tapping mode with a silicon tip (f0 = 70 kHz, r = 10 nm) installed. The largest scan range was
150 µm × 150 µm, and the scan was kept at 0.4 Hz for the overview scan and zoomed-in
regions.
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High-resolution field-emission scanning electron microscopy (Hitachi SU8010, HR-
FESEM, Tokyo, Japan) was used for revealing the interior lamellar assembly in the exposed
fracture surfaces/interiors, which was to be correlated with the morphology and ring
patterns on the top free surfaces. The samples, after fracturing and setting on metal stands,
were coated with gold or platinum vapor deposition using vacuum sputtering prior to the
SEM characterization.

3. Results and Discussion
3.1. Interior Crystal Assembly in Birefringence-Banded PDT Spherulite

The crystallization temperature (Tc) kinetically influences the mechanisms of nucle-
ation and growth. For PDT, two dramatically different types of ring-banded patterns were
present at high versus low Tc [30,32]. For appreciating the difference between these two
types of ring bands formed at medium Tc (90–95 ◦C) versus high Tc (120–125 ◦C), Figure 1
demonstrates two dramatically different banding patterns of PDT spherulites, with the film
thickness being kept at constant 15–20 µm. Figure 1a illustrates the single extinction-band
pattern crystallized at relatively high Tc = 115 ◦C or above, while interestingly, Figure 1b
shows an intermediate pattern between these two types at an intermediate Tc = 110 ◦C,
which was composed of “dual-ring bands” in the central core but extinction bands at the
outer rims with a unique core–shell pattern. That is, the spherulitic aggregate was actually
a composite core–shell morphology of two discrete types of optical birefringence patterns.
Figure 1c shows dual-birefringence ring bands crystallized at Tc = 90–95 ◦C or lower. The
mechanisms of the crystal assembly in the dual-birefringence ring-banded PDT at Tc = 90 ◦C
of thicker films were therefore different from that in the epicycloid-extinction PDT at higher
Tc = 110–125 ◦C and in thinner films. As discussed in an earlier work [32], another type of
ring band, termed epicycloid-extinction-banded PDT spherulites, at higher Tc = 110–125 ◦C
is sensitively dependent on the film thickness, with the epicycloid-extinction band patterns
disappearing completely at film thickness >10 µm, and the inter-band spacing increasing
dramatically with respect to the increasing film thickness. Note that the inter-band spacing
of the PDT spherulite was 3–5 µm at Tc = 95 ◦C (Figure 1c), which means that the film
thickness should not be lower than 3–5 µm if dual-birefringence bands are to be packed in
the PDT specimens. When the film thickness was lower than this critical value (inter-band
spacing), then no dual-birefringence bands were observed in the crystallized films; instead,
only bands with an optical extinction border (termed “extinction band”) were present. This
is easy to understand, as thin films constrain lamellae to be normal oriented in cross-hatch
patterns.
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Figure 1. POM micrographs of PDT melt crystallized at decreasing Tc: (a) 115 ◦C; (b) 110 ◦C; (c) 90 ◦C,
held till full crystallization by quenching from Tmax = 165 ◦C. Reprinted with permission from ref. [32].
Copyright 2021 Elsevier.

Thus, in dramatic contrast to the extinction-banded spherulites (with successive bands
bordered with a sharp extinction ring) crystallized at high Tc (120 ◦C or above), the crys-
tallization of the same PDT films at low to intermediate Tc, such as Tc = 90–95 ◦C, led
to optically dual-birefringent spherulites of distinct alternating blue/orange rings in the
spherulites, where the ring bands were not bordered with optical extinction but were
featured with alternate birefringence colors in POM with tint plates. This behavior of
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no dual-birefringence bands in PDT at Tc = 90 ◦C was opposite to that of PDT at higher
Tc = 120 ◦C, where only extinction bands could be present, as discussed. This fact suggests
that the nature of the extinction PDT bands might be significantly different from that in
the dual-birefringence PDT bands. Although both extinction bands and dual-birefringent
bands were featured with distinct periodicity in the circular rings, the dramatic differences
in the optical birefringence properties in these two types of PDT spherulites suggest that the
interior crystal-lamellae assembly may significantly differ with respect to their respective
optical birefringence patterns. The effect of the film thickness (3–20 µm) did not appear
to influence the morphological patterns of the birefringent spherulites with blue/orange
bands. Note that for thick PDT films with too high optical retardation (τ), the optical light
does not penetrate easily; thus, the blue/orange birefringence could not be contrasted in
visible patterns. However, the birefringent ring bands of PDT spherulites at Tc = 90 ◦C
remained similar in pattern and displayed same inter-band spacing (ca. 3–4 µm) for PDT
film samples, which did not change much with the increase in the film thickness (from ca.
5–20 µm).

Not only Tc but also confinement by film thickness might influence the lamellar
assembly and, thus, birefringence patterns, as seen in POM. A preliminary investigation
revealed that a minimum film thickness (3–5 µm) of PDT specimens was required to display
dual-birefringence ring bands. Supplementary Materials Figure S1 shows POM graphs
of PDT spherulites of four different levels of film thickness: (a) ultra-thin at 300~500 nm,
(b) 3~5 µm, (c) 8~10 µm, and (d) 15~20 µm, all at Tc = 90 ◦C. The very thin PDT film
(ca. 300–500 nm) did not exhibit any discernible dual-birefringence ring bands upon
crystallization at Tc = 90 ◦C. The PDT films of all other higher thickness levels (5–20 µm)
displayed optically similar dual-birefringent alternating blue/orange bands, with similar
inter-band spacing. The effects of the variation of the melt-exposure time (from 1–120 min)
at Tmax = 165 ◦C on the birefringent PDT spherulites were also investigated. For comparison,
Supplementary Materials ESI Figure S2 shows POM graphs for the PDT films (thickness
kept constant at 2–3 µm) all melt crystallized at Tc = 95 ◦C with different times (tmax) held
at Tmax for melting to erase the prior thermal histories: (a) 1 min, (b) 15 min, (c) 30 min, (d)
60 min, (e) 90 min, and (f) 120 min. The results show that all PDT birefringent spherulites
remained the same or similar with alternate blue/orange bands, with the same inter-band
spacing (4 µm). All spherulites remained similar in size with a radius = 30~50 µm. This
fact suggests that the melt/thermal exposure at Tmax = 165 ◦C had no effect of altering
the birefringent bands and that exposure at this temperature caused no degradation. In
addition, it should also be commented here that the birefringent spherulites were not
influenced by the top-cover confinement on the films during the crystallization at Tc = 95 ◦C;
by contrast, the crystallization of the PDT at Tc = 120 ◦C with top-cover confinement led to
no periodic bands (i.e., ringless), yet extinction bands were visibly present if no top-cover
was placed on the PDT films.

Prior to the SEM analysis of the interior lamellae assembly, AFM analysis was per-
formed to reveal the nanopatterns on the top surface of 90 ◦C crystallized PDT spherulites
that displayed dual-birefringent colors with blue/orange bands. Figure 2 shows AFM
images of the PDT samples (films of thickness ca. 3–5 µm) crystallized at Tc = 90 ◦C. The
ring bands with the alternate optical birefringence (blue/orange) is shown as an inset in
Figure 2A. Note that the pattern of the PDT dual-birefringent PDT spherulites (at Tc = 90 ◦C)
differed completely from those for the extinction-banded PDT spherulites in thin films
at Tc = 120 ◦C, earlier disclosed in a concurrent work on PDT [32]. The zoomed in AFM
analysis on the top surface (Figure 2A1,A2) shows a nanograiny feature with alternating
low and high bands. The top surface of the 90 ◦C crystallized birefringent-banded PDT
spherulite was composed of apparently grainy polycrystals. Such dual-morphology ring
bands are dramatically in contrast to the single-crystalline terrace-like packing on the top
surfaces of the 120 ◦C crystallized PDT extinction-banded spherulite. All these features
further reinforce that the nature and mechanisms of the crystals building the birefringent
spherulites of the alternating blue/orange bands crystallized at Tc = 95 ◦C or lower should
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differ widely from those governing the extinction-banded PDT spherulites crystallized at
Tc = 120 ◦C or higher. However, the detailed lamellae assembly in the interior of the banded
spherulites could still not be discerned from the POM patterns or the AFM analysis on the
top surface. The circular dot-like grains on the top surfaces of the PDT dual-birefringence
bands suggest that they might be the individual terminal ends of the interior lamellae,
as they emerge from the inner bulk to top surface. Note also that the darker bands in
Figure 2A1,A2 represent the valley, where the grainy dots are oriented in a different direc-
tion in contrast to the elongated crystals in the neighboring brighter bands (ridges). This
further suggests that the interior lamellae emerge to the top surface in correspondingly
different orientations depending on the valley or ridge bands. A later section unveils the
interior crystal assembly responsible for such dual-birefringence PDT bands. Interior dis-
section into the assembly of the interior lamellae crystals in the birefringent PDT spherulites
(crystallized at Tc = 90 ◦C) may shed new light on answering these critical questions. From
the AFM phase images, the inter-band spacing = 3–4 µm.
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Figure 2. Nanoassembly on the top-surface pattern as viewed in (A) AFM height images and (A1,A2)
zoomed-in images of the top surface of the alternate birefringent blue/orange bands in the PDT
spherulites at Tc = 90 ◦C (film thickness = 3–5 µm).

The band patterns on the top surfaces of the blue/orange birefringent PDT spherulites
(at Tc = 90 ◦C) could mislead in the interpretation of the mechanisms of periodic banding if
the interior lamellae were not analyzed. Interior dissection by examining the fractured PDT
spherulites was performed by SEM characterization. Figure 3A,B show SEM micrographs
of the PDT melt crystallized at 90 ◦C, and Figure 3C,D show schemes illustrating alternate
tangential-to-radial lamellae with discontinuity. The PDT films were kept at thickness = ca.
15 µm. All PDT samples were first melted at Tmax = 165 ◦C (1 min), then quenched to
Tc = 90 ◦C, and held till full crystallization. Both the top surfaces and interior fractured
surfaces of the crystallized PDT specimens were examined. The SEM graphs for the top
surfaces revealed similar grainy crystal aggregates on the “ridge region”, which is similar
to the AFM images discussed earlier. The valley bands on the top surface were of a flat
and lower region in comparison to the ridge bands. Apparently, lamellae assembly is not
possible by simply examining the top surfaces using either SEM or AFM analysis. As
the nucleus center of the spherulite is located near the top surface, the onion-like interior
morphology appears like a multi-shell concave-up bowl (i.e., a hemispheroid). The fracture–
dissection SEM results in Figure 3B also reveal very critical pieces of evidence showing
that the ridge bands on the top surfaces actually correspond to regions where the interior
tangential lamellae emerge to the top surfaces; by contrast, the valley bands on the top
surfaces correspond to where radial lamellae evolving or bending from the tangential ones.
Both the top surface and interior grating-like array clearly reveal that the inter-band spacing
was consistently ca. ~3 µm. From the above SEM results for the interiors of the banded
PDT (Tc = 90 ◦C), the correlations between the top periodic bands vs. the interior lamellae
assembly can be feasibly constructed. The schemes in Figure 3C show the interior lamellae
assembled as a mutually intersecting grating. Apparently, the interior lamellae, as revealed
in the SEM result for the interior of the banded PDT, are assembled as a cross-hatch grating
structure, whose cross-bar pitch = 3 µm and equal to the optical inter-band spacing in the
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POM images. Except for the interfacial layer, the radial lamellae were always roughly a 90◦

angle perpendicularly intersecting with the tangential ones; therefore, the top-surface valley
band region appeared to be a submerged “U-shape”, where the interior radial lamellae
were located directly underneath. In addition, according to the SEM results, the interior
tangential lamellae (or their bundles) were connected to the top-ridge region, while the
interior radial lamellae were situated underneath the valley region of the top surface. Upon
POM characterization with tint plates, if the interior tangential lamellae (crystals oriented in
the perpendicular direction) have an orange color, then the interior radial lamellae (crystals
oriented mostly in the horizontal direction) have a blue color. The periodicity repeated
to produce optical patterns of orange/blue color rings according to the lamellae’s mutual
cross-hatching intersections, as shown in Figure 3D.
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Figure 3. SEM micrographs of the PDT melt crystallized at 90 ◦C: (A) entire fractured specimen;
(B) top surface; (C) fractured surface; (D) schemes of shells composed of tangential/radial lamellae
alterations assembled as a cross-hatch grating structure (film thickness = ca. 5–10 µm varying from
nucleus to periphery).

The dual-birefringence banded PDT spherulites (Tc = 90 ◦C) can be nucleated on the
top surface or interiors of films. Figure 4 shows SEM micrographs of fractured cross-section
of top-initiated banded PDT spherulites displaying a distinct layered corrugate-board
structure. Of the topology, the interior lamellae with corrugate-board (i.e., multi-shell)
assembly reached upward to the top surface to form the periodic banding of inter-band
spacing ca. 4 µm that exactly matched with the optical spacing. Each of the interior
tangential lamellar bundles corresponded to the “ridge region” of the top band patterns.
Finer branching lamellae grew roughly perpendicular to the tangential lamellae; thus, these
branching lamellae were aligned in the radial directions. The tangential lamellae in the
3D growth were aligned as multi-shelled hemispheroids of increasing radii, which can be
clearly seen in Figure 4A. The interior lamellae of hemispheroid geometry, as revealed in
the fractured PDT spherulites, can also be viewed as an “onion-like” structure cut into
halves, as illustrated in the inset on the bottom of Figure 4A. The SEM graphs also show
that the inter-shell distance (~4–5 µm) equaled exactly the inter-ring spacing (~4–5 µm) in
the POM graphs for the PDT at Tc = 90 ◦C. The perfect match between the morphology and
optical birefringence evidence suggests the validity of the proposed assembly mechanism,
leading to the final aggregate’s banding periodicity. These series of schemes for step-by-step
growth in Figure 4B–D illustrate three stages of growth: from initiation of nuclei on or
near the top surface to complete 3D growth to form a corrugate-board architecture with a
hemispheroid geometry. The 90◦ angle intersection of two species of lamellae accurately
accounts for the periodic optical blue–orange birefringence colors, as illustrated. With the
nucleus center on the top surface of the thick PDT films, the alternately concentric shells
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all took a hemispheroid shape. Regardless of the film thickness or location of the nucleus
centers, the analyses yielded consistent results that the interiors of the birefringent-banded
PDT spherulites (Tc = 90 ◦C) were filled with alternate cross-hatch lamellae mutually
intersecting at an oblique or nearly perpendicular angle, where the interior tangential
lamellae correspond to the ridge region and interior radial lamellae to the valley region on
the top surface.
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Figure 4. (A) SEM graphs of the interiors of the double-ring-banded PDT spherulites packed with
hemi-spheroid shells in the tangent circumferential direction interfacing with radial-oriented thinner
lamellae; (B–D) schemes exemplifying the initial growth near the nuclei center eventually to final
multiple-packed shells with the interior perpendicularly intersected lamellae.

3.2. Mechanisms of Lamellae Packing into Birefringent Bands

Depending on the PDT film thickness and location of nuclei (top, center, or bottom of
the film thickness), the fractured interiors revealed correspondingly different geometries
of the alternating shell structures. Figure 5 displays SEM micrographs for fractured PDT
films of various thickness. Figure 5A shows the PDT film with a thickness of 7 µm, where
five bands were present in one spherulite. As a result of the nucleation on the top surface
and the constraint of the narrow film thickness, the 3D-banded spherulite took a shape of
a concave-up hemispheroid, and the alternating shells curved up as an “arc” shape. By
contrast, for the PDT film ~40 µm thick with the nucleus center near the middle zone of
a film, Figure 5B shows five alternate and concentric shells in the banded spherulite that
took a spheroid shape. In the SEM evidence for the interior of the birefringent-banded
PDT spherulites, it is clear that no interior lamellae underwent continuous helix-twisting,
such as DNA’s double helices, all originating from a common center. Instead, each of
the hemispheroid shells in the banded PDT spherulite was interfaced with discontinuous
tangential-to-radial interfaces. Note that some of the tangential-oriented lamellae may
branch out or occasionally bend and twist at a ca. 90◦ angle to merge with the radial
lamellae; but such a twist was abrupt at the interfacial regions. If morphological analyses
were aimed only on the top surfaces of thin-film specimens, the essential assembly in
the 3D-bulk interiors might have been overlooked. It is easy to mistake the occasional
branching/twisting on the top surfaces as continuous screw-like helices, when actually
there were discontinuous interfaces between the interior crystals that were packed to
display successive bands.
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Figure 5. (A) SEM micrographs of fractured interior at Tc = 90 ◦C; (B) lamellar assembly in the
interior of the banded PDT as a cross-hatch grating structure.

3.3. Top-Surface Morphology Versus Interior Lamellar Assembly

The fracture of samples might randomly cut across various sections of a banded
spherulite, which might yield slightly different patterns of assembly. For proof of the
universality of the alternating tangential/radial structures in the banded PDT spherulites,
alternative fractured interior surfaces were further examined. Figure 6a,b display SEM
graphs for the fractured interiors of birefringent-banded PDT spherulites (all at Tc = 90 ◦C),
which clearly revealed a common multi-shelled hemispheroid or spheroid structure (de-
pending on the location of the nucleation sites being near the top surface or middle of the
films). In the interior of the birefringent-banded PDT spherulites, the tangential lamel-
lae curved into a bowl shape (i.e., hemispheroid). The interior tangential lamellae were
connected to the “ridge region” on the top surface. From the tangential lamellae, some
lamellae either flip-twisted at a 90◦ angle or branch evolved in a perpendicular direction
to fill the space between two neighboring tangential shells. The schemes in Figure 6c,d
illustrate that the curved tangential shells were attached with a 90◦ angle bending/twisting
or perpendicular branching. The perpendicularly twisted or branched lamellae generally
oriented their long axes toward the radial direction of the spherulite. Thus, there were
alternative tangential/radial lamellae layers, with each layer being shaped as multi-shelled
hemispheroids (i.e., when the curved spheroids are flattened, they become “corrugate-
boards”). The radial-oriented lamellae in the banded aggregates were not flat but shaped
generally as a concave-up U-shape, forming a valley. From the scheme, the dark wide
stripes indicated the “valley region” optical patterns that apparently were situated on top
of the interior radial-oriented lamellar plates. The thin, narrow, and solid lines on the top
of the scheme indicate the “ridge region” on the top surfaces, which correspond to the
protruded spots of the interior tangential-oriented lamellae. The ridge bands on the top
surfaces actually correspond to regions where the interior tangential-oriented lamellae
emerged to the top surfaces. By contrast, the valley bands on the top surfaces correspond
to where the radial lamellae evolved or bent from the tangential-oriented ones.

Apparently, if the analysis was confined to thin films without 3D inner views, investi-
gators might have been misled by the lamellae’s superficial assembly on the top surface,
while the majority bulk of the assembly in the 3D interiors would have remained hidden.
On the top surface of the thin film specimens, investigators might observe some occasional
twisting and bending of lamellae from ridge to valley band. However, the interior lamellae
(accounting for 8–9 µm of the bulk), accounting for the majority 90% of the entire bulk,
would be buried and skipped. The schematic shows how the interior lamellae might emerge
and twist while going to the top surface, wherein the interiors were actually composed
of discontinuous shells of crystal plates and branches mutually oriented at some oblique
angles.
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Figure 6. SEM micrographs of the interiors of two different banded PDT spherulites both melt
crystallized at 90 ◦C: (a,b) nuclei near top surface–multi-shell hemispheroids; (c,d) schemes for the
optical birefringent patterns and top vs. interior assembly (sample film thickness = ca. 20–30 µm).

It has been proved that no continuous helix-twist of single-crystal lamellae is present
in the extinction-banded PDT spherulites (crystallized at high Tc = 110–120 ◦C) [30]. For
the birefringent (blue/orange)-banded PDT spherulites crystallized at lower Tc = 90 ◦C,
the interiors were filled with multi-shell concentric spheroids composed of alternating
tangential lamellae that periodically 90◦ angle twisted and/or branched out to form the
radial lamellae. During growth, the tangential lamellae first evolved initially from the
sheaf-like nucleus center, which subsequently produced branches in perpendicular orien-
tations to fill the expanding space as they grew outward from the nucleus center to the
periphery. Toward growth termination, the periphery of the increasingly larger spherulites
started to impinge on neighboring spherulites, where the growth terminated. Eventu-
ally, a multi-shell hemisphere aggregate formed in the interiors; on the top surface of
the films, concentric multi-bands of a fixed inter-band spacing formed. Furthermore,
doubly-birefringent banded PDT spherulites were always filled progressively with periodic
branching during growth by starting from quasi-single crystals (lamellar sheaf-bundles)
at the nucleus center to a final complex hierarchical aggregations of multiple lamellae.
Again, in the architecture of the birefringent PDT spherulites (Tc = 90 ◦C), no continuous
helix-twist of the single crystal lamellae was evident, although a sharp 90◦ twist from the
tangential- to radial-oriented lamellae bordering at the discontinuous interfaces was seen
in each of the hemi-spheroid shells.

Altogether, the tangential-oriented lamellae and periodically-spawned branches filled
the expanding spherulite’s space during growth, which increased with the increasing radius
as cubic R (i.e., R3). As the tangentially oriented lamellae emerged to the top surfaces of the
spherulites, they protruded upward to become the “ridge band”, while the interior radially
oriented lamellae, being branches themselves growing at 90◦ angle from the tangential
ones, remained to be submerged but curved up to form a “U-shape” valley band with
a flat/smooth texture on the top surface. Furthermore, the tangential-oriented lamellae
accounted for the optically blue birefringent ring, while the radial lamellae accounted
for the orange rings, as viewed in the POM graphs; vice versa, in the neighboring next
quadrant of the POM graphs, the opposite was true.

3.4. Universal Features of 3D Interior Assembly in Arylate Polyesters

For the universal comparison of a series of homologous arylate polyesters with PDT
(m = 10), the other polyesters (m = 3, 9, 12) were similarly analyzed and compared [19].
Figure 7 shows the dissected morphology results for the interior assemblies in (A) PDoT
(m = 12), (B) PTT (m = 3), and (C) PNT (m = 9), respectively. All specimens of the three
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arylate polyesters were crystallized as bulks at Tc = 96, 165, and 85 ◦C, respectively, to
develop distinct ring bands (double birefringence). These three (PDoT, PTT and PNT)
were fractured in similar ways as PDT (P10T), sputter-coated with gold, and characterized
using SEM. Note that all arylate specimens (PDoT, PTT, PNT) for comparative purposes
were recharacterized using the same SEM techniques in this work, although similar in-
terior morphologies for them have been earlier reported in the literature [15,33,34]. One
can see that these three arylate polyesters all displayed similar cross-hatch architectures
(tangential-radial lamellae perpendicularly intersecting at 90◦ angle), differing only in the
inter-layer shell thickness: 4 µm for PDoT, 10 µm for PTT, and 8 µm for PNT Type-1 band,
in comparison to the same cross-hatch structure of PDT with an inter-layer shell thickness
of ~5 µm in this work. Note here that PNT is more complex in the banding architecture,
as it displays not just one but two entirely different types of ring bands (labeled as Type 1
and Type 2, respectively) [15]; for comparison, only Type-1 PNT was used here. All four
arylate polyesters displayed similar interior architectures of cross-hatch tangential/radial
intersections, proving the universality of the proposed model being fit with all the ring-
banded arylate polyesters investigated here. For most arylate polyesters (from PTT to
PDT) crystallized at respectively suitable temperature ranges, their banded assemblies all
displayed similar periodic birefringence patterns in the interior crystal assemblies, differing
mainly in the inter-band spacing and some trivial details of the assemblies.
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Figure 7. SEM micrographs for comparisons of the assembly analogy of interior lamellae for three
arylates: (A) PDoT (P12T)-banded spherulite melt crystallized at Tc = 96 ◦C, with shell thickness:
4 µm (same as optical inter-band spacing); (B) PTT (P3T)-banded spherulite melt crystallized at
Tc = 165 ◦C, with shell thickness = 10 µm (=optical inter-band spacing) [31]; (C) type-1 ring band
of PNT (P9T) crystallized at Tc = 85 ◦C, with shelled thickness = 8 µm (cross-bar pitch = optical
inter-band spacing). (Figure 7B Reprinted with permission from ref. [31]. Copyright 2017 American
Chemical Society ).

The 3D assembly of PDoT has been analyzed in an earlier work [30]. Polymeric
spherulites are 3D aggregates of complex lamellar architectures with periodic branching,
sporadic bending, twisting, or scrolling; thus, the interior assembly from inner lamellae
to top-surface morphology should not be overlooked in investigating full mechanisms.
Figure 8 illustrates three possible assemblies of lamellae in the aggregates of PDT into
periodic bands. Figure 8a shows the proposition that the polymeric spherulites are 3D
aggregates composed of multi-shells with cross-hatch grating architectures, with complex
lamellae of periodic branching and sporadic bending. In this grating architecture, all
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tangential lamellae are aligned in the same direction and sandwiched in the interfacial
layers of two radial-lamellar shells; similarly, the radial-oriented lamellae in the shells
are all aligned in the “radial direction”. Thus, the tangential-oriented lamellae display
a certain birefringence pattern differing from that of the radial-oriented lamellae and
collectively displaying alternate double-ring-banded pattern optically in polarized light.
Subsequently, another proposition of continuous helix-twist lamellae is checked and proved
by contradiction. Figure 8b shows that if all helix-twist lamellae were synchronized in
helix pace, then they would have displayed alternate birefringence-to-extinction bands—an
expected phenomenon that certainly contradicts with the experimental proofs according
to the POM patterns with the dual-birefringence rings (i.e., both valley and ridge bands
are packed with crystals but of different orientations). Finally, in a situation where the
synchronized pace of these helix-twist screws is not warranted, then the total optical
extinction is a result, which again contradicts with the experiment-observed optical patterns.
Figure 8c shows a scheme where if all helix-twist lamellae are not in a synchronized pace
but offset a fraction of the pitch from one to another in nonsynchronized alignment, then
full optical extinction is the result. This of course would oppose with the POM experimental
results for PDT at Tc = 90 ◦C.
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Figure 8. Crystal nanoassemblies of lamellae to higher hierarchical aggregates with the periodicity of
PDT: (a) 3D cross-hatch with shell layers showing blue/orange birefringence alternate rings; (b) 2D
helices in perfect synchronized pace showing birefringence/extinction alternate rings; (c) 2D helices
in disordered pace showing complete optical extinction; (d) 3D helices from a common nucleus center.
O–orange ring; B–blue rings. Reprinted with permission from ref. [30]. Copyright 2018 Royal Society
of Chemistry).

By philosophical articulation for verifying these mutually opposite propositions
(shown in Graphs-a–d in Figure 8), the classical Aristotle’s proof-by-contradiction for
examining the propositions of nanoassembly leading to final hierarchical periodicity was
then utilized to testify these propositions by summarizing the results of these three arylate
polymers. By deleting the latter two obvious cases of contradiction to the experimental
results, naturally, the periodically grating assembly mechanism can be proven to be the only
feasible mechanism. In summary, if investigations were conducted only by characterizing
the top surfaces of crystallized polymer film specimens, as conventionally done in the long
past, then one would see only the patterns of rings and lamellae on top surface but miss the
most critical pieces of bulk evidence hidden in the submerged interiors under the top sur-
face. The ridge bands on the top surfaces actually correspond to regions where the interior
tangential-oriented lamellae emerge to the top surfaces; by contrast, the valley bands on
the top surfaces correspond to zones where radial-oriented lamellae evolving or bending
from the tangential-oriented ones. Oppositely, these discussed results collectively show
that either 2D or 3D continuous screw-like helices from a nucleus center inevitably result
in contradictory cases of nonsynchronized pace in thick films (20 µm), as the helix-twist
lamellae, bound in a common center, cannot be physically aligned in perfect pitch pace in
2D or 3D space as they extend outward [30]
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In the interior of the dual-birefringence ring-banded PDT spherulites (Figure 9), it
is clear that no single-crystalline lamellae continuously helix-twist such as the double-
helix conformation of DNA macromolecules from a common nucleation center are seen
anywhere in the banded PDT spherulites. Instead, each of the hemispheroid shells in the
banded PDT spherulites is bordered with discontinuous tangential/radial interfaces, where
the interior lamellae mutually intersect like a cross-hatch grating. Note that some of the
tangential-oriented lamellae may either branch out or occasionally twist by ca. 90◦ angles
to merge with the radial lamellae. If investigators had focused their analyses only on the
top surfaces of the crystallized polymer films but overlooked the lamellae assembly in the
interiors or how the top-surface morphology correlates with interior lamellae, it would
be easy to confuse the occasional branching/bending/twisting on the top surfaces with
lamellae undergoing 360◦ continuous helices.
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Figure 9. 3D crystal assemblies in PDoT (m = 12) aggregates: (A) SEM revealing a multi-shell interior
responsible for blue–orange birefringence alternate rings: (B) 2D cross-hatch grating assembly;
(C) cross-hatch (corrugate-board) stacking from a common nucleus center in 3D assembly leading
inevitably to onion-shell-like structures in thick films. (Figure 9B,C Reprinted with permission from
ref. [30]. Copyright 2018 Royal Society of Chemistry).

The optical bands in polymer spherulites can appear as a double-birefringence ring
patterns or rings with extinction. Crystal assembly mechanisms in the optical extinction
bands versus double birefringence rings are inherently different, and their assembled
architectures are due to the completely different crystal packing mechanisms. Figure 10a
shows POM micrograph of double-banded PTT spherulites’ (POM for ring patterns as inset)
dissected interior (3~5 µm film thickness melt-crystallized at 165 ◦C), with schematics in
Figure 10b revealing the interfaces and crevices between successive bands. The Interfacial
discontinuity, as proved by the narrow crevices between the bands, clearly support that
lamellae in the double-banded PTT were not continuously helix-twist. The interior lamellae
and banded PTT were assembled as periodic gratings, with twist occurring in the interfacial
boundary, signaling a discontinuity. It is worth comparing the assembly in the double-
banded PTT to the dramatically different morphology of extinction-banded morphology,
as represented by PDT crystallized at Tc = 120 ◦C, as shown in Figure 10c,d. The epicycloid
extinction-banded PDT spherulites crystallized at high Tc (>110 ◦C) were composed of
terrace-like single crystals packed along the circumferential direction of the ridge band,
whereas the extinction region was due to the periodic growth precipitation [27]. The
evidence in this comparative study has collectively reached an advancement of the 3D
depiction of PDT dual-birefringence-banded spherulites, which differs significantly from
extinction-banded ones.
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Figure 10. Crystal grating-assembly in double-banded vs. terrace-assembly in extinction-banded
polymer spherulites: (a) POM micrograph; (b) schematic of grating architecture for dissected interior
of PTT double-banded spherulites in 3~5 µm film thickness melt-crystallized at Tc = 165 ◦C, in
contrast with terrace-like assembly (c) POM and (d) schematic for extinction-banded PDT spherulites
at Tc = 110–120 ◦C. (Reprinted with permission from ref. [32]. Copyright 2021 Elsevier).

Figure 11a,b show the general schemes depicting the interior and top-surface vs.
interior, respectively, of the universal grating assembly in the periodically assembled
crystals. Figure 11c is the SEM micrograph for PDoT revealing both the top-surface bands
and interior lamellae directly underneath these periodic bands. Figure 11d shows an
enlarged scheme of the fractured interior along the radial direction on the top surface, as
well as the interior. The dimensions of the interior radial-oriented lamellae approximately
matches with that of the ridge band on the top surface. The exact measures of these two
dimensions may differ slightly, which is due to the fact that as the interior tangential
lamellae emerge upward to the top surface, they have to bend downward to become radial-
oriented lamellae. By contrast, the interior radial lamellae simply branch out horizontally
till impinging with the next tangential layer. Thus, the interior radial lamellae tend to be
slightly longer (2.6–2.8 µm) than the top-surface radial-oriented lamellae on the ridge band
(ca. 2.1 µm). Note that the tangential layer was ca. 1.5–2.0 µm; thus, the total thickness
of radial+tangential shells would be roughly 4–5 µm, which is the cross-bar pitch of the
corrugate-board structure in PDoT at Tc = 96 ◦C.
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Figure 11. Schemes for SEM-analyzed morphology details in (a) lateral view of lamellae, (b) top and
interior (Reprinted with permission form ref. [34]. Copyright 2021 John Wiley and Sons), (c) SEM
micrograph, and (d) top-surface bands in correlation with interior assembly of ring-banded PDoT
spherulites melt crystallized at Tc = 96 ◦C. (Figure 11b,d Reprinted with permission from ref. [30].
Copyright 2018 Royal Society of Chemistry).

126



Nanomaterials 2023, 13, 1016

Further dissection–morphology details are justified in constructing the general periodic
assembly mechanism for top-surface bands and interior cross-hatch lamellae. The main
features in the cyclic growth are that branches are inevitable in growing to fill an ever-
expanding space (increasing with respect to cubic radius in 3D or squared radius in 2D)
from a tiny nucleus sheaf to final fully grown spherical entity. Figure 12a–c shows the
cut blocks of the lamellar stacks in one cycle from ridge to valley, exposing (a) the lateral
side of the stacked lamellae, (b) circumferential side of stacked lamellae, and (c) top and
lateral views of banded spherulites. It would be erroneous if one sees that the interior
lamellae are monotonous single stalks and continuous in growing from nucleus to periphery
of spherulites. Branching is a universal feature, as the lamellae self-assemble to fill the
aggregated spherulites. Figure 12d shows that the branches are made of crystal-by-crystal
assembly both on the top surface and interior. “Brick-by-brick” (single crystal-by-crystal)
assembly means that the lamellae are not continuous and there actually is discontinuity in
crystal boundaries when final periodic aggregates are formed.
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Figure 12. General periodic assembly mechanism for top-surface bands and interior cross-hatch
lamellae: (a) block of stacked lamellae from valley to ridge cut in radial direction; (b) block of stacked
lamellae from valley to ridge cut in tangential direction; (c) top-surface bands and interior lamellae
cut in lateral view; (d) branched patterns made of crystal-by-crystal assembly into periodic rings on
top and cross-hatch lamellae in interior.

3.5. Periodic Microstructures as Functional Photonic Crystals

Among the series of arylate polyesters, poly(decamethylene terephthalate) (PDT) crys-
tals are taken as a handy example for illustrating the correlation of a periodically assembled
microstructure serving as structural crystals for light interference. All PDT spherulites
were typically circular in shape and exhibited distinct birefringence rings. The temperature-
dependent periodic morphologies of the PDT showed a systematic trend of variation at
Tc = 80–120 ◦C. Iridescence experiments on the PDT crystallized at these Tc were performed
in accordance with the procedures and setup for white light interference as documented in
the relevant literature [34–36]. Figure 13a–e show POM images (upper row) and iridescence
photo shots (lower row), where the iridescence spectra generally took a softer hue color due
to the lesser order of the assembly in the crystallized neat PDT films. In the range Tc = 80 °C
to 95 °C, the crystallized PDT samples had the dimensions of band-ring spacing, varying
from ~2.7 µm to 3.29 µm, and a spherulites radius ranging ~16.4 µm. The lesser order of
the rings and smaller size of the spherulites both unfavorably affected the formation of
the color, causing it to appear as a softer shade of color. In comparison, the morphology
of the PDT could not produce color in the transitional morphology and epicycloid extinc-
tion ring-banded morphology. Transitional morphology is characterized by an irregular
arrangement of ridges and valleys devoid of the periodic fractal branching of ridges and
valleys crystal. By contrast, the fully extinction-banded PDT ridge is entirely packed with
terrace-like single-crystal flat plates and the amorphous ingredient accumulates on the
valley. These two situations are incapable of causing light interference because the grating
architecture’s condition is unconfirmed. The inter-bands spacing increased from 80 ◦C
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until Tc = 95 °C; with the crystallization temperature at 105 ◦C or higher, the morphology
changes from the regular ring-banded pattern to another transitional morphology, resulting
in few nuclei. This indicates that crystallization kinetics strongly governs the formation of
ring bands. When the Tc increased above 115 ◦C, the ring-banded morphology changed to
epicycloid extinction ring banded. Only the ordered structure of the ring-banded morphol-
ogy crystallized between Tc = 80 ◦C and 95 ◦C supports effective interference with white
light to produce noticeable iridescence spectra.
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Figure 13. POM images (upper row, scale bar = 20 µm) and photonic iridescence (lower row) of neat
PDT crystallized at different crystallized temperature (Tc): (a) 80, (b) 90, (c) 95, (d) 105 and (e) 115 ◦C
after melting at Tmax = 165 ◦C for 1 min, showing the correlation of the periodic bands and qualitative
iridescence intensity. (Square box dimension in iridescence = 1.8 cm× 1.8 cm).

4. Conclusions

The birefringent-banded aggregates of PDT in comparison with PTT and PDoT display
optically alternating blue/orange rings, which are composed of cross-hatch gratings of
multi-shells, with each shell taking a corrugate structure composed of lamellae perpendic-
ularly intersecting each other. The interior dissection results for the birefringent-banded
PDT spherulites revealed very critical pieces of evidence for the realistic mechanisms of
lamellae starting from nano- to micro-assembly and finally to aggregated crystal entities
with alternate birefringent bands, which can be perfectly correlated to the top-surface and
interior crystal architectures in dimensions and orientations. The radial lamellae were
roughly 90◦ angle perpendicularly intersecting with the tangential ones; therefore, the
top-surface valley band region appeared to be a submerged “U-shape”, where the interior
radial lamellae were located directly underneath. The total layer thickness (4–5 µm) of the
ridge and valley bands, as revealed in the SEM results, equaled the inter-band spacing in
the POM results.

Thus, by the results summed up from analyses on several polymers with periodic
assemblies, it can be concluded that the periodicity, as revealed in optical patterns and
microscopy dissected interiors, are based on discontinuous grating-like lamellar structures
rather than continuous screw-like helices. The former is based on crystal-by-crystal self-
assembly with periodic branching and discontinuous intersection, which matches with the
nature of the formation and assembly from nanocrystals to polycrystalline architectures
with periodicity in optical patterns and morphology. By examining the nano- to micro-
assembly in hierarchical structures to periodic patterns in crystal aggregates of arylates,
this work has provided clear and strong evidence of the absence of continuity or helical
geometry. The lamellae in two types of banded PDT spherulites (extinction vs. birefringence
types) display diversified mechanisms of banding periodicity that both are different but
collectively cannot be described by the classical models of continuous lamellar helix-
twisting. The interior lamellae dissection and analysis on distinctly different mechanisms of
lamellar assembly in the extinction vs. birefringence-banded PDT spherulites, reinforced by
analyses based on other arylate polyesters, provide deeper understanding of mechanisms
of periodic crystal assembly phenomena that have long intrigued the science community.
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Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/nano13061016/s1, Figure S1. Double-birefringence ring bands in
PDT spherulites of increasing film thickness: (a) 300–500 nm by spin-casting, (b) 3–5 um, (c) 7–10 um,
(d) 15–20 um, all crystallized at Tc = 90 ◦C; Figure S2. POM micrographs for birefringent-banded
spherulites of neat PDT melt-crystallized at Tc = 95 ◦C with specimens held at Tmax (165 ◦C) for
different times (tmax): (a) 1 min, (b) 15 min, (c) 30 min, (d) 60 min, (e) 90 min, and (f) 120 min. (All
film thickness kept at ca. 2–3 µm).
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Abstract: Objectives. This study was aimed at the investigation of the supramolecular systems
based on cationic surfactants bearing cyclic head groups (imidazolium and pyrrolidinium) and
polyanions (polyacrylic acid (PAA) and human serum albumin (HSA)), and factors governing their
structural behavior to create functional nanosystems with controlled properties. Research hypothesis.
Mixed surfactant–PE complexes based on oppositely charged species are characterized by multifactor
behavior strongly affected by the nature of both components. It was expected that the transition from
a single surfactant solution to an admixture with PE might provide synergetic effects on structural
characteristics and functional activity. To test this assumption, the concentration thresholds of
aggregation, dimensional and charge characteristics, and solubilization capacity of amphiphiles in the
presence of PEs have been determined by tensiometry, fluorescence and UV-visible spectroscopy, and
dynamic/electrophoretic light scattering. Results. The formation of mixed surfactant–PAA aggregates
with a hydrodynamic diameter of up to 190 nm has been shown. Polyanion additives led to a decrease
in the critical micelle concentration of surfactants by two orders of magnitude (from 1 mM to 0.01 mM).
A gradual increase in the zeta potential of HSA–surfactant systems from negative to positive value
indicates that the electrostatic mechanism contributes to the binding of components. Additionally,
3D and conventional fluorescence spectroscopy showed that imidazolium surfactant had little effect
on HSA conformation, and component binding occurs due to hydrogen bonding and Van der
Waals interactions through the tryptophan amino acid residue of the protein. Surfactant–polyanion
nanostructures improve the solubility of lipophilic medicines such as Warfarin, Amphotericin B, and
Meloxicam. Perspectives. Surfactant–PE composition demonstrated beneficial solubilization activity
and can be recommended for the construction of nanocontainers for hydrophobic drugs, with their
efficacy tuned by the variation in surfactant head group and the nature of polyanions.

Keywords: polymer–colloid complex; surfactant; polyelectrolyte; human serum albumin; polyacrylic
acid; critical aggregation concentration

1. Introduction

The systems based on oppositely charged surfactants and polyelectrolytes (PEs)
are successfully used in the production of cosmetics, household chemicals, and drug
delivery [1–3]. This is due to the fact that PEs can regulate surfactant functional properties,
such as adsorption at the water–air interface, self-assembly in the bulk solution, rheology,
and solubilization effect; the visa verse characteristics of polymer can be purposefully
modified by surfactants added [4–6]. Therefore, the formation of mixed polymer–colloid
systems and evaluation of factors controlling their properties may be considered an effec-
tive and soft tool for the construction of functional materials and tailoring their activity.
This encouraged us to focus on such kinds of systems, with special attention paid to cationic
surfactants and PE of both synthetic and natural sources.

Interactions between surfactants and PEs in the bulk solution and at the water–air in-
terface have been systematically studied by many research groups, including ours [4,7–10].
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Meanwhile, these systems continue to attract the attention of researchers, with the vari-
ety of self-assembling nanostructures such as micelles, vesicles, polyelectrolyte capsules,
nanolayers, nano- and microparticles involved [11–14]. This research activity emphasizes
the urgency of the study of surfactant–PE systems, which is based on the following reasons:

(i) The formation of surfactant–PE complexes is contributed by a variety of noncovalent
intermolecular interactions, including hydrophobic effect, hydrogen bonds, Van der
Waals, and electrostatic forces. These interactions depend on various factors, such as
the structure of components, e.g., chain rigidity, charge density, the molecular weight
of PE, the nature of the head group, and hydrophobicity of surfactants [8,15–17], which
is responsible for the high specificity and versatility of aggregation characteristics of
the systems. Moreover, different values of critical concentrations corresponding to the
onset of mixed aggregation may be obtained depending on the methods used [18,19].
Such multifaceted structural behavior is supported by a number of publications
focusing on mixed systems upon the variation of the structure of components or solu-
tion conditions [20,21]. Importantly, in the case of oppositely charged surfactant–PE
mixtures, an extended region of precipitate usually occurs upon charge neutrality,
while soluble complexes are formed in the area of an excess surfactant or PE con-
centration [15]. It was found that in mixed PAA–surfactant systems, the region of
heterogeneity is regulated by the hydrocarbon tail length of the amphiphiles [22].
As shown in work [19], the region of turbidity occurring close to zero zeta potential
strongly depends on the surfactant–PE ratio and tends to shift toward the higher
surfactant concentrations upon the increase in fixed PE concentration. Kogej et al.
emphasized that even a slight change in the structure of a polyion significantly affects
the binding of surfactants to the PE [20,21];

(ii) It is noteworthy that for mixed polymer–surfactant systems, different models were
developed for the description of their structural behavior, e.g., the so-called necklace
model [23]. Even though the use of this model in the system based on oppositely
charged components is documented [24], this approach is not general. In contrast to
surfactant–nonionic polymer systems, the nature of the surfactant head group has
a significant effect on the surfactant–PE interaction [18,25]. This can be exemplified
by PAA–surfactant systems involving two cationic surfactants with morpholinium
and triphenylphosphonium head groups. The former systems demonstrated strong
synergetic behavior, with a marked decrease (up to two orders of magnitudes) in the
aggregation threshold. On the contrary, only a slight, if any, effect was observed in the
latter system. Similarly, the nature of PE may significantly affect the solution behavior
of mixed surfactant–PE complexes [26]. Unlike with DABCO-based surfactant and
poly(sodium 4-styrenesulfonate) system demonstrating one breakpoint on the surface
tension isotherms and an increase in critical concentrations, two breakpoints and pro-
nounced synergetic behavior (decrease in critical aggregation concentration compared
to single surfactant) occurred in the case of PAA–surfactant system. Taking into ac-
count these considerations, it should be stressed that unlike with surfactant–polymer
systems based on uncharged polymers, complicated structural behavior controlled by
a variety of factors is typical for the surfactant–PE interactions, especially involving
oppositely charged components, with no uniform conception occurring so far. This
demonstrates the necessity of additional studies to elucidate the mechanisms respon-
sible for their behavior and develop the optimal model for describing and predicting
the interactions and physicochemical properties in such pairs;

(iii) Structural behavior of supramolecular systems contributed by noncovalent inter-
actions tends to demonstrate stimuli responsibility. In this respect, surfactant–PE
systems based on unbuffered PAA are of particular interest due to the fact that they
demonstrate pH-dependent behavior and can be controlled by changes in solution
conditions. Therefore, the information on the self-assembling, morphological, and
functional activity of such compositions is of practical importance;

132



Nanomaterials 2023, 13, 1072

(iv) Since many innovative drugs are lipophilic, great efforts focused on the development
of nanosized carriers to increase their solubility and biocompatibility. surfactant–
PE nanostructures may be of interest as carriers due to the ease of their formation.
According to the literature data, including our studies, mixed systems based on
amphiphiles and PE can be used as nanocontainers for the delivery of hydrophobic
substances, specifically medicines [3,11–13,27,28];

(v) Polymer–surfactant complexes are biomimetic systems, and their study makes it
possible to simulate the interaction of charged amphiphiles with natural biopolymers
(nucleic acids, proteins, polysaccharides) and lipids [29,30], factors of enzyme catal-
ysis [31], etc. Moreover, they may be considered the simplest models for studying
membrane–drug interactions (e.g., antimicrobial preparations exert their effects by
interacting with biological membranes) [32]. Essentially, the self-aggregation study of
mixed surfactant–PE compositions is necessary for a comprehensive description of
their solution behavior and functional activity. The knowledge gained can provide a
better understanding of optimizing the composition and properties of nanocontainers
based on surfactants and PEs;

(vi) The systems based on surfactant and natural PE are of great importance, e.g., the
interaction of cationic surfactants with globular proteins-albumins-is widely studied
due to the bioapplication perspective [33–35]. Albumins are blood transport proteins
and have unique properties (commercial availability, water solubility, biodegrad-
ability, biogenicity, and ability to accumulate in tumor tissues), which makes them
promising candidates for the development of protein-based nanocontainers [36,37].
Complexation involving cationic surfactant–protein systems is of considerable interest
since the interaction of proteins with amphiphilic molecules can lead to compaction
or unfolding of the proteins, which is an important property for medicine and phar-
macology [33];

(vii) Human serum albumin (HSA) is one of the most important plasma proteins. It con-
sists of 585 amino acid residues with three α-helical domains, stabilized by disulfide
bonds [36,38]. Importantly, HSA is non-toxic, has a high protein–drug binding ability,
and is widely used to transport exogenous and endogenous ligands [39,40]. Currently,
HSA is conjugated to numerous drugs such as insulin, paclitaxel, interferon, doxoru-
bicin, etc. [41,42]. As shown in [43,44], the use of mixed surfactant–protein systems
leads to a synergistic effect in self-assembly behavior and solubility of lipophilic
compounds and, consequently, improves their biocompatibility. Meanwhile, few
publications are available on the self-assembly and morphological behavior of the
HSA–surfactant systems [45–47], which provide evidence of the deficiency of funda-
mental information in this field and highlight the novelty of the data expected.

Based on these reasons, PAA and HSA were chosen as synthetic and natural PE for
the study of their mixed behavior with cationic surfactants, which aims at elucidating the
factors controlling physicochemical characteristics, functionality, and practical potential of
such compositions. At the first stage, the complexation between cationic surfactants with a
different head group (imidazolium (IA-16) and pyrrolidinium (PS-16)) with (polyacrylic
acid and human serum albumin) is studied, with the effect of PAA and HSA on the
aggregation and size characteristics of amphiphiles evaluated. The mechanism of the
protein–surfactant interaction in an aqueous solution is studied with subsequent calculation
of quantitative parameters of component binding: Stern–Volmer (KSV) and binding (Ka)
constants, the number of binding sites (n), thermodynamic parameters of the interaction
of components (changes in enthalpy ∆H0, entropy ∆S0, and Gibbs free energy ∆G0) are
estimated. In the second stage, the possibility of using the polymer–colloid complexes for
the solubilization of lipophilic drugs of various types (warfarin, amphotericin B, meloxicam)
was assessed. The structural formulas of the compounds used are shown in Figure 1.
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Figure 1. Structural formulas of surfactants, PAA, and drugs.

2. Materials and Methods
2.1. Materials

Polyelectrolytes (PAA, 1800 g/mol,≥99%), HSA (66 kDa)); fluorescence probe (pyrene,
≥99%), and drugs (warfarin (≥98.0%), meloxicam, amphotericin B) were purchased from
Sigma–Aldrich (St. Luis, MO, USA) and used as received. The PS-16 and IA-16 were
synthesized similarly to the procedure indicated in refs. [48,49], respectively.

2.2. Sample Preparation

Milli-Q system (Millipore S.A.S. 67120 Molsheim, France) was used for the purification
of the solvent (18.2 MΩ·m resistivity) for the preparation of samples. Ultra-purified water
was applied as a solvent for the preparation of amphiphile-PAA and amphiphile-HSA
mixtures. All solutions (except stock ones) were prepared using a volume dilution method.
The concentration of HSA in all binary surfactant–HSA systems was constant and amounted
to 5 µM [47]. Meanwhile, in surfactant–PAA systems, the PE concentrations were 1, 3, and
5 mM.

2.3. Surface Tension Measurements

The surface tension of surfactant–HSA and surfactant–PAA mixtures was measured
using a Krűss K6 tensiometer (KRUSS GmbH, Hamburg, Germany) via the Du Nouy ring
detachment method at 25 ◦C. Triplicate reproducible surface tension values with a deviation
of no more than ±0.1 mN/m were taken into account.

2.4. The Dynamic and Electrophoretic Light Scattering

The dynamic and electrophoretic light scattering (DLS and ELS, Zetasizer Nano,
Malvern Instruments Ltd., Worcestershire, UK) methods were used to measure the hy-
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drodynamic diameter (Dh), zeta potential (ζ), and the polydispersity index of aggregates
formed based on surfactants and Pes. The concentration of samples was between the
critical aggregation concentration-1 (CAC-1) and CAC-2 regions. Measurements were
taken in triplicate at 25 ◦C using a disposable folded capillary cell. Dh and ζ were obtained
using Stokes–Einstein and Helmholtz–Smoluchowski equations, respectively [50]. PdI was
calculated using cumulative second-order correlation function analysis.

2.5. Fluorescence Spectroscopy

The fluorescence spectra of pyrene (in the concentration of 1 µM) in amphiphile/PAA
aqueous solutions were recorded in the range of 350–500 nm using fluorescence spec-
trophotometer Hitachi F-7100 (Hitachi High-Tech Corporation, Tokyo, Japan) at 25 ◦C.
The excitation wavelength was 335 nm, and the scanning speed was 120 nm/min. The
fluorescence intensity of the I peak at 373 nm and the III peak at 384 nm was determined by
the spectra obtained.

Registration of fluorescence spectra of amphiphile–HSA mixed systems was performed
at 25 ◦C, 30 ◦C, 35 ◦C, 40 ◦C, and 280 nm excitation wavelength. Emission spectra were
recorded in the range of 290–450 nm with 240 nm/min scan speed. All measurements were
conducted in a 1 cm cuvette.

Based on the obtained fluorescence spectra, the Stern–Volmer constants for various
temperatures were calculated using the following equation [51]:

F0

F
= 1 + KSV [Q] = 1 + kq · τ0[Q], (1)

where F0 and F are the fluorescence intensities in the absence and in the presence of the
quencher (surfactant), respectively; KSV is the Stern–Volmer constant; [Q] is the concen-
tration of surfactant; kq is the bimolecular rate constant of quenching; τ0 is an average
lifetime of fluorophore (HSA) in the excited state in the absence of quencher, which equals
10−8 s [51].

The bimolecular rate constant of quenching kq was evaluated using Equation (2):

kq =
KSV
τ0

(2)

Determination of binding constants of components Ka, the number of binding sites n,
and thermodynamic characteristics of surfactant–HSA systems was performed on the basis
of the primary fluorescent data by Equations (3)–(5) [34]:

lg
F0 − F

F
= lgKa + nlg[Q] (3)

lnKa = −
∆H0

RT
+

∆S0

R
(4)

∆G0 = ∆H0 − T∆S0, (5)

where ∆H0 is the variation of standard enthalpy; ∆S0 is the variation of standard entropy,
R is a universal gas constant (8.314 J·mol−1·K−1); T is absolute temperature; ∆G0 is the
change of standard Gibbs free energy.

Registration of three-dimensional fluorescence spectra was performed in the range of
excitation wavelength 200–350 nm with increments of 10 nm and emission wavelengths of
200–450 nm with increments of 10 nm [47]. The scanning speed was 240 nm/min.

2.6. Spectrophotometry

Absorption spectra of the polymer–colloid solutions were recorded using Specord
250 PLUS spectrophotometer (Analytik Jena AG, Jena, Germany). The solubilizing ability
of the surfactant-HSA and surfactant-PAA systems was determined by adding an excess of
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the different drugs (Warfarin, Amphotericin B, and Meloxicam). The absorption spectra of
solutes were registered in the range of 200–450 after 24 h at room temperature. Measure-
ments were taken in triplicate at 25 ◦C using a 0.5 cm quartz cuvette. Primary spectral data
were used for extraction of the maximum optical density values at λ = 305 nm (extinction
coefficient of Warfarin equals 17,400 M−1·cm−1) for Warfarin, at λ = 385 nm (extinction
coefficient of Amphotericin B equals 53,935 M−1·cm−1) for Amphotericin [47], and at
λ = 364 nm (extinction coefficient of Meloxicam equals to 14,610 M−1·cm−1) for Meloxicam.
The solubilization capacity of complexes (S) was calculated from the concentration depen-
dences of the optical density (D) using the following equation: S = b/ε, where b is the slope
of the D/l = f (C) dependence, l is the cuvette thickness, C is the surfactant concentration,
and ε is the extinction coefficient.

2.7. Transmission Electron Microscopy (TEM)

TEM images were obtained at the Interdisciplinary Center for Analytical Microscopy
of Kazan (Volga Region) Federal University with a Hitachi HT7700 Exalens microscope
(Hitachi, Tokyo, Japan). The images were acquired at an accelerating voltage of 100 kV.
Samples were dispersed on 300 mesh 3 mm copper grids (Ted Pella) with continuous
carbon–formvar support films.

2.8. Data Analysis and Statistics

All measurements were carried out at least three times. Data were performed via
OriginPro 8.5 (OriginLab Corporation, Northampton, MA, USA) and expressed as mean
values ± standard deviation (SD). The statistical significance of the difference between the
values of the solubilization capacity and hydrodynamic diameter was determined using a
one-way analysis of variance (ANOVA) test. Differences were considered significant at a
p-value < 0.05.

3. Results and Discussion
3.1. Surfactant–PAA Nanocarriers
3.1.1. Phase Behavior of the Surfactant–PAA Systems

Our early investigations demonstrated the complexation of cationic surfactants with
pyrrolidinium and imidazolium head groups containing a hydroxyethyl moiety with
PAA [52,53]. It was shown that the properties of polymer–colloid systems significantly
depend on many factors, including the surfactant head group structure [18] and the pres-
ence of functional groups. It was of interest to reveal new structure–property relationships,
which may allow elucidating additional factors to control the functional activity of the
systems and markedly widen their practical application. Typically, the appearance of
turbidity and even the formation of insoluble precipitate occur in a certain concentration
range in polymer–colloid solutions. It was shown that the addition of electrolytes could
prevent phase separation [54]; however, they significantly reduce the critical micelle concen-
tration (CMC) of cationic surfactants. Therefore, before an investigation of the adsorption
of surfactant–PE systems at the water–air interface, it is useful to study the bulk phase
behavior of these systems.

Figure 2 shows the spectrophotometry data, which demonstrates the change in the
absorbance (turbidity) of the mixed PAA-PS-16 (a) and PAA-IA-16 compositions (b) upon
increasing surfactant concentration. Looking ahead, the critical aggregation concentrations
(CAC) of surfactant–PAA systems are in the clear solutions region (absorbance up to 0.2).
The turbidity increases above the CAC region (~0.05 mM), and close to the surfactant CMC
(1 mM), the solutions become clear again. It is noteworthy that in the case of imidazolium
surfactants, more cloudy solutions are formed, independently of the polymer concentration
(absorbance 1.2), compared to systems with pyrrolidinium surfactant (absorbance 0.4).
This may indirectly indicate that stronger electrostatic interactions occur between the
components. Meanwhile, phase separation is not observed in either system. The phase
behavior of oppositely charged surfactant and PE mixtures is closely related to their charge
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characteristics. Cloudy solutions are observed in the neutral charge area, with precipitation
occurring in some cases, whereas soluble complexes are formed in the presence of a charge
(with an excess of surfactant or PE) [15].
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The charge of the surfactant–PE complexes was estimated by measuring their zeta
potential. Figure 3 presents electrophoretic light scattering data reflecting the dependence
of the zeta potential of surfactant–PAA systems upon varying the components’ ratio. It is
known that the presence of a charge prevents the aggregation of particles and determines
the stability of colloidal systems [55]. Electrostatic stabilization requires the magnitude of
zeta potential of about 30 mV [56]. Gradual increase in the zeta potential from −25 mV
to +80 mV, depending on the ratio of the components, was shown for both systems. It
should be noted that co-aggregation in the bulk solution always begins in the negatively
charged region, i.e., with an excess of the polyanion. Despite the low charge density of
PAA (ionization degree is around 8% at pH = 4 [19]), a rather significant zeta potential
(Figure 3) indicates that the electrostatic forces are involved in the interaction between the
components. At the same time, the hydrophobic effect and hydrogen bonding can also play
an important role in the surfactant complexation with PAA. In the case of weak PEs, the
presence of a charge depends on the solution pH. In this study, spontaneous solution pH of
ca.4 was maintained. According to Manning’s theory [57], at a low degree of charge density
of the PE chain, the binding of the surfactant to PAA is mainly driven by the hydrophobic
effect. Precipitation is assumed to result from hydrogen bonding that occurs between
uncharged segments of the PAA chain. At a high charge density of PAA, hydrophobic
binding weakens due to the increase in the charged character of PE chains and their binding
to the surfactant via electrostatic interactions.
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3.1.2. Self-Assembly of the Oppositely Charged Surfactant–PAA Systems

Critical aggregation concentration (CAC) of cationic surfactant–anionic PE mixed
systems can be several orders of magnitude lower than the surfactant CMC. This is due to
the fact that the addition of the anionic PE significantly reduces the electrostatic repulsion
force between the head groups of the cationic surfactant. However, as mentioned above, in
the case of weak PE, low CAC values can be caused by not only electrostatic interactions
but also by hydrophobic effect and hydrogen bonding. Amphiphiles can bind to PE in both
monomeric and micellar forms depending on the concentration. In this study, the critical
concentrations were determined by the Du Nouy ring method (tensiometry). Primarily,
the tensiometry reflects the surfactant–PE system behavior at the water–air interface and
only then by their aggregation properties in the bulk solution. Furthermore, the surface
tension curves of the oppositely charged surfactant–PE systems can be more complicated
depending on the components ratio and have several breakpoints. In our work, a variety
of methods are always involved in determining CAC/CMC.

Figure 4 shows the surface tension isotherms of the PS-16 (a) and IA-16 (b) as a function
of the surfactant concentration in the presence of PAA. The PAA-IA-16 concentration curves
demonstrate a two-step aggregation, which is typical for oppositely charged surfactant–PE
mixtures [58]. The first breakpoint in Figure 4b is ascribed to CAC-1 and characterizes
the concentration of the beginning of complexation in the bulk solution. At the second
one (CAC-2), a saturation of the PE chain by surfactant aggregates and the formation of
pure micelles occurs. In the case of the pyrrolidinium surfactant (Figure 4a), only one
breakpoint is clearly visible (CAC) in the surface tension isotherms, and curves do not
reach a plateau. Taylor et al. reported that PE additives could initiate the adsorption of
surfactant at water–air interfaces in both monomeric and micellar forms, causing a decrease
in the surface tension after reaching CAC [58]. As can be seen from Table 1, the CAC-1
of mixed surfactant–PAA systems is 10–15 times lower than the CMC of pure surfactants,
independently of their head group. An increase in the concentration of PAA has little effect
on the CAC values. It should be noted that the surface tension of mixed systems is much
lower compared to pure surfactant up to the aggregation thresholds. This is probably due
to the surface activity of the PE, which was shown earlier [19].
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Figure 4. Surface tension isotherms of mixed PS-16-PAA (a) and IA-16-PAA (b) systems under
different surfactant concentrations and fixed PAA additives; 25 ◦C (CAC and CAC-1 have the
same meaning).

Table 1. CMC/CAC values for pure and mixed surfactant–PAA systems under varying PE concentra-
tions obtained by tensiometry and fluorescence spectroscopy.

Surfactant CPAA, mM
CAC-1/CAC-2 *, mM

Tensiometry Fluorimetry

PS-16

0 1 1

1 0.060 0.03

3 0.050 0.02

5 0.060 0.03

IA-16

0 1 1

1 0.050/1 0.019

3 0.080/1 0.015

5 0.080/1 0.011
* For the case if two breakpoints are observed.

An additional highly sensitive method of fluorescence spectroscopy using pyrene
was engaged to confirm the tensiometric measurements. This method is widely used
for investigation not only of pure micellar solutions but also of mixed systems based on
oppositely charged polymers and surfactants [59]. Furthermore, both methods are well-
complemented since tensiometry primarily provides information on the water–air interface,
while fluorescence spectroscopy describes bulk aggregation. The pyrene properties depend
on the polarity of its microenvironment, and, therefore, the fluorescence spectra provide
information about fluorophore location. The polarity index (I1/I3) is used as a measure
of polarity and is defined as ratios of the first (373 nm) and third (384 nm) peaks in the
pyrene spectrum. The decrease in the polarity index indicates the decrease in the polarity
of the pyrene microenvironment caused by its solubilization in the hydrophobic core of the
micelle. The determination of the CMC of surfactant is based on this property.
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Figure 5 demonstrates the I1/I3 plots as a function of amphiphiles concentration in the
mixed PAA-PS-16 (a) and PAA-IA-16 (b) systems upon various PAA concentrations. In both
cases, the addition of PE leads to a decrease in the CMC by two orders of magnitude (from
1 mM to 0.01 mM). The aggregation thresholds of mixtures are slightly depend on the PAA
concentration. The CAC values were determined by fluorimetry, which was lower than
tensiometry data (Table 1). Discrepancy in results may be due to different sensitivities of
the methods and sample preparation. It should be noted that the polarity index noticeably
decreases with increasing in PAA concentration. This is consistent with work reporting on
the sensitivity of the pyrene microenvironment to the chitosan concentration in the mixed
systems [60]. This indicates that the presence of a macromolecule induces the formation of
more densely packed micellar aggregates due to a decrease in the electrostatic repulsion
of amphiphile head groups. In the case of an imidazolium surfactant (Figure 5b), the
concentration dependence of the polarity index has a minimum and begins to rise in the
CMC region, followed by a plateau. This is probably due to the morphological transitions
and indicates the formation of pure micelles.
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3.1.3. Dimensional Characteristics and Morphology of Surfactant–PAA Systems

The hydrodynamic diameter (Dh) of the oppositely charged surfactant–PE systems
under the different molar component ratios was determined by dynamic light scattering. Dh
of the PS-16 and IA-16 micelles is around 2–5 nm at a concentration of 1 mM (CMC), which
corresponds to spherical micelles. Single PAA solution at a concentration range of 1–5 mM
contains small aggregates with Dh~10 nm and much larger particles ~250 nm. Probably
large aggregates are the combination of several hydrogen-bonded macromolecules, which
are predominant at the low degree of the PAA ionization [19]. The Dh, zeta-potential, and
polydispersity index (PdI) in the CAC-1/CAC-2 region under excess of PE are summarized
in Table 2. Since the CAC-1 values determined by tensiometry and fluorometry are slightly
different, average concentrations were chosen to determine the size of the systems. One-
way ANOVA testing demonstrated that there were statistical differences between Dh of
mixed aggregates in both mixed compositions within a system at a constant concentration
of PAA (Table S1).

Aggregates with Dh~90 ± 10 nm were detected in the CAC-1 region in the case of
PAA-PS-16 mixtures with 1 mM PAA and 179± 3 nm with the increase in PAA content up to
5 mM. This behavior is in line with the increases in the number of PE chains in the solution.
The size of mixed aggregates decreases to 37 ± 5 nm with increasing concentration of
surfactants to 1 mM. The mechanism of binding PAA to classical cationic surfactant-bearing
ammonium head group at a low degree of ionization (α < 0.3) is well-described in [57]. In
the absence of surfactant, the PAA chain is low-polar and forms a compact structure, while
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binding of PAA to amphiphile unfolds the PE, thereby contributing to the formation of
large complexes through hydrogen bonding. When the surfactant concentration reaches
the CAC-2, the PAA–amphiphile complex dissociates, which leads to a decrease in particle
size. It should be noted that a monomodal distribution of particle sizes with low PdI not
exceeding 0.45 was observed in all cases, which is good enough for oppositely charged
systems [61]. A similar trend was observed in the case of imidazolium surfactant: the
Dh of complex decreases from 137 ± 5 to 52 ± 19 nm with the increase in amphiphile
concentration. The particle size does not change for 2 months at room temperature (25 ◦C),
which indicates the formation of stable mixed nanostructures.

Table 2. The hydrodynamic diameters (Dh), zeta potential (ζ), and polydispersity index (PdI) of
PAA-PS-16 and PAA-IA-16 associated under different molar ratio; pH = 4; 25 ◦C.

No. CPAA, mM Csurfactant, mM Dh, nm ± SD * ζ, mV PdI

PS-16

1

1

0.03 90 ± 10 −13 ± 2 0.194 ± 0.102

2 0.05 ** 186 ± 2 −10 ± 1 0.071 ± 0.019

3 0.2 60 ± 3 22 ± 3 0.323 ± 0.009

4 0.5 69 ± 2 23 ± 1 0.225 ± 0.012

5

3

0.04 114 ± 12 −22 ± 1 0.298 ± 0.025

6 0.5 88 ± 2 32 ± 5 0.109 ± 0.015

7 1 37 ± 5 37 ± 5 0.219 ± 0.004

8

5

0.02 137 ± 25 −21 ± 1 0.450 ± 0.037

9 0.05 179 ± 3 −17 ± 1 0.430 ± 0.030

10 0.5 98 ± 30 21 ± 1 0.104 ± 0.005

11 1 59 ± 5 43 ± 2 0.212 ± 0.002

IA-16

1

1

0.05 98 ± 1 −17 ± 1 0.073 ± 0.021

2 0.5 44 ± 1 −6 ± 1 0.376 ± 0.011

3 1 59 ± 15 50 ± 5 0.244 ± 0.028

4

3

0.02 116 ± 1 −36 ± 1 0.333 ± 0.021

5 0.1 137 ± 5 −22 ± 2 0.148 ± 0.021

6 0.5 94 ± 2 31 ± 1 0.157 ± 0.004

7 1 52 ± 19 61 ± 2 0.323 ± 0.041

8

5

0.05 114 ± 11 −21 ± 1 0.483 ± 0.001

9 0.08 120 ± 13 −19 ± 1 0.325 ± 0.019

10 0.5 135 ± 1 18 ± 1 0.068 ± 0.028

11 1 59 ± 5 54 ± 2 0.122 ± 0.003
* Data are represented as mean ± standard deviation (n = 3). ** PS-16-PAA at 0.05–1 mM, respectively, were
chosen for visualization.

Morphology of the mixed surfactant–PAA nanostructures was studied with transmis-
sion electron microscopy. Nanostructures based on pyrrolidinium surfactant and PAA close
to tensiometric CAC (0.05 mM PS-16 and 1 mM PAA) were chosen for the visualization.
TEM images are represented in Figure 6. In the presence of PAA, various types of particles
with a rather high polydispersity are formed. Mostly spherical particles with a diameter
from 80 to 200 nm are observed (Figure 6a,b). It should be noted that, in the case of DLS
data, the formation of particles with Dh around 190 nm and low PdI is observed. The
presence of highly aggregated particles or separate but smaller sizes is probably due to
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the removal of water during sample preparation. It is known that pearl-necklace-like
aggregates can be formed in surfactant–polymer systems [24].
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As can be seen from Figure 6a, some of the spherical particles are located in the same
row without connection to each other. It was reported that the polymer chains between the
beads are exposed to water, which provides low contrast when imaging the sample [62].
It should also be noted that the formation of spherical mixed PS-16-PAA aggregates may
indicate the solubilization of the macromolecule in surfactant micelles, which contributes
to an increase in the size of mixed systems compared to individual micelles (up to 5 nm for
the PS-16 derivative [48]).

Moreover, uniformly distributed large aggregates resembling dendrimers with a
diameter of around 3 µm were observed (Figure 6c), similar to those previously shown for
chitosan decorated liposomes [55]. However, in this case, the aggregates are 10 times larger
than in the liposomal system. It should be noted that in this experiment, the surfactant–
PAA aggregation was studied under large excess of PE, i.e., a low concentration of mixed
aggregates takes place. Therefore, it is possible that large aggregates correspond to an
unbound polymer, which, in turn, are aggregated with each other due to the presence of
oppositely charged surfactants and the low degree of PAA ionization.

3.2. Surfactant–HSA Nanocarriers
3.2.1. Self-Assembly of the Oppositely Charged Surfactant–HSA Systems

At the next stage of this work, the complexation of IA-16 and PS-16 with the natural
polyanion–human serum albumin (HSA) was studied using a complex of physicochemical
methods. The aggregation characteristics of the IA-16-HSA (Figure 7a) and PS-16-HSA
(Figure 7b) systems were evaluated via tensiometry. The study of aggregation properties
is important since it is known that surfactants can significantly affect the conformational
behavior of proteins. This is due to the fact that the binding of proteins to surfactants
causes a change in the intramolecular forces that maintain the secondary structure of the
protein, causing conformational changes in the macromolecule [63]. However, the addition
of proteins to surfactants can significantly change the properties of the adsorption layer
and affect the surface tension of the amphiphile solution [44,63].

As can be seen from Figure 7, the surface tension of the mixed surfactant–HSA system
is lower than that of pure surfactant, which is probably due to the surface activity of
the protein [47,64]. Furthermore, two breakpoints were observed in the concentration
dependences of the surface tension of mixed systems (0.08 mM and 1 mM for IA-16-
HSA; 0.3 mM and 3 mM for PS-16-HSA). As mentioned above, the first breakpoint at low
surfactant concentration is known as CAC-1. It corresponds to the saturation of the water–
air interface with amphiphile molecules associated with the protein chain, as well as the
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beginning of the formation of surfactant–protein complexes [51,63]. The second breakpoint
appearance, as in the case of synthetic surfactant–PE complexes, is probably associated with
the saturation of HSA macromolecules with amphiphile molecules and corresponds to the
formation of free micelles [52]. Interestingly, the formation of mixed IA-16-HSA complexes
begins at a lower concentration of amphiphile (0.08 mM), unlike with PS-16-HSA systems
(0.3 mM). As has been previously reported [35,63], the binding of the protein to amphiphile
at the water–air interface is dominantly observed through electrostatic interactions at low
concentrations of cationic surfactant. Hydrophobic interactions begin to predominate with
the increase in surfactant concentration. Therefore, the difference in the complexation of
the studied amphiphiles with HSA can be related to their different ability for electrostatic
binding. Probably, electrostatic interactions are preferable for IA-16 due to the planar
structure of the head group [49], compared to cyclic one in PS-16 with low conformational
mobility [65].
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As mentioned above, surfactant binding to HSA can cause various conformational
changes in the protein that can affect its size. Therefore, the DLS method was used to
determine the Dh of native HSA and mixed IA-16-HSA and PS-16-HSA associates. As can
be seen from Figure 8, the Dh of pure HSA is in the range of 6–10 nm, which correlates to
previously obtained data [47,66]. Different concentrations of cationic surfactants (IA-16
and PS-16) have a small effect on the size of the polypeptide. Both mixed complexes
demonstrated similar sizes in the range of 4–10 nm. This is in agreement with minor
changes in protein structure confirming specific binding since a significant increase in
the size of the complexes would have indicated the loss of the tertiary and secondary
polypeptide structure [67].
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3.2.2. Binding Mechanism Study between Surfactants and HSA

The zeta potential is a useful parameter to assess the surface charge of proteins.
Changes in the HSA zeta potential can be the result of surface modifications of the macro-
molecule, unfolding/denaturation processes, conformational changes in the structure, and
also electrostatic interaction in protein–ligand systems [68,69]. Therefore, the zeta potential
of pure protein (at physiological pH = 7.4) and mixed IA-16-HSA and PS-16-HSA associates
was evaluated by electrophoretic light scattering (Figure 9). The zeta potential of free
HSA was ~−10 mV; cationic surfactant additives and an increase in their concentration led
to a change of zeta potential from negative to a positive value. Such behavior in mixed
systems testifies to the formation of protein–ligand complexes due to the electrostatic inter-
action [69,70]. Isoelectric points have been observed at 0.04 mM and 0.08 mM amphiphiles
for mixed IA-16-HSA and PS-16-HSA systems, respectively. It should be noted that ex-
perimental data demonstrated that the electrostatic interactions between imidazolium
surfactants and HSA are more pronounced. This is reflected in the value of the isoelectric
points, as well as in the total charge compensation of the protein.
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Fluorescence spectroscopy is an important method for studying surfactant–protein
binding. Fluorescence quenching is used as a technique for measuring the binding affinity
between proteins and ligands and is expressed as a decrease in the fluorescence quantum
yield of fluorophore induced via various intermolecular interactions. HSA fluorescence is
caused by tryptophan (Trp), tyrosine (Tyr), and phenylalanine (Phe) residues. However,
Phe has a very low quantum yield, and Tyr is almost completely quenched if it is ionized
or located near the amino-, carboxylic groups, or Trp 214 residue. Therefore, Trp 214 is
largely responsible for the intrinsic fluorescence of HSA, which is located deep in the IIA
subdomain [69].

Figure 10 reveals that the fluorescence spectrum of HSA has an emission peak at
340 nm (λex = 280 nm). The addition of cationic surfactants (IA-16 and PS-16) lead to a
hypsochromic shift. Such a blue shift in the fluorescence spectra of proteins corresponds to
a decrease in the polarity of the microenvironment after the binding of the components,
which indicates that the protein chromophore (Trp and Tyr) goes into a more hydrophobic
region [44,64,71,72]. However, the addition of IA-16 quenched the HSA fluorescence, while
PS-16 increased the fluorescence intensity. Protein fluorescence quenching is a very common
phenomenon, which provides evidence for the binding of components [35,44,64,71–73].
The protein fluorescence enhancement in the presence of surfactants occurs very rarely
and is known as the fluorescence sensitization effect. This effect usually appears when
biomacromolecules coexist with some ligands [74,75]. It is interesting to note that the same
result was previously obtained in the case of the interaction of a pyrrolidinium surfactant
containing carbamate fragment with HSA [47].
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Figure 10. Fluorescence intrinsic spectra of IA-16-HSA (a) and PS-16-HSA (b) binary systems under
various amphiphile concentrations (HSA concentration 5 µM); 25 ◦C (I-fluorescence intensity).

Fluorescence quenching can occur in two ways: by a collision between the fluorophore
and the quencher (dynamic quenching) and by the formation of a complex in the ground
state (static quenching). The quenching mechanism can be determined by the value of
the bimolecular quenching rate constant, as well as by comparing the values of the Stern–
Volmer quenching constant (KSV) obtained at different temperatures. During dynamic
quenching, the Stern–Volmer constant is maximum, which is associated with a faster
diffusion of molecules at the chosen temperature. In the case of static quenching, the
Stern–Volmer constant is lower, which is associated with a decrease in hypersensitivity at a
given temperature [76,77].

Since HSA fluorescence quenching occurred only in the presence of IA-16, several
quantitative parameters characterizing the efficiency of component binding were obtained
only for the IA-16-HSA system. The KSV was calculated graphically using the Stern–Volmer
Equation (1) under various temperatures (Table 3). For example, Figure 11 shows the Stern–
Volmer dependences for the IA-16-HSA complex at 25 ◦C. In turn, the Stern–Volmer con-
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stant makes it possible to calculate the bimolecular quenching rate constant (Kq), which al-
lows one to draw a conclusion about the predominant quenching mechanism in systems. So,
the dynamic quenching mechanism prevails if the value of Kq is less than 2 × 1010 L/mol s
and if the static quenching mechanism is more than 2 × 1010 L/mol s [44,51,76,77]. Cal-
culated data on various temperatures are given in Table 3. The Stern–Volmer quenching
constant increases with increasing temperature for the IA-16-HSA system, which indicates a
dynamic quenching mechanism. However, the calculated values of Kq are at least 20 times
higher than the maximum dynamic constant of bimolecular quenching in an aqueous
medium (2 × 1010 L/mol s), which indicates a static mechanism of fluorescence quenching.
Most likely, the formation of IA-16-HSA complexes is associated with a mixed quenching
mechanism, including both the molecular collision and the formation of a non-covalently
bound complex due to the adsorption of surfactant molecules on the hydrophobic domains
of the protein [34,45,51].

Table 3. Stern–Volmer constants KSV, component binding constants Ka, bimolecular quenching rate
constants Kq, and the number of HSA and surfactant binding sites n, changes in enthalpy ∆H0,
entropy ∆S0, and Gibbs free energy ∆G0 for the systems under varying temperatures.

T, K KSV·103, L/mol Kq·1010, L/mol·s Ka·103, L/mol n ∆H0, kJ/mol ∆S0, J/mol·K ∆G0, kJ/mol

298 4.169 42.54 0.151 0.6

−21.32 −29.93

−12.40

303 4.417 44.17 0.126 0.6 −12.25

308 4.443 44.43 0.110 0.6 −12.10

313 4.547 45.47 0.100 0.6 −11.95
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Figure 11. Stern–Volmer plots for the quenching of HSA fluorescence by IA-16 at 298 K. Symbols
show the ratio of the fluorescence intensities in the absence and in the presence of the quencher
(surfactant) on the surfactant concentration.

A modified version of the Stern–Volmer equation (Equation (1)) can be applied to the
calculation of the binding constants of surfactants with HSA (Ka) and the number of binding
sites (n). Table 3 shows that the binding constant decreases with increasing temperature,
indicating lower stability of the complex in the ground state at a higher temperature due
to the pronounced mobility of the molecules [34,77]. In addition, it should be noted that
the Ka values obtained for IA-16-HSA suggest a lower binding affinity compared to other
strong protein–ligand complexes [34,78]. The n values for IA-16-HSA are at the level of
0.6, which testifies to the presence of one binding site in HSA for surfactants upon their
interaction. Further, using the values of the coupling constants of the components Ka,
the thermodynamic parameters of the system were calculated: the change in enthalpy
∆H0, entropy ∆S0, and Gibbs free energy ∆G0 (Equations (3)–(5), Table 3). It is known
that, depending on the nature of the change in the thermodynamic functions ∆H0 and
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∆S0, various intermolecular interactions can dominate in the formation of surfactant–HSA
complexes [34,51]:

• ∆H0 < 0 and ∆S0 < 0—hydrogen bonding and Van der Waals interactions predominate;
• ∆H0 > 0 and ∆S0 > 0—hydrophobic interactions predominate;
• ∆H0 < 0 and ∆S0 > 0—electrostatic interactions predominate.

Summing up all this, hydrogen bonding and Van der Waals interactions predominate
in the IA-16-HSA systems, which is in accordance with the quite low binding constants
of surfactants to HSA (Ka). Negative Gibbs energy demonstrates the thermodynamic
advantage of the formation of IA-16-HSA complexes and the spontaneity of the process.

At the next stage, the IA-16 and HSA interactions were studied using three-dimensional
fluorescence spectroscopy. A 3D fluorescence is an important method for studying con-
formational changes in proteins, and it also allows to evaluate the microenvironment
around aromatic residues in macromolecules. In this method, the fluorescence intensity
is measured for all possible combinations of excitation and emission wavelengths and
summarized on a three-dimensional graph [79].

The 3D fluorescence spectra of pure HSA and in the presence of IA-16 are shown in
Figure 12. There are three characteristic peaks in the HSA spectra, namely, peak A, peak
I, and peak II. Peak A corresponds to the Rayleigh scattering peak (λex = λem). Peak I at
λex = 280 nm and λem = 345 nm demonstrates the characteristic HSA fluorescence associ-
ated with Tyr and Trp residues, respectively (π→π* transition of aromatic amino acids).
Peak II indicates the spectral behavior of the peptide bond skeleton in HSA obtained by the
transition of the n–π*electron of the carbonyl group (λex = 230 nm, λem = 345 nm) [47,80].
It can be seen that an increase in the surfactant concentration in the system leads to fluo-
rescence quenching of peak I, as well as to its slight hypsochromic shift (by ~35 nm). This
indicates the transition of Tyr and Trp residues into a less polar environment and, conse-
quently, an increase in hydrophobicity around amino acid fragments [79]. The results of 3D
fluorescence spectra are in good agreement with the results of conventional fluorescence,
which evidence that the interaction of IA-16 and HSA occurs with little effect on protein
conformation and the formation of a non-covalently bound complex due to the adsorption
of surfactant molecules on the hydrophobic domains of the protein.
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Figure 12. 3D fluorescence spectra of pure HSA (a) and in the presence of 0.01 mM (b), 0.1 mM (c),
1 mM (d) IA-16.

3.3. Drug Solubilization Study in Surfactant–PE Nanocontainers

Poor water solubility is one of the important limiting factors for drug administration
and successful treatment. The most common ways to increase the solubility of drugs are the
use of hydrotropes, surfactant-based nanocarriers, and changing environmental conditions,
such as temperature, pH, etc. [81]. Micelles attract wide attention, providing multiple
increases in solubility of different practically relevant substrates (drugs, food, chemical
dyes, cosmetics, pesticides, etc.), which is one of the key properties of amphiphiles from the
practical viewpoint. Polymer–colloid complexes are an alternative system for dissolving
insoluble substances [13]. However, the solubilization properties of surfactant are more
studied than surfactant–PE mixtures. It is most likely that drug solubilization occurs therein
at a lower surfactant concentration compared to pure one due to the formation of micellar
aggregates at a lower surfactant concentration in the presence of oppositely charged PE.

In accordance with the literature, including our works, the solubilization activity
of cationic surfactants depends on the nature of their head group and the type of drug.
Moreover, in many cases, the solubilization capacity of cationic amphiphiles with a cyclic
head group is higher compared to open head group analogs [81,82]. Therefore, the solu-
bilization ability of mixed surfactant–PE systems toward poorly water-soluble drugs of
various therapeutic effects (non-steroidal anti-inflammatory agent (NSAID)-meloxicam
(Figure 13), anticoagulant-warfarin (Figure 14), and antifungal antibiotic-amphotericin B
(Figure 15)) was investigated.
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Amphotericin B. Data are represented as mean ± standard deviation (n = 3); statistically significant
differences in S value between pure surfactant and mixed systems were represented as ***—p < 0.001.

In accordance with [83], oppositely charged surfactant–PE mixed solutions were
incubated with an excess of drugs for 24 h. S is used for quantitative estimation, which
is the ratio of the mole of solubilized drug per mole of surfactant. Parameter S of the
mixed surfactant–PE systems in relation to the presented drugs was evaluated by UV-vis
spectrophotometry. Absorption spectra were recorded (Figures S1, S2, S4–S6 and S8–S10),
followed by the construction of concentration dependences of the drug absorbance (Figures
S3, S7 and S11). Meloxicam is an NSAID that has analgesic, anti-inflammatory, and
antipyretic effects. It is a pH-dependent drug, the solubility of which is determined by the
pKa values and the existence ranges of the charged forms of the compound. Therefore,
studies were carried out in acetate buffer at pH 4.4; under these conditions, the drug is
insoluble in water but soluble in micellar solutions.

As can be seen from Figure S1, meloxicam is highly soluble in micellar solutions of
individual surfactants independent of the structure of the surfactant head group. The
peak at 364 nm in the spectra of meloxicam showed maximum absorption and was taken
for study (Figures S1 and S2). However, the solubilization capacity (S) of the studied
pyrrolidinium surfactant (0.27 mole of meloxicam/mole of PS-16) is much worse compared
to PS-16 containing a hydroxyethyl fragment (0.8 mole of meloxicam/mole of PS-16) [83].
It should be noted that solubilization of the drug begins before tensiometric CMC (1 mM)
at a concentration of 0.3 mM (Figure S3). It was previously reported that the acetate buffer
reduces twice the aggregation thresholds of PS-16 with the hydroxyethyl fragment. The
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addition of PAA to micellar solutions impairs the solubility of meloxicam. The solubility
is three–five times higher in a pure solution compared to mixed systems at comparable
surfactant concentrations (Figure S3). It is likely that the polyanion creates a steric barrier
and prevents the penetration of the drug into micellar aggregates, despite the fact that
the dimensions of polymer–colloidal aggregates are much larger than micelles. At the
same time, for the mixed systems containing imidazolium surfactant, the S values are
lower by 30% compared to pyrrolidinium surfactant (Figure 13). To estimate the statistical
significance, a one-way analysis of variance (ANOVA), where p = 0.04.

Next, spectrophotometric studies of the solubility of warfarin in micellar solutions of
pyrrolidinium (Figure S4b) and imidazolium surfactants (Figure S4a) in the presence of PAA
(Figure S5) and HSA (Figure S6) were carried out. Warfarin is an indirect anticoagulant, a
coumarin derivative, which is used for the treatment and prevention of thrombosis and
hematogenous embolism. The peak at 307 nm in the spectra of warfarin showed maximum
absorbance and was taken to study the solubilization capacity (Figures S4–S6). The studied
polyanions have the opposite effect on the solubilization capacity of amphiphiles (Figure 14).
PAA additives slightly reduce the S value of the micellar systems, whereas HSA leads to an
increase in S by 10–20% with statistically significant differences between the pure surfactant
and mixed systems (p < 0.01). It is likely that HSA provides favorable hydrophobic binding
sites for the drug, as previously was shown for other drugs [84,85]. In addition, binding
site 1 of albumins showed a strong affinity for heterocyclic compounds such as warfarin,
indomethacin, etc. [86].

Amphotericin B is an effective polyene broad-spectrum antibiotic against fungal
diseases with poor solubility in water. Currently, several liposomal forms of amphotericin
B have been developed; however, the high cost is the disadvantage of this approach [87].
The application of micellar nanocontainers can significantly reduce the cost and toxicity
of the antibiotic. There are three maxima in the absorption spectra of the drug; the peak
at 389 nm was chosen to study the solubilization capacity (Figures S8–S10). The most
pronounced PE effect on the solubilization ability of amphiphiles is observed in the case of
amphotericin B (Figure 15). Modification of nanocontainers with a protein increases the
solubilization capacity more than twice, while the synthetic polyanion reduces the drug
solubility by six times compared to pure surfactants. This is probably due to the strong
affinity of amphotericin B for serum proteins. In work [86], a variety of spectroscopic
methods showed a significant decrease in the HSA and BSA intrinsic fluorescence with
an increase in the amphotericin concentration, which confirms the effectiveness of the
interaction between components. Synthetic polyelectrolytes, specifically PAA, can initiate
the formation of mixed surfactant–PE aggregates, similar to a pearl-necklace structure [24],
wherein micelles look as strung on a PE chain. In this case, the hydrophobic PE chains
probably compete with the hydrophobic drug for the solubilization in micelles.

4. Conclusions

Multifunctional self-assembling systems based on cationic surfactants, synthetic
polyanion (polyacrylic acid), and protein (human serum albumin) were formed under
varying the structure of the head group of amphiphiles (pyrrolidinium and imidazolium).
The properties of the mixed systems have been systematically studied using a variety of
modern complementary physicochemical methods. The polyanion additives increased the
aggregation activity of the studied amphiphiles in terms of critical aggregation concen-
trations by two orders of magnitude (from 1 mM to 0.01 mM). The results also revealed
a correlation between aggregation thresholds of mixed surfactant–HSA systems and the
structure of the surfactant head group; in particular, lower CAC was demonstrated in the
case of IA-16. Synthetic macromolecule PAA gives the possibility of obtaining nanoscale
mixed micellar aggregates with controlled size and shape depending on the surfactant
concentration, while no significant changes in size behavior were observed in the case
of HSA. For the mixed system with IA-16, classical quenching of HSA fluorescence was
shown, while for the system with PS-16, on the contrary, an unusual increase in fluorescence
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was observed, which indicates a different binding mechanism of surfactant to the protein.
According to the structure–properties relationships revealed, polymer–colloid nanocontain-
ers with controlled parameters and different loading efficiencies of hydrophobic drugs have
been developed. It was shown that the solubilization capacity of surfactant–PE mixtures
depends on the structure of the surfactant head group and the nature of polyanions. It
can be increased more than twice, which was demonstrated on several drugs (meloxicam,
warfarin, and amphotericin B). The obtained experimental data extend the understanding
of the mechanism of action of polyanions and the biomedical application of amphiphilic
compounds.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/nano13061072/s1, Figure S1: Absorbance spectra of Meloxicam
in the IA-16 (a) and PS-16 (b) systems under varying surfactant concentration; acetic buffer pH = 4.4;
25 ◦C.; Figure S2: Absorbance spectra of Meloxicam in the oppositely charged IA-16-PAA (a) and
PS-16-PAA (b) systems under varying surfactant concentration; acetic buffer pH = 4.4; 1 mM PAA;
25 ◦C; Figure S3: Meloxicam absorbance at 305 nm wavelength upon amphiphile concentration plot
for pure surfactant and surfactant–PAA (b) systems; l = 0.5 cm; 25 ◦C; Figure S4: Absorbance spectra
of Warfarin in the IA-16 (a) and PS-16 (b) aqueous solutions under varying surfactant concentration;
25 ◦C; Figure S5: Absorbance spectra of Warfarin in the oppositely charged IA-16-PAA (a) and
PS-16-PAA (b) systems under varying surfactant concentration; 1 mM PAA; l = 0.5 cm; 25 ◦C;
Figure S6: Absorbance spectra of Warfarin in the oppositely charged PS-16-HSA (a) and IA-16-HSA
(b) systems under varying surfactant concentration; 0.5 mM HSA; l = 0.5 cm; 25 ◦C; Figure S7:
Warfarin absorbance at 305 nm wavelength versus amphiphile concentration plot for the pure
surfactant, surfactant–HSA systems (a) and surfactant–PAA (b) systems; l = 0.5 cm; 25 ◦C; Figure S8:
Absorbance spectra of Amphotericin B in the IA-16 (a) and PS-16 (b) aqueous solutions under varying
surfactant concentration; 25 ◦C; Figure S9: Absorbance spectra of Amphotericin B in the oppositely
charged IA-16-PAA (a) and PS-16-PAA (b) systems under varying surfactant concentration; 1 mM
PAA; l = 0.5 cm; 25 ◦C; Figure S10: Absorbance spectra of Amphotericin B in the oppositely charged
PS-16-HSA (a) and IA-16-HSA (b) systems under varying surfactant concentration; 0.5 mM HSA;
l = 0.5 cm; 25 ◦C; Figure S11: Amphotericin B absorbance at 385 nm wavelength upon amphiphile
concentration plot for pure surfactant, surfactant–HSA (a) and surfactant–PAA (b) systems; l = 0.5 cm;
25 ◦C; Table S1: The hydrodynamic diameters (Dh), zeta potential (ζ) and polydispersity index (PdI)
of PAA-PS-16 and PAA-IA-16 associates under different molar ratio; pH = 4; 25 ◦C; p < 0.05 means
statistically significant difference values, p > 0.05 no significance.
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Abstract: Due to their diverse and unique physical properties, miktoarm star copolymers (µ-SCPs)
have garnered significant attention. In our study, we employed α-monobomoisobutyryl-terminated
polydimethylsiloxane (PDMS-Br) to carry out styrenics-assisted atom transfer radical coupling (SA
ATRC) in the presence of 4-vinylbenzyl alcohol (VBA) at 0 ◦C. By achieving high coupling efficiency
(χc = 0.95), we obtained mid-chain functionalized PDMS-VBAm-PDMS polymers with benzylic
alcohols. Interestingly, matrix-assisted laser desorption/ionization time of flight mass spectrometry
(MALDI-TOF MS) analysis revealed the insertion of only two VBA coupling agents (m = 2). Subse-
quently, the PDMS-VBA2-PDMS products underwent mid-chain extensions using ε-caprolactone
(ε-CL) through ring-opening polymerization (ROP) with an efficient organo-catalyst at 40 ◦C, result-
ing in the synthesis of novel (PDMS)2-µ-(PCL)2 µ-SCPs. Eventually, novel (PDMS)2-µ-(PCL)2 µ-SCPs
were obtained. The obtained PDMS-µ-PCL µ-SCPs were further subjected to examination of their
solid-state self-assembly through small-angle X-ray scattering (SAXS) experiments. Notably, various
nanostructures, including lamellae and hexagonally packed cylinders, were observed with a periodic
size of approximately 15 nm. As a result, we successfully developed a simple and effective reaction
combination () strategy (i.e., SA ATRC--ROP) for the synthesis of well-defined PDMS-µ-PCL µ-SCPs.
This approach may open up new possibilities for fabricating nanostructures from siloxane-based
materials.

Keywords: polydimethylsiloxane; poly(ε-caprolactone); miktoarm star copolymers; styrenics-assisted
atom transfer radical coupling; combination

1. Introduction

Star copolymers (SCPs) are non-linear macromolecules with more than two linear
polymer chains (arms) with a central core [1,2]. Among SCPs, homogeneous arms (e.g.,
homopolymer, random, or block copolymer segments) and heterogeneous arms (i.e., mik-
toarm SCPs (µ-SCPs)) are the two major classes of SCPs [3,4]. The former consists of arms
with identical chemical structures, chain ends, and comparable compositions and molecular
weights (MWs). The latter encompasses dissimilar arms with varying MWs, compositions,
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and chain-end functionalities linked at a central junction [5]. Their superior features of high
functional group density and low solution viscosity, arising from a spatially defined and
congested 3D globular structure, generally do not exhibit in typical linear copolymers [6].

Moreover, µ-SCPs have recently attracted significant attention due to their diversity,
exhibiting unique physical properties. Originating from the architecture effects [5], the vari-
ability of compositions and functionality within µ-SCPs also grants access to a captivating
range of novel properties, including distinct microdomain morphologies, the capacity to
generate stable unimolecular micelles, and the formation of exceptional supramolecular
assemblies. These unprecedented properties of µ-SCPs enable them in various potential
applications, including thermoplastic elastomers, nanostructured thin films, solid-state
electrolytes, gene and drug delivery systems, and stimuli-responsive materials [5,7–9].
Proper polymer designs with well-defined MWs, low molecular weight polydispersity
(PDI), and controllable architectures thus play an essential role in establishing physical
property relationships. This is vital for polymer chemists to achieve one of the most im-
portant goals of designing polymers with predetermined structures and manipulating
materials with desired properties [10,11].

Based on the designing strategies, µ-SCPs can be synthesized via the core-first ap-
proach, coupled with the grafting-from or arm-first methods associated with the grafting
onto/through approach. Through combinations (symbolized as “”) of two or more con-
trolled/“living” polymerization (CLP) techniques, we can achieve control of the arm
compositions, MWs, PDIs, and functionalities [6]. The CLP techniques include living an-
ionic/cationic polymerization (LAP/LCP), reversible-deactivation radical polymerizations
(RDRPs), ring-opening (metathesis) polymerization (ROP), catalyst transfer polymerization
(CTP), chain-growth condensation polymerization (CGCP), etc. Using the core-first ap-
proach, µ-SCPs can be directly synthesized by initiating arm growth from a multifunctional
initiator with heterogeneous sites through sequential initiation systems. Using the “core-
first” approach, we might face the arduous synthesis of a multifunctional core and the later
orthogonal initiating functionalities [12]. In addition, the synthesis of µ-SCPs with high
MWs could be bargained by the occurrence of unsought terminations (e.g., intra-arms or
inter-arms coupling reactions) during polymerization, leading to undesired molecular struc-
tures [13]. The arm-first approaches are more diverse. Several approaches can be utilized:
(i) A conventional method is that heterogeneous polymer chains with a reactive end can
be coupled with efficient organic reactions to conduct a grafting-onto strategy among the
different types of polymer chain ends and the multifunctional core. (ii) A late-developed
method is that macromonomer (MM) precursors can be first synthesized by CLPs or modi-
fied by a chain end of condensation-type polymers to possess a vinyl group. Subsequently,
an appropriate amount of chain-end cross-linking via a CLP initiator can lead to µ-SCPs.
(iii) Vice versa, macroinitiator (MI) precursors can be synthesized by CLPs or modified by
the chain ends of condensation-type polymers to possess an initiating site. Subsequently,
chain-end cross-linking through the CLP mechanism in the presence of divinyl compounds
can also result in µ-SCPs [4,5]. (iv) A recently developed and innovative “in–out” strategy
method was demonstrated. In this method, polymer arms were created, and a core was
convergently formed through in-situ additions of divinyl crosslinking agents. Within the
core of the SCP, dormant initiating sites were preserved. Subsequently, this star copolymer
was utilized as a multifunctional MI to initiate CLP of another monomer, resulting in the
production of µ-SCPs.

Common drawbacks of the conventional arm-first approach are lack of chain mobility
and steric hindrance in high MWs, leading to slow and inefficient reactions. Thus, it
is usually employed for the syntheses of µ-SCPs with low MWs or fewer arms [13–15].
Conversely, the two recently developed arm-first methods offer a highly convenient and
efficient means of preparing µ-SCPs. This is achieved by separately synthesizing functional
arms with distinct compositions and crosslinking them together, leading to high molecular
weight and a substantial number of arms (>100) [13,16]. It allows us to control the number
of arms, which is dictated by parameters including amount of crosslinker, small amounts
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of monomers, timing of crosslinker addition, MW of arms, ratio of MMs/initiator, ratio of
MIs/crosslinker, functionality, and composition of the polymeric arms [15,17,18].

In the previous literature, LAP has been extensively and successfully employed to
synthesize various types of µ-SCPs since its pioneer position of CLPs [19–29]. It is still a
challenge to extend the arm numbers beyond six in all cases. In recent decades, RDRP (e.g.,
atom transfer radical polymerization (ATRP), reversible addition–fragmentation chain-
transfer (RAFT) polymerization, and nitroxide-mediated polymerization (NMP)) and ROP
methods started a revolution owing to their orthogonal reactivity, gentle reaction condi-
tions, and expansive monomer range in comparison to LAP [13,14,30–37]. Some reports
on synthesizing polyester-based µ-SCPs by combining other chemistry and contemporary
polymerization techniques and ROP are available. However, only a few works have re-
ported using the arm-first route with the facile based on efficient radical coupling reactions,
such as styrenics-assisted atom transfer radical coupling (SA ATRC) [5,16,38] and pho-
toirradiation organotellurium-mediated radical coupling (hvTERC) [39,40] to synthesize
polyester-based µ-SCPs.

Several kinds of literature illustrate that SA ATRC is a unique method of introducing
polymers with mid-chain functionality at a low temperature with high coupling efficiency
(χc) [13,31]. For example, Huang and co-workers progressively developed various AnBm-
type µ-SCPs by using the arm-first approach via combinations of three techniques (e.g.,
ROP--SA ATRC--ATRP or ROP--SA ATRC--CGCP) [14,36]. In another case, the CGCP
was first applied for the synthesis of well-defined poly(N-octyl benzamide) (PBA) and
converted the chain end to an effective initiating site of 2-bromoisobutyryl (i.e., PBA-Br:
Mn = 3000 and PDI = 1.1). A high coupling efficiency (>0.95) and doubling of the MW
with low PDI (Mn = 5770 and PDI = 1.13) were obtained through the SA ATRC of PBA-
Br with 4-vinylbenzyl alcohol (VBA) coupling agent. Through the combined strategy of
CGCP--SA ATRC--ROP (i.e., final ROP mid-chain extension of PBA-VBAm-PBA MI with
ε-caprolactone (ε-CL)), a novel well-defined (PBA)2-µ-(PCL)4 µ-SCP (Mn,NMR = ca. 13,400
and PDI = 1.17) was successfully obtained [41].

Herein, we develop a simple and effective SA ATRC--ROP strategy for synthesizing
well-defined PDMS-µ-PCL (PDMS: polydimethylsiloxane) µ-SCPs. As shown in Scheme 1,
the chain-end modification and SA ATRC of the PDMS-based precursors were conducted
and examined by gel permeation chromatography (GPC) and matrix-assisted laser des-
orption/ionization time of flight mass spectrometry (MALDI-TOF MS). We employed
a styrenic monomer, VBA, as a coupling agent to synthesize PDMS-VBAm-PDMS MI.
An organo-catalyst catalyzed the ROP mid-chain extension of PDMS-VBAm-PDMS MI
with ε-CL to afford well-defined µ-SCPs. Eventually, the self-assembly behaviors and
the microstructures in the obtained solid-state PDMS-µ-PCL µ-SCPs were investigated by
small-angle X-ray scattering (SAXS).
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2. Experimental Section
2.1. Materials

Triethylamine (TEA, 99.5%), 2-bromoisobutyryl bromide (BiB, 97%), copper bromide
(CuBr, 99%), diphenyl phosphate (DPP, 97%), copper wire (Cu wire (diameter = 1.0 mm),
99.9%), hydrochloric acid (37%), formic acid (88%), magnesium sulfate anhydrous (MgSO4,
99%), dichloromethane (DCM, 99.9%), dimethyl sulfoxide (DMSO, 99%), diethyl ether
(99%), methanol (MeOH, 99%), and tetrahydrofuran (THF, 99%) were procured from
Sigma-Aldrich (St. Louis, MO, USA) and were used without purification. Monohydroxyl-
terminated polydimethylsiloxane (PDMS-OH: Mn = 1250, PDI = 1.17) was purchased
from Gelest. ε-Caprolactone (ε-CL, 99%) and toluene (99%) were dried by distillation
with sodium hydride and sodium prior to use. According to the previous literature,
we prepared 4-vinylbenzyl alcohol (VBA) [42–45] and tris(2-(dimethylamino)ethyl)amine
(Me6TREN) [46–48] (Scheme S1a,b, respectively (see the ESI)). Their characterization of 1H
NMR spectra is shown in Figure S1 (see the ESI).

2.2. Characterization

The progress of monomer conversion was tracked using a Hewlett Packard 5890 series
II gas chromatograph (GC) featuring an FID detector and a CNW CD-5 column (30 m),
with toluene employed as an internal standard. Gel permeation chromatography (GPC)
was carried out at 40 ◦C in THF (flow rate: 1 mL/min) using a Waters 515 pump, a
Waters 410 differential refractometer, a Waters 486 absorbance detector, and two PSS
SDV columns (Linear S and 100 Å pore size) to determine Mn, Mw and Mw/Mn (i.e.,
PDI). Monodisperse polystyrene (PSt) standards were used for calibrations. Recycling
preparative gel permeation chromatography (rGPC) was carried out at ambient temperature
in THF (flow rate: 10 mL/min) using a LaboACE LC-5060 equipped with a P-LA60 pump,
a RI-700 LA differential refractometer, and JAIGEL-2.5HR columns (exclusion limit 20,000).
Polymer solutions (10 mg/mL) were purified to obtain low PDI samples. FT-IR spectra were
captured using a Nicolet Avatar 320 FT-IR spectrometer operating at a resolution of 4 cm−1,
with 24 scans. The samples were dissolved in THF and applied onto a KBr plate. Proton
nuclear magnetic resonance (1H NMR) spectra were acquired using a Varian 400 NMR
and calibrated against an internal standard of CDCl3 (δ = 7.26 ppm). Matrix-assisted laser
desorption/ionization time-of-flight mass spectrometry (MALDI-TOF MS) was recorded
on a Bruker Autoflex III spectrometer plus in the reflectron ion mode. Trans-2-[3-(4-
tert-butylphenyl)-2-methyl-2-propenylidene] malononitrile (DCTB) and sodium chloride
(NaCl) were, respectively, used as the matrix and ionizing agent for the MALDI-TOF mass
measurements. The dried samples were placed in an N2-purged chamber to maintain
environmental dryness. Small-angle X-ray scattering (SAXS) analysis was conducted at the
Endstation BL23A1 National Synchrotron Radiation Research Center (NSRRC) in Hsinchu,
Taiwan. The X-ray source operated at 15 kV, and the sample-to-detector distance was
3 m. The scattering profile, obtained using a Pilatus-1MF detector, was plotted in terms
of scattering intensity (I) as a function of the scattering vector magnitude [q = (4π/λ) sin
(θ/2)]. The d-spacing was determined from the first-order scattering peak (q*) using the
formula d = 2π/q*.

2.3. Synthesis of PDMS-Br Macroinitiator (MI)

An acid scavenger TEA (1 mL, 9.9 mmol), PDMS-OH (5.5 g, 5 mmol), and DCM
(50 mL) were mixed in a reaction flask. BiB (2.3 mL, 9.9 mmol) was added dropwise
into the solution. The reaction mixture was stirred at room temperature for 24 h. The
reaction mixture was diluted with 1 M HCl solution (100 mL) and extracted with DCM
100 mL 3 times. The collected organic phase was washed with deionized water, dried
with MgSO4, and concentrated to obtain PDMS-Br precursor (Mn,NMR = 1280, Mn,GPC = 1280,
PDI = 1.14, yield 80%). 1H NMR (400 MHz, CDCl3, δ = ppm): 4.32 (t, -CH2OCO-, 2H), 3.67 (t,
-CH2CH2OCO-, 2H), 3.45 (t, -CH2CH2CH2O-, 2H), 1.94 (s, -OCOC(CH3)2Br, 6H), 1.60 (m,
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-CH2CH2CH2O-, 4H), 1.25–1.37 (m, CH3CH2CH2CH2-, 4H), 0.88 (t, CH3CH2CH2CH2-, 3H),
0.53 (m, -Si(CH3)2CH2-, 4H), 0.1 (br, -(CH3)2 of PDMS, 6H).

2.4. Synthesis of PDMS-VBAm-PDMS through Styrenics-Assisted Atom Transfer Radical
Coupling (SA ATRC)

In an example of the SA ATRC reaction, CuBr (0.43 g, 3 mmol), toluene (100 mL),
and a stirring bar wrapped with fresh copper wire (5 cm) were added to a septum-sealed
Schlenk flask. The mixture was subsequently deoxygenated by nitrogen purging treatment
for 60 min. A mixture of VBA (3.8 mL, 30 mmol), PDMS-Br (3.8 g, 3 mmol with Mn,0 = 1280,
PDI = 1.14), and Me6TREN (2 mL, 7.5 mmol) was then injected into the flask after treating
in the nitrogen atmosphere and the reaction was cooled to 0 ◦C. Samples were taken
periodically under a nitrogen blanket and passed through a short column of neutral alumina
to remove dissolved copper salts before the analysis of GPC. The reaction was exposed to
an ambient atmosphere and the crude product was diluted with THF and passed through a
neutral alumina column. The solution was concentrated under a vacuum to remove the
residual solvent, monomer, and ligand. The collected polymer was vacuum-dried to afford
PDMS-VBAm-PDMS (Mn = 2440, PDI = 1.31, yield 25%; coupling efficiency (xc) = 0.95
where xc = 2 × (1 −Mn,0/Mn)).

2.5. Chain Extension of PDMS-VBAm-PDMS with ε-CL through ROP

An oven-dried Schlenk flask and magnetic stirrer bar with DPP (50 mg, 0.2 mmol)
and PDMS-VBAm-PDMS (0.5 g, 0.2 mmol) and toluene (10 mL) were charged. The flask
was sealed and deoxygenated using freeze–pump–thaw for three cycles and refilled with
nitrogen. ε-CL (1.1 mL, 9.8 mmol) was injected into the solution ([ε-CL]0 = 0.8 M), and
the polymerization was allowed to commence at 40 ◦C. An initial sample was taken via
a syringe to trace the chain extension through ROP at ambient temperature. The reaction
was stopped by adding an acidic Amberlyst® A21 and diluted with THF. The ion-exchange
resin was removed by filtration and the clear solution was precipitated in MeOH. Using
similar procedures, two crude PDMS-µ-PCL were collected and dried under vacuum
(i.e., Mn,GPC = 4300, PDI = 1.72, yield 75%; Mn,GPC = 7990, PDI = 1.52, yield 73%). These
samples were further purified by rGPC to remove the impurities and well-defined PDMS-
µ-PCL samples can be acquired (i.e., µ-SCP1: Mn,GPC = 7140, PDI = 1.24 and µ-SCP2:
Mn,GPC = 11,230, PDI = 1.20).

3. Results and Discussion

Figure 1A demonstrates the GPC traces of PDMS-OH and PDMS-Br. Before conducting
effective SA ATRC [49–52], the PDMS-Br precursor was synthesized through the acylation
of the PDMS-OH with 2-bromoisobutyryl bromide (Scheme S1c (see the ESI)) [47]. The
GPC traces of the corresponding PDMS-OH and PDMS-Br products (i.e., curves a1 and
a2 in Figure 1A) showed only a minor shift and remained similar in molecular weight
(MW) characteristics. After acylation of PDMS-OH, the MW slightly shifted from 1250 to
1280 with low PDI values (PDI < 1.17). Characterized by IR spectroscopy, Figure S2a (see
the ESI) displays the bending of the Si-CH3 bond, Si-O, Si-CH3 bond, and the stretching
of the C-H bond (790, 1010, 1260, and 2960 cm−1, respectively). As shown in Figure S2b
(see the ESI), the stretching of C=O (1740 cm−1) was additionally observed, revealing
the successful acylation of the PDMS-OH. As shown in Figure 1B–D, various ratios of
VBA/PDMS-Br were then conducted to examine the efficacy of SA ATRCs (VBA/PDMS-
Br/CuBr/Me6TREN = x/1/1/2.5 at 0 ◦C with 0.05 cm Cu wire/mL toluene (x = 0, 1, 4,
and 10)). Without VBA (Figure 1B), the Mn increased to approximately 1830 with a low
PDI value (1.33) after SA ATRC of PDMS-Br. The coupling efficiency (xc) can be estimated
to be ca. 0.6 (where xc = 2 × (1 − Mn,0/Mn), Mn,0: the initial number average MW, Mn:
the number average MW after coupling). For SA ATRCs with excess amounts of VBA
(Figure 1C,D), the Mns increased to approximately double the Mn,0 (ca. 2450) with low PDI
values (<1.30). High xc values of approximately 0.95 were acquired in both cases. With
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a high ratio of VBA/PDMS-Br = 10, the result stayed at the coupling reaction instead of
the chain extension of the PDMS-Br with VBA. This is ascribed to the low-temperature
condition for SA ATRC.
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Figure 1. (A) GPC traces for the PDMS chain-end modification. Monitoring the coupling efficiency
(xc) by GPC traces with various VBA/PDMS-Br ratios: (B) 0/1, (C) 4/1, and (D) 10/1 (VBA/PDMS-
Br/CuBr/Me6TREN = x/1/1/2.5 at 0 ◦C with 0.05 cm copper wire/mL toluene; [PDMS-Br]0 = 0.03 M
in toluene; xc = 2 × (1 −Mn,0/Mn)).

Figure 2 displays 1H NMR spectroscopy analysis of the PDMS-based polymers and
their assigned relevant characteristic peaks. Compared the spectra of 2A and 2B, quantita-
tive chain end modification from PDMS-OH to PDMS-Br can be confirmed (i.e., disappear-
ance of peaks a (~3.65 ppm (t, -CH2CH2OH, 2H)) and b (~3.45 ppm (t, -CH2CH2OH, 2H))
and appearance of peaks a’ (~4.32 ppm (t, -CH2OCO-, 2H)), b’ (~3.67 ppm (t, -CH2CH2OCO-
, 2H)), and j (~1.94 ppm (s, -OCOC(CH3)2Br, 6H))). After SA ATRC of PDMS-Br with VBA
(Figure 2C), the disappearance of peak j and appearance of peaks k and l were observed
(~4.6 and 6.8–7.2 ppm, respectively). The 1H NMR spectra implied the occurrence of the
convergent reaction that inserted only a few VBA units.

To further understand the structural details after SA ATRC, the PDMS-Br precursor
and a well-coupled PDMS-VBAm-PDMS polymer were analyzed by MALDI-TOF MS using
DCTB as the matrix and NaCl as the ionizing agent. Figure 3a displays the MALDI-TOF
spectrum of PDMS-Br (Mn = 1280, PDI = 1.14). Interestingly, a series of major peaks (i.e., star
marks) with a range of approximately 222 Da, corresponding to the hexamethyl trisiloxane
(HMTS) molar mass, was observed. This should intrinsically originate from the ROP of
the 6-member ring of HMTS for PDMS preparations. Taking an example of the peak at
m/z = 1131.5, the PDMS-Br with rational functionalities can be deduced (i.e., m/z (cal.) =
MWhead (115.27) + n×MWDMS unit (10× 74.15) + MWend (252.13) + MWNa+ (22.99) = 1131.89),
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indicating alternative evidence of the chain end modification through robust MALDI-
TOF MS analysis. Figure 3b shows the MALDI-TOF spectrum of PDMS-VBAm-PDMS
(Mn = 2430 g/mol, PDI = 1.21), which also displayed a series of major peaks corresponding
to the HMTS repeating unit (ca. 222 Da). Taking an example of the peak at m/z = 2348.3,
structural details of the coupling product can be estimated (i.e., m/z (cal.) = MWchain-ends
(2 × 115.27) + n ×MWDMS unit (20 × 74.15) + m ×MWVBA (2 × 134.18) + MWmid-linkages
(2× 172.22) + MWNa+ (22.99) = 2349.3). These results importantly and surprisingly revealed
that high xc of SA ATRC can be attained even at 0 ◦C and only two VBA coupling agents
(m = 2) were inserted.
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Figure 2. 1H NMR spectra (400 MHz, CDCl3) of (A) PDMS-OH, (B) PDMS-Br, and (C) PDMS-VBAm-
PDMS.

The scenario can be rationalized based on kinetic details to discuss such interesting
results. For simplicity, the rate constants of activation (kact), deactivation (kdea), and ter-
mination (kt) of PDMS-Br with the bromoisobutyryl group are classified to those of the
similar structures of ethyl 2-bromoisobutyrate (EBiB) and methyl methacrylate (MMA)
(i.e., kact,EBiB, kdea,EBiB, and kt,MMA, respectively). For the role of VBA, the rate constants
were amended from 1-phenylethylbromide (PEBr) and styrene (St) (i.e., kact,PEBr, kdea,PEBr,
kp, and kt,St). Table 1 summarizes the relevant reaction rate constants. In the absence of
VBA, disproportionation termination between PDMS•methacrylic macroradicals was dom-
inated [53,54], leading to the formation of PDMS-= and PDMS-H products. Once VBA was
added, disproportionation termination of the PDMS• methacrylic macroradical was signifi-
cantly suppressed and guided the overall reaction to conduct radical–radical coupling based
on the following kinetic balances: (i) A high kdea,EBiB (= ca. 5.1 × 105 M−1 s−1) [55–57] that
can conduct efficient deactivation reaction and thus keep the PDMS-Br chain-end integrity;
(ii) A rapid cross-reaction between PDMS• and VBA (kcr = ca. 2.5 × 103 M−1 s−1) [58]
to significantly transform the nature of the methacrylic macroradical to styrenic macro-
radical; (iii) The propagation rate constant of VBA is maintained at a significantly low
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value of approximately 40 M−1 s−1 at 0 ◦C. This critical control guarantees minimal chain
extension during the reaction, thereby minimizing the consecutive addition of VBA to the
newly-formed PDMS-VBA• macroradical (i.e., resulting in nearly a monoadduct). The
prompt coupling reaction can be effectively dominated (kt,St = ca. 108 M−1 s−1) due to the
nature of the styrenic radical termination [54,59,60]. Rationally, the kact,PEBr and kdea,PEBr
are relatively low, which would be insufficient to establish the activation–deactivation
reactions of PDMS-VBA-Br. Thus, PDMS-VBA2-PDMS was mainly formed.
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Figure 3. MALDI-TOF MS of (a) PDMS-Br and (b) PDMS-VBAm-PDMS polymers (n: DMS units, m:
VBA units).

Table 1. Reaction rate constants at 0 ◦C based on the relevant initiators (EBiB and PEBr) and monomers
(MMA and St).

Rate Constant Value (M−1 s−1) Reference

kact,EBiB 13 [55–57]
kdea,EBiB 5.1 × 105 [55–57]
kt,MMA 6.0 × 108 [61]

kcr 2.5 × 103 [58]
kp 42 [55–57]

kt,St 4.0 × 108 [59]
kact,PEBr 0.8 [55–57]
kdea,PEBr 1.8 × 104 [55–57]

kact: ATRP activation rate constant; kdea: ATRP deactivation rate constant. These rate constants were determined
based on the conditions outlined in the literature (specifically, values for EBiB and PEBr with CuBr/Me6TREN in
MeCN). kcr: Rate constant for cross-reaction from methacrylic radical to St (value calculated from the activation
energy and frequency factor). kp: Propagation rate constant for styrenics; kt: Termination rate constant.
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After achieving high efficiency of SA ATRC with VBA as a coupling agent, mid-chain
functionalized polymers with benzylic alcohols were obtained. The PDMS-VBA2-PDMS
MI with two hydroxyl groups allows us to perform chain extension with ε-CL through
living-ROP (ε-CL/PDMS-VBA2-PDMS/DPP = 50/1/1 at 40 ◦C; [ε-CL]0 = 0.8 M). As shown
in Figure 4A, the kinetics revealed a linear first-order plot with an apparent rate constant
(kapp) of approximately 1.03 × 10−4 s−1. Figure 4B showed moderate increases in PDIs and
Figure 4C showed gradual increases in MWs and the Mns relating to conversion. As shown
in Figure 4D, the GPC traces showed significant growth in MW. However, a shoulder was
observed after 2 h, which might be attributed to the unignorable self-polymerization of
ε-CL via the cationic catalyst. To obtain the well-defined PDMS-µ-PCL µ-SCPs with low
PDI, we employed a recycling GPC (rGPC) to separate the undesired portions. As shown in
Figure S3, the trace during the first cycle (elution time: 7.7–13 min) revealed poor separation
due to insufficient elution time. The trace displayed sufficient separation time in the second
cycle (elution time: 17.7–27 min). The desired PDMS-µ-PCL was collected within an
elution time of 18–23 min. As shown in Figure 5, curves a and c with shoulders possessed
relatively large PDIs (>1.5). After the rGPC purifications, curves b and d displayed low PDIs
(<1.3) with mono-modal traces, accompanied by increased MWs, indicating the undesired
products had been effectively purified.
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sion, and (D) GPC traces for the ROP chain extension (ε-CL/PDMS-VBA2-PDMS/DPP = 50/1/1 at
40 ◦C; [ε-CL]0 = 0.8 M).

The obtained PDMS-µ-PCL µ-SCP was also subjected to structural elucidation us-
ing 1H NMR spectroscopy. Figure 6A displays the spectrum of PDMS-VBA2-PDMS MI,
which contains benzylic alcohol (-Ph-CH2-OH) at peak b (4.4–4.7 ppm). In Figure 6B, the
spectrum of PDMS-µ-PCL µ-SCP reveals the presence of characteristic signals from the
PDMS backbone. Additionally, peaks b’, j, l, and q from benzyl ester and PCL backbone
(4.9–5.2, 4.06, 2.30, 1.2–1.7 ppm, respectively) were observed, while peak b corresponding
to the benzylic alcohol disappeared. Two samples were thus acquired and the volume
fractions of PDMS in µ-SCP1 and µ-SCP2 were estimated as f v

PDMS = 0.46 and 0.32, re-
spectively. The successful acquisition of µ-SCP1 (Mn,GPC = 7140, PDI = 1.24) and µ-SCP2
(Mn,GPC = 11,230, PDI = 1.20) was achieved using the rGPC instrument, and both samples
exhibited well-defined structures (see again curves b and d in Figure 5).
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(*: inhibitor peaks originating from THF solvent).

The obtained µ-SCP1 and µ-SCP2 were further investigated for their solid-state self-
assembly. Bulk film samples were individually prepared by solution-casting method
(5 wt% µ-SCPs/THF solution) on Teflon plates. The specimens were dried under ambient
temperature for 24 h and then thermal annealed at 60 ◦C under vacuum for 12 h. The
obtained bulk film samples were measured using SAXS under ambient conditions to
analyze their microstructure. As shown in Figure 7A, a lamellar (LAM) structure (i.e.,
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q/q* peaks of 1:2) were obtained in the annealed sample of µ-SCP1 [(PDMS13)2-µ-(PCL20)2,
f v

PDMS = 0.46]. The d-spacing of the nanostructures was approximately 15.3 nm. As shown
in Figure 7B, a hexagonally packed cylinder (HEX) structure (i.e., q/q* peaks of 1:

√
3)

having a periodic size of approximately 16.5 nm was detected in the case of the µ-SCP2
sample [(PDMS13)2-µ-(PCL38)2, f v

PDMS = 0.32]. It is worth noting that the “bottom-up”
approaches to forming significantly ordered nanostructures by block copolymer (BCP)
have a common strategy to use overall high molecular weight copolymers (i.e., high
degrees of polymerization (N)) to conduct self-assembly behaviors. It is generally because
most polymer–polymer interaction parameters (χ) are small. However, Kim et al. [62].
introduced an alternative strategy using a star block copolymer (SBCP) with 18-armed
PMMA-b-PSt (i.e., (PMMA-b-PSt)18). They introduced a self-neutralization approach to
achieve structured nanoarchitectures by increasing the “entropy penalty”. By innovatively
controlling the polymer architecture in such a low χ system (ca. 0.04) [63], they beautifully
fabricated oriented lamellar and cylindrical nanostructures ranging from approximately
50–150 nm on silicon wafers. Similarly, Ho et al. [64] combined two strategies to produce
aligned structures (i.e., low entropy and large χ). By controlling the polymer architecture
of (PStx-b-PDMSy)n SBCPs (arm numbers (n) = 1–4 and repeating units (x + y) < 20),
they ensured a high value of χ (ca. 0.27) between the blocks. As a result, these SBCPs
spontaneously aligned into the cylinder and lamellar structures of sub-20 nm feature size
on silicon wafers. A similar two-strategies method was interestingly demonstrated by a
unique system of maltoheptaose-based SBCPs [65,66], which showed sub-10 nm feature
size. Our PDMS-µ-PCL system has the attributes of low N, large χ, and low entropy.
Accordingly, such peculiarities can easily lead to performing self-assembly on a sub-nano
scale. By minimizing the molecular spatial stability through MM2 molecular modeling
method, contour lengths (L) of the µ-SCPs can be estimated. As shown in Figure S4
(see the ESI), Lµ-SCP1 = 22.7 and Lµ-SCP2 = 36.9 nm were acquired based on a set of end
groups, PDMSn segments, PCLp segments, linkages, and VBA units. Figure 8 displays
our proposed microstructure to indicate the roles and features of PDMS (i.e., only in the
form of amorphous) and PCL (i.e., with the forms of amorphous and crystalline) chains.
Consequently, the measured periodic dimensions of the µ-SCPs using SAXS are smaller
than the estimated contour lengths. This phenomenon can be logically attributed to the
strong crystallization integrity of the PCL chains, leading to a densely packed PCL-rich
area, whether in a LAM or HEX structure. Our ongoing efforts involve examining the
intrinsic properties and self-assembly tendencies of these µ-SCPs. More comprehensive
insights and specific findings will be unveiled in an upcoming publication.
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respectively. The achievement of sub-15 nm microstructures can be attributed to the
attributes of low PDI (<1.3), low N of arms (PDMS13 and PCL20/PCL38), large χ, and low
entropy in the µ-SCPs. In brief, our approach demonstrates high coupling efficiency and
provides a means to introduce mid-chain functionality for conducting post-reactions. This
convergent strategy can be extended to synthesize architecturally distinct and well-defined
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Abstract: Recently, biodegradable polyelectrolyte multilayer capsules (PMC) have been proposed
for anticancer drug delivery. In many cases, microencapsulation allows to concentrate the substance
locally and prolong its flow to the cells. To reduce systemic toxicity when delivering highly toxic
drugs, such as doxorubicin (DOX), the development of a combined delivery system is of paramount
importance. Many efforts have been made to exploit the DR5-dependent apoptosis induction for
cancer treatment. However, despite having a high antitumor efficacy of the targeted tumor-specific
DR5-B ligand, a DR5-specific TRAIL variant, its fast elimination from a body limits its potential
use in a clinic. A combination of an antitumor effect of the DR5-B protein with DOX loaded in the
capsules could allow to design a novel targeted drug delivery system. The aim of the study was
to fabricate PMC loaded with a subtoxic concentration of DOX and functionalized with the DR5-B
ligand and to evaluate a combined antitumor effect of this targeted drug delivery system in vitro. In
this study, the effects of PMC surface modification with the DR5-B ligand on cell uptake both in 2D
(monolayer culture) and 3D (tumor spheroids) were studied by confocal microscopy, flow cytometry
and fluorimetry. Cytotoxicity of the capsules was evaluated using an MTT test. The capsules loaded
with DOX and modified with DR5-B demonstrated synergistically enhanced cytotoxicity in both
in vitro models. Thus, the use of the DR5-B-modified capsules loaded with DOX at a subtoxic
concentration could provide both targeted drug delivery and a synergistic antitumor effect.

Keywords: polyelectrolyte multilayer capsules; antitumor protein DR5-B; targeted drug delivery;
codelivery system; tumor spheroids; HCT-116 cells

1. Introduction

Biodegradable polyelectrolyte multilayer capsules are promising for the entrapment
of a wide range of various biologically active molecules due to the versatility and simplic-
ity of the fabrication technique [1,2]. This technique allows to fabricate capsules under
mild conditions avoiding any organic solvents and using a rather wide selection of shell
materials, including biocompatible and biodegradable polymers [3–7]. Moreover, all inter-
actions, including electrostatics, hydrophobic, hydrogen binding, covalent binding, DNA
hybridization, stereocomplexation, specific recognition, etc., can be used to provide driving
forces for multilayer shell assembly [8]. Intracellular delivery of bioactive species has great
potential for clinical applications [1,3,4]. Furthermore, an LbL approach can be proposed
for the fabrication of high-performance nanosystems, in order to combine several drugs in
PMC. Two up-to-date reviews comprehensively summarize current strategies that enable
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advanced functionalization of polyelectrolyte capsules, their potential biomedical applica-
tions, challenges in manufacturing as well as further safe translation into the clinical [2,5].
Despite PMC usage for targeted drug delivery, most of the researchers have been focused
on magnetic drug targeting [6,7,9–12]. There are only a few studies, where magnetic
antibody-modified capsules have been proposed for targeted drug delivery [13,14].

As well known, the surface design of the microcapsules with antibodies can provide
highly specific antibody–antigen interactions with simultaneous suppression of any un-
specific binding [15,16]. For example, antibody-functionalized capsules assembled from
poly(allylamine hydrochloride) and poly(acrylic acid) on 6 µm CaCO3 templates targeted
major histocompatibility complex class I receptors into living cells [17]. The authors re-
vealed that protein A functionalized polyelectrolyte microcapsules enhanced targeting
efficiency by 40–50% over capsules with randomly attached antibodies via direct covalent
coupling to the surface. Cortez et al. reported that non-degradable PMC from poly(sodium
4-styrenesulfonate) and polyallylamine hydrochloride were functionalized with the hu-
manized A33 (HuA33) antibody in order to provide their binding to appropriate receptors
overexpressed in the colorectal cancer cell line [18,19].

Other alternatives for the functionalization of the outer layer and the subsequent
improvement of their targeting rely on the use of polysaccharides, in particular hyaluronic
acid. Thus, some studies have been focused on the fabrication of capsules with an outer
layer of hyaluronic acid, which allowed to enhance both the targeting and the internal-
ization of the capsules by tumor cells [14,20]. The verification of cancer cell targeting and
bio-adhesion abilities of hyaluronic acid was performed using shells of a combination
of alginate, chitosan and hyaluronic acid assembled on 2 µm monodisperse spherical
melamine formaldehyde resin particles [14] and poly-L-arginine, siRNA and hyaluronic
acid polyelectrolytes adsorbed on 100 nm poly(lactic-co-glycolic acid) nanoparticles [20].

Tumor necrosis factor-related apoptosis-inducing ligand (TRAIL) is an antitumor
cytokine, selectively targeting transformed cells, but not normal cells, upon binding to the
DR4 and DR5 death receptors. However, a soluble wild type TRAIL did not demonstrate a
sufficient antitumor activity in previous clinical trials, and therefore a list of modifications,
including TRAIL immobilization on various nanocarriers, has been reported [21].

Recently, we have generated the DR5 receptor-selective TRAIL variant DR5-B, which
can bind only to the DR5 death receptor, and, as a result, it can overcome a receptor-
dependent resistance of tumor cells to TRAIL [22]. DR5 is considered the most important
receptor for TRAIL apoptotic signaling [23]. Therefore, DR5-B can serve as a more specific
ligand than TRAIL for tumor targeting.

Doxorubicin is widely employed in anticancer therapy due to its rather broad spectrum
of antitumor activities. Presently, DOX is considered as a gold standard to treat several
types of sarcomas, carcinomas, lymphomas, etc. However, like other anthracyclines, DOX
is known to demonstrate irreversible cardiotoxicity which is related to the total cumulative
dose to which the patient has been exposed to [24]. Nevertheless, due to its universal
anticancer activity, DOX is still widely used in clinics. Therefore, the development of
DOX-loaded capsules is of particular interest.

The aim of the current study was to fabricate biodegradable polyelectrolyte multilayer
capsules loaded with doxorubicin and functionalized with the tumor-targeting DR5-B
ligand, and to evaluate a combined antitumor effect of this targeted drug delivery system
in vitro.

Here, for the first time, an influence of size and surface modifications of the nano-
sized DOX-loaded capsules fabricated by the LbL technique on cell uptake as well as on
in vitro cytotoxicity was studied. The combination of antitumor activity of the DR5-B
ligand with DOX (at a subtoxic concentration) loaded into the capsules allowed us to
provide both targeted drug delivery and a synergistic antitumor effect of the DR5-B ligand
and doxorubicin.
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2. Materials and Methods
2.1. Materials

All chemicals were of analytical grade and used as received without further purification.
Calcium chloride dihydrate (CaCl2·2H2O), anhydrous sodium carbonate (Na2CO3), glyc-
erol, ethylenediaminetetraacetic acid (EDTA), dextran sulfate sodium (DS) salt (MW 50 kDa),
poly-L-arginine hydrochloride (Parg) with MW 15–70 kDa, sodium chloride (NaCl), phosphate
buffered saline (PBS), isopropyl-β-D-1-thiogalactopyranoside, Rhodamine 6G (MW 479), Fluo-
rescein isothiocyanate (FITC-) dextran (MW 40 kDa), doxorubicin hydrochloride (MW 580) and
Hoechst 33258 were purchased from Sigma-Aldrich; DMSO (dimethyl sulfoxide, 99.5%), Try-
pan Blue solution, phosphate-buffered saline (PBS, pH 7.4), 0.25% (v/v) trypsin-EDTA solu-
tion, Versene solution, Dulbecco’s modified Eagle’s medium with Phenol Red (DMEM) and
MTT (Thiazolyl Blue Tetrazolium Bromide, 98%) were purchased from PanEko (Moscow,
Russia). Fetal bovine serum (FBS) was obtained from PAA Laboratories (Pasching, Austria).
Fluorescent dyes sulfo-Cyanine3 maleimide and BDP FL maleimide were obtained from
Lumiprobe (Moscow, Russia). Deionized water from a three-stage Milli-Q Plus purification
system was used in the experiments.

2.2. Expression and Purification of the Recombinant DR5-B Protein

The recombinant DR5-B protein was expressed and purified as previously
described [25]. Briefly, the E. coli strain SHuffle B T7 was transformed with the pET32a/dr5-b
plasmid vector, inoculated into the Terrific Broth (TB) medium containing ampicillin
(100 µg/mL) and grown at 37 ◦C, 250 rpm for 5 h, followed by dilution (1:100) in the
TB medium with ampicillin (100 µg/mL). At a cell optical density of 0.6, protein expression
was induced by adding 0.05 mM isopropyl-β-D-1-thiogalactopyranoside solution, and the
cells were grown overnight (250 rpm, 28 ◦C). Then, the cells were precipitated (5000 × g)
at Beckman Coulter (USA) and stored at −80 ◦C. For protein purification, the cells were
disrupted by a French press (Spectronic Instruments Inc., Irvine, CA, USA) under a pressure
of 2000 psi, and DR5-B was purified from a soluble cytoplasmic fraction by metal-affinity
chromatography on Ni-NTA agarose (Qiagen, Germantown, MD, USA), followed by ion
exchange chromatography on SP Sepharose (GE Healthcare, Danderyd, Sweden). The
purified protein was dialyzed against 5 mM Na2HPO4 (pH 7.0) and 150 mM of NaCl
solutions and sterilized by filtration (Millipore, 0.22 µm). The protein concentration was
determined by Bradford assay (Bio-Rad, Hercules, CA, USA). The expression level of the
protein was analyzed using sodium dodecyl sulfate polyacrylamide gel electrophoresis
(12% SDS-PAGE).

To obtain the fluorescently labeled protein DR5-B, the cysteine-modified protein DR5-B
was obtained as described earlier [26]. Further, the cysteine-modified DR5-B protein was
labeled by maleimide chemistry coupling either with fluorescent sulfo-Cyanine 3 maleimide
or BDP-maleimide dye (Lumiprobe, Moscow, Russia) according to the
manufacturer’s protocol.

2.3. Preparation of Polyelectrolyte Multilayer Capsules Loaded with Doxorubicin and
Functionalized with the DR5-B Protein

The polyelectrolyte multilayer capsules were prepared by LbL technique using col-
loidal CaCO3 particles as a template. The CaCO3 particles of a submicron size were
synthesized as described earlier [27]. In brief, equal volumes of 0.1 M calcium chloride and
sodium carbonate salts were mixed with glycerol in a ratio of 1:1:5 (v/v/v). After stirring
(500 rpm, 60 min), a suspension was centrifuged (12,000× g, 5 min) and the CaCO3 particles
were washed three times with deionized water. Dextran sulfate and poly-L-arginine were
used to obtain (Parg/DS)3 capsules comprising 3 bilayers, which were assembled on the
surface of CaCO3 particles. DS and Parg were alternatively adsorbed from aqueous poly-
mer solutions (2 mg/mL, 0.15 M NaCl), starting from the Parg layer. To dissolve CaCO3
cores, the obtained particles were treated with an EDTA solution (0.5 M, 5 mL) for 15 min.
The obtained hollow multilayer capsules (mean size of approx. 500 nm) were divided into
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two parts, and one part of them was subjected to size minimization via thermal treatment
as described earlier [28]. For this purpose, the capsule suspension was incubated at 90 ◦C
for 60 min.

To visualize the capsules by confocal laser scanning microscopy (CLSM), submicron
capsules were post-loaded with Rhodamine 6G. For this purpose, the aliquoted PMC
suspension (200 µL) samples were mixed with a dye solution (0.01 mg/mL, 200 µL) for
15 min. For doxorubicin loading, the pre-formed (Parg/DS)3 capsules (in an amount
of 1010 pieces) were re-suspended in a doxorubicin solution (1 mL, 0.02 mg/mL) and
shaken for 60 min. Then the capsule samples were centrifuged (12,000× g, 5 min) to collect
DOX-loaded capsules and then washed three times with deionized water.

To optimize the modification of the (Parg/DS)3 capsules with the DR5-B protein, an
aliquot of capsules was varied in a range of 108–3 × 1010 capsules in 250 µL, while a
DR5-B amount was fixed (500 µL, 0.8 g/L). The aliquots of the capsule suspension were
incubated with the aliquots of the DR5-B solution at stirring (500 rpm for 60 min). Then
the capsules were separated by centrifugation (9000× g, 5 min) and washed twice with
Milli Q water.

2.4. Characterization of the Polyelectrolyte Capsules

The doxorubicin loading efficiency was determined using UV-VIS PerkinElmer Lamdba
C650 spectrophotometer. The absorbances of supernatant samples were detected at 485 nm
wavelength (an absorption peak of doxorubicin). To calculate doxorubicin content in super-
natants, a calibration curve was obtained based on doxorubicin solutions with previously
known concentrations.

The concentrations of the remaining (non-adsorbed on the capsules) DR5-B protein in
supernatants were determined by Bradford assay (Bio-Rad, Hercules, CA, USA) according
to the manufacturer’s protocol. A similar protocol was used to modify PMC samples with
the fluorescently labeled DR5-B protein.

The amount of loaded doxorubicin and DR5-B was expressed in the encapsulation
efficiency (EE%), which was calculated by the following equation:

EE% =
Minitial−Msup

Minitial
∗ 100%, where Minitial is the mass of doxorubicin/DR5-B in the

solution before adding the capsule suspension, Msup—is the mass of doxorubicin/DR5-B,
which remained in the supernatant after encapsulation.

The drug loading capacity was calculated as the ratio of the weight of loaded DOX to
the weight of CaCO3 particles × 100%.

The shape and surface morphologies of capsule samples were analyzed using a Jeol
7401F field emission scanning electron microscope (SEM). A secondary electron image
was taken with a 5 kV electron beam at a working distance of 8.0 mm. The microcapsule
suspension was washed with water and loaded on an SEM specimen stub. After drying
overnight, the sample was sputter-coated with gold prior to SEM observation.

A surface charge (ζ-potential) and a hydrodynamic capsule size were measured by a
Zetasizer ZS (Malvern Instruments, UK). Each ζ-potential value was averaged from three
subsequent measurements (each of 15 runs), while a mean size was calculated from five
subsequent measurements (each of 20 runs).

Confocal laser scanning microscopy was used to visualize the Rhodamine 6G-modified
PMC. Confocal microphotographs were taken on Leica TCS SPE (Leica microsystems,
Wetzlar, Germany) equipped with a 100× oil immersion objective.

To quantify the DOX release from PMC, a suspension of DOX-loaded capsules (10 vol. %)
was resuspended in PBS (2 mL, pH 7.2) and incubated for 24, 36, 48, 60 and 72 h, respectively.
Then the samples were centrifuged (14000 g, 5 min) and the supernatant was replaced with
fresh PBS (pH 7.2). The concentration of released DOX in filler fluids was calculated using
the following formula:

R = 100% × ODDOX
R

ODDOX
, where R is the drug release and %; ODDOX

R is an optical density
of the released DOX measured at certain time points; ODDOX is an optical density of total
DOX loaded into the capsules.
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2.5. Cell Culture and Multicellular Tumor Spheroid Formation

Human colorectal carcinoma HCT-116 cells were cultivated in DMEM culture medium
supplemented with 10% FBS in a humidified atmosphere (5% CO2) at 37 ◦C. The cells
were detached after treatment with a trypsin-EDTA solution (0.25% v/v), and the culture
medium was replaced every 3–4 days. Multicellular tumor spheroids from HCT-116 cells
were generated using a simple RGD-induced cell self-assembly technique, which has been
recently developed by the authors of [29]. Briefly, cells (50,000 cells per 1 mL medium) were
seeded in a 96-well culture plate (100 µL/well) and incubated at 37 ◦C (5% CO2) for 2–3 h
until the cells became attached to the plate bottom. Then the medium was replaced in each
well with 100 µL of complete DMEM (10% FBS) containing cyclo-RGDfK(TPP) peptide
(40 µM). Finally, the cells were transferred to a CO2-incubator, and RGD-induced spheroid
formation was observed in 72 h.

2.6. Confocal Microscopy

The cellular uptake of PMC and capsule localization were observed using confocal
laser microscope (Nikon TE-2000, Japan). The cells or the tumor spheroids (40,000 cells
per glass) were seeded on coverslips in complete DMEM (10% FBS) and transferred to the
CO2–incubator to stay overnight. To visualize nuclei both in 2D (monolayer cell culture)
and 3D (the tumor spheroids) in vitro models, the medium was replaced with DMEM
containing a 50 µM Hoechst 33258 solution, and the cells or the tumor spheroids were
incubated for 15 and 30 min, respectively, followed by washing with PBS (pH 7.4). Then, in
the case of the 2D in vitro model, the cells were incubated either with the free DR5-B protein
or with the capsules modified with DR5-B (where DR5-B was labeled with red fluorescent
dye sulfo-Cyanine3 maleimide) or with unmodified PMC loaded with R6G rhodamine.
All capsule samples were previously re-suspended in serum free DMEM (0.5 µL of the
capsule suspension per mL of DMEM) in a CO2-incubator for 15 min and 1 h, respectively.
In the case of the 3D in vitro model, the spheroids were incubated with unmodified PMC
loaded with R6G rhodamine or with the DR5-B-modified capsules (where DR5-B was
labeled with green fluorescent dye BDP FL maleimide) for 15 min and 1 h. Finally, the cells
or the spheroids were washed three times with PBS (pH 7.4) and carefully transferred to
the coverslips, fixed with a CC/Mount fluorophore protector and observed by confocal
microscopy. The excitation/emission (λex/em) wavelength values were 525/548 nm for
R6G rhodamine, 555/569 for sulfo-Cyanine3, 503/509 for BDP FL and 352/454 nm for
Hoechst 33258.

2.7. Flow Cytometry and Fluorimetry
2.7.1. Flow Cytometry

For flow cytometry analysis, a BD FACSCalibur fluorescent-activated flow cytome-
ter with BD CellQuest software was used. The cells were seeded in a 24-well plate
(50,000 cells/well) followed by overnight incubation (37 ◦C, 5% CO2). Then the culture
medium was removed, and PMC loaded with DOX (0.5 µL of the capsule aliquot per 1 mL
of the medium) was added to each well. After treatment, the cells were washed with PBS
(pH 7.4) to remove non-internalized PMC. Flow cytometry data were expressed as median
fluorescent intensity divided by the background intensity of the control (non-treated cells)
after 30 min, 1, 1.5, 3 and 7 h incubation.

2.7.2. Fluorimetry

To quantify the accumulation of free DOX, free DR5-B as well as PMC within the tumor
spheroids, the samples previously re-suspended in DMEM were added to the spheroids in
a 24-well plate (50,000 cells/well), and the plates were transferred to the CO2-incubator
(37 ◦C, 5% CO2) for 1, 3 and 7 h, respectively. The samples were identified as DOX (free
DOX), PMC300 + DOX (the 300 nm capsules loaded with DOX), PMC300-DR5-B + DOX (the
samples, loaded with DOX and modified with DR5-B) and DR5-B (free DR5-B protein).
Then the spheroids were washed with PBS (pH 7.4) and treated with DMSO; fluorescence
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was measured using a Promega GloMax-Multi detection system (USA) at 317 nm for
excitation and 375–410 nm for emission. Uptake data were expressed as a percentage of
fluorescence associated with the cells versus fluorescence of the feed solution.

2.8. Cytotoxicity Study In Vitro (MTT-Test)

The cells or the spheroids were seeded in a 96-well plate (7500 cells/well) followed
by overnight incubation in a CO2-incubator (37 ◦C, 5% CO2). The unmodified PMC, free
DR5-B, free DOX as well as the capsules loaded with DOX and/or with the DR5-B protein
at various dilutions (0.1, 1, 10, 100 and 1000 ng/mL) were added to each well. The cells or
the spheroids were transferred to the CO2-incubator for 24, 48 and 72 h, respectively. After
treatment, the cells or the spheroids were incubated with an MTT-solution (0.05% w/v)
in serum-free DMEM for 4 h. Then the medium was replaced with DMSO (100 µL/well),
and an absorbance (570 nm) was measured using Multiskan FC reader (Thermo Scientific,
USA). The half maximal inhibitory concentration (IC50) values were determined as a drug
concentration, which resulted in 50% inhibition of cell growth.

2.9. Statistical Analysis

All data were normally distributed and were expressed as mean or mean ± SD.
Statistical analysis of all results was performed using Student’s t-test. All experiments were
carried out with at least three repetitions. Collected data were processed using GraphPad
Prism and were accepted as significantly different when p < 0.05.

3. Results and Discussion
3.1. Preparation and Characterization of Polyelectrolyte Multicellular Capsules Loaded with
Doxorubicin and Modified with the DR5-B Protein

In order to develop a targeted anticancer drug delivery system, a series of biodegrad-
able polyelectrolyte multilayer capsules were obtained. An electrostatic interaction is
a dominant driving force for oppositely charged DS and Parg to assemble a multilayer
structure on the surface of vaterite submicron particles. In the current study, (Parg/DS)3
capsules comprising of three bilayers were obtained. Biodegradable PMCs were compacted
according to the protocol of thermo-induced shrinking. After that, both intact and shrunken
PMC were characterized in terms of their physico-chemical properties. Figure 1a,b reveals
visible changes in the size and morphology of PMC after heat treatment, which follows
from a rearrangement in the interpenetrating multilayers. The DLS-number distributions
(Figure 1c,e) demonstrate an intense peak shift to the left as the result of heat treatment of
the PMC suspension. As derived from the DLS-number data, the average hydrodynamic
size of the heat-treated capsules was 320 ± 80 nm. The comparison of the DLS-volume
data before and after heating (Figure 1d,f) shows that a significant amount of micron-sized
objects remain in the sample after heating; aggregates probably remain as well. This can
also be seen in the DLS-number distribution (Figure 1e) but in this case, the micron-sized
peak is not very intense. It is worth mentioning that the number and volume distributions
show a relative proportion of a number of differently sized objects as well as the volume
occupied by them. As a result, a small amount of the aggregates or larger capsules can
dominate in the DLS-volume distribution.

Successful Rhodamine 6G loading into the capsule cavity allowed us to visualize the
intact capsules by confocal laser scanning microscopy (Figure 1g). Moreover, the capsules
retain their aggregation stability when stored as an aqueous suspension at 4 ◦C for one month,
which was confirmed by ζ-potential measurements. The ζ-potentials of the freshly prepared
capsule samples and those ones after storage were –47 ± 6 and −42 ± 8 mV, respectively.
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To provide DOX loading in a sub-toxic concentration, DOX encapsulation procedure
was optimized. The encapsulation efficiency was found to be 85 ± 7%, which corresponded
to approximately 0.002 pg of DOX per capsule.

To optimize the surface modification of the capsules with the DR5-B protein, we carried
out a series of experiments by loading a variable number of the capsules in a range of
1 × 108–3 × 1010 with a fixed DR5-B amount. The amount of DR5-B loaded into the capsules
was found to depend on the number of capsules incubated in the DR5-B solution (Figure 2).

An increase of the capsule number from 1 × 108 to 2 × 1010 (in other words, decreasing
the ratio of the DR5-B and the capsule number) resulted in an enhanced encapsulation
efficiency from 12% to 81%. However, a further increase of the capsule number up to
3 × 1010 did not lead to a significant increase of the DR5-B protein loading. Therefore, we
have optimized the conditions for efficient modification of the PMC surface with the DR5-B
protein. Electrophoretic light scattering measurements showed that the modification of
the PMC surface with DR5-B resulted in a change of the ζ-potential from a negative to a
positive value (Supporting information, Figure S1a,b). Since the DR5-B molecules have
regions that are charged differently (Supporting Information, Figure S1c), with an overall
isoelectric point of about nine, the modification of the capsule surface by the protein is
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based on the electrostatic interaction of negatively charged sulfate groups and positively
charged DR5-B units.

Nanomaterials 2023, 13, 902 8 of 20 
 

 

To optimize the surface modification of the capsules with the DR5-B protein, we 
carried out a series of experiments by loading a variable number of the capsules in a 
range of 1 × 108–3 × 1010 with a fixed DR5-B amount. The amount of DR5-B loaded into the 
capsules was found to depend on the number of capsules incubated in the DR5-B solu-
tion (Figure 2). 

 
Figure 2. The DR5-B protein loading (mg) into the capsules and encapsulation efficiency (EE%) in 
the function of the DR5-B/a number of capsules ratio. 

An increase of the capsule number from 1 × 108 to 2 × 1010 (in other words, decreasing 
the ratio of the DR5-B and the capsule number) resulted in an enhanced encapsulation 
efficiency from 12% to 81%. However, a further increase of the capsule number up to 3 × 
1010 did not lead to a significant increase of the DR5-B protein loading. Therefore, we 
have optimized the conditions for efficient modification of the PMC surface with the 
DR5-B protein. Electrophoretic light scattering measurements showed that the modifica-
tion of the PMC surface with DR5-B resulted in a change of the ζ-potential from a nega-
tive to a positive value (Supporting information, Figure S1a,b). Since the DR5-B mole-
cules have regions that are charged differently (Supporting Information, Figure S1c), 
with an overall isoelectric point of about nine, the modification of the capsule surface by 
the protein is based on the electrostatic interaction of negatively charged sulfate groups 
and positively charged DR5-B units. 

It has been shown that the amount of DR5-B protein released from the capsules at 
storage (4 °C, 4 weeks) was close to zero. Therefore, we could conclude that the DR5-B 
complex with the capsule shell was rather stable under these conditions. 

Thus, it was of interest to compare two PMC types, namely untreated (here and 
further PMC500 according to the mean diameter) and heat-treated ones (here and further 
PMC300). The DOX release efficiency from PMC500 and PMC300 is shown in Figure 3. It is 
clearly seen that the DOX release from the untreated PMC500 was significantly higher 
than that of thermally compressed PMC300. Therefore, after 72 h, about 20% of the drug 
was released from the PMC500, while only 6% was released from the PMC300. For this 
reason, the PMC heat treatment could be used to reduce the drug release efficiency and, 
consequently, to ensure its sustained release. 

Figure 2. The DR5-B protein loading (mg) into the capsules and encapsulation efficiency (EE%) in the
function of the DR5-B/a number of capsules ratio.

It has been shown that the amount of DR5-B protein released from the capsules at
storage (4 ◦C, 4 weeks) was close to zero. Therefore, we could conclude that the DR5-B
complex with the capsule shell was rather stable under these conditions.

Thus, it was of interest to compare two PMC types, namely untreated (here and further
PMC500 according to the mean diameter) and heat-treated ones (here and further PMC300).
The DOX release efficiency from PMC500 and PMC300 is shown in Figure 3. It is clearly
seen that the DOX release from the untreated PMC500 was significantly higher than that of
thermally compressed PMC300. Therefore, after 72 h, about 20% of the drug was released
from the PMC500, while only 6% was released from the PMC300. For this reason, the PMC
heat treatment could be used to reduce the drug release efficiency and, consequently, to
ensure its sustained release.
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3.2. Modification of PMC with Fluorescently Labeled DR5-B

To study an entrapment of the DR5-B protein, we used the modified DR5-B with
the amino acid substitution of valine 114 to cysteine (DR5-B/V114C). It was previously
designed for the covalent conjugation with polymer-based micellar nanocarriers, as the
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sulfhydryl group of cysteine residue allows it to conjugate with maleimide groups of
various compounds by click chemistry [26]. In this study, DR5-B/V114C was conjugated
with fluorophores, namely either sulfo-Cyanine3 maleimide (DR5-B/V114C-Cy3) or BDP
FL maleimide (DR5-B/V114C-BDP), to compare fluorophore accumulation efficiency and
localization both within the cells alone or those entrapped in PMC. The introduced V114C
substitution, as well as the fluorescent label, did not affect the DR5-B ability to induce
apoptosis (see Supplementary materials, Figure S2). As seen in Figure S2, for a mono-
layer culture of HCT-116 cells the cytotoxic activity of free DR5-B, DR5-B/V114C and
DR5-B/V114C-Cy3 were identical.

3.3. Study of Capsule Accumulation and Localization in the Cells

The capsule accumulation in the cells was evaluated in two in vitro models, namely,
using the monolayer cell culture (2D in vitro model) and the multicellular tumor spheroids
(3D in vitro model). For this purpose, confocal microscopy, flow cytometry and fluorimetry
were used.

3.3.1. Study of Cellular Uptake of the Capsules by Confocal Microscopy

Qualitative analysis of the capsule accumulation and its intracellular localization was
carried out by confocal laser microscopy (Figure 4). For this purpose, unmodified samples
PMC500 and PMC300 loaded with R6G rhodamine dye, the PMC500 and PMC300 modified
with the DR5-B protein and free DR5-B (as a control) were used. As seen from CLSM
images, in the case of the monolayer cell culture (2D in vitro model) the free DR5-B protein
was found to penetrate HCT-116 cells already after 15 min incubation, while in 1 h no
significant fluorescence increase was observed.

The capsule samples PMC500 and PMC300, which were not modified with the DR5-B
protein but contained the R6G Rhodamine dye, were also uptaken by the HCT-116 cells
after 15 min incubation. However, their fluorescence intensity levels were only slightly
higher than those of the free DR5-B protein. As for PMC500 and PMC300 modified with
DR5-B, after 15 min incubation their accumulation levels within the cells were obviously
higher than those of the unmodified capsules. In addition, after 1 h, the fluorescence levels
of the PMC500 and PMC300 samples were markedly enhanced, which could be explained
by the gradual accumulation of the capsules within the cells. It should be noted that the
capsules were mainly localized around the nuclei and in the cell cytoplasm. On the other
hand, the capsules modified with DR5-B were adsorbed on the cytoplasmic membrane
after 15 min and were mainly localized in the cytoplasm, but not in the nuclei. After 1 h,
the fluorescence intensity levels of the PMC500 and PMC300 modified with DR5-B were
more or less similar.

The monolayer cell culture (2D in vitro model) is widely used to study cytotoxicity
effects as well as to estimate capsule accumulation within the cells. However, the monolayer
culture suffers from the lack of cell–cell interactions as well as the cell–matrix ones, and,
therefore, it could not mimic in vivo conditions well. Nowadays there are several tech-
niques that can be used to generate the multicellular spheroids that are a 3D in vitro model.
They are considered to be a more adequate model for in vitro studies than monolayer cell
culture. We have recently developed a simple universal approach based on RGD-induced
cell self-assembly technique. This technique was recently used by us successfully to study
cytotoxic effects of various nanocarriers loaded with anticancer drugs, for instance di-
ethylaminoethyl dextran/xanthan gum nanocontainers loaded with thymoquinon [30],
cerasomes loaded with DOX [31] and liposomes, for gene delivery [32].
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Figure 4. CLSM images of human colorectal carcinoma HCT-116 cells (monolayer cell culture) after
15 min and 1 h incubation with the free DR5-B protein, the unmodified capsule samples (PMC500 and
PMC300 without DR5-B) as well as with the capsules modified with DR5-B. Free DR5-B (labeled with
sulfo-Cyanine3 maleimide), the PMC samples modified with DR5-B (labeled with sulfo-Cyanine3
maleimide) and the unmodified PMC (loaded with R6G rhodamine) are in red. Cell nuclei stained
with Hoechst 33258 are in blue. Confocal microscopy. The scale bar is 30 µm.
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Thus, in the current study, a penetration and accumulation of PMC within the 3D
multicellular tumor spheroids generated from HCT116 cells was also studied. As seen in
Figure 5, after 15 min incubation unmodified PMC500 were observed within the spheroids,
and in 1 h their fluorescence did not enhance. After 15 min incubation, the fluorescence in-
tensity level of the unmodified PMC300 was a little bit lower than that of PMC500. However,
after 1 h incubation the fluorescence values of both PMC500 and PMC300 were similar. As for
DR5-B-modified PMC, there was no significant difference after 15 min and 1 h incubation.
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Figure 5. Spheroids from human colorectal carcinoma HCT116 cells (multicellular tumor spheroids)
after 15 min and 1 h incubation with PMC500 and PMC300 samples. The unmodified PMC are stained
with R6G rhodamine (in red) and the DR5-B is stained with a BDP FL maleimide dye (in green). Cell
nuclei are stained with Hoechst 33258 (in blue). Confocal microscopy. The scale bar is 70 µm.

3.3.2. Study of Cellular Uptake of the Capsules by Flow Cytometry and Fluorimetry

Quantitative evaluation of accumulation efficiency was performed using flow cy-
tometry for the 2D in vitro model and fluorimetry in the case of the 3D in vitro model.
For this purpose, PMC300 and PMC500 loaded with doxorubicin (0.02 mg/mL, 85 ± 7%
encapsulation efficiency) were used.
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First of all, it was of interest to evaluate a difference in accumulation efficacy levels
of DOX-loaded PMC300 and PMC500 for monolayer cell culture (Figure 6). The obtained
results revealed that PMC300 accumulation efficiency in HCT116 cells was higher than
that for PMC500 at all time points (0.5, 1.0, 1.5, 3 and 7 h). For both capsule samples, the
accumulation levels were growing with time. The PMC300 accumulation levels were 19,
31, 58, 89 and 90% after 0.5, 1, 1.5, 3 and 7 h incubation, respectively, while for PMC500 the
appropriate values were 17, 22, 40, 76 and 89%. Thus, one could conclude that the smaller
capsules PMC300 accumulated in the cells faster than the bigger ones (PMC500). Maximum
accumulation of PMC300 was observed after 3 h incubation and it did not change in 7 h. As
for PMC500, their accumulation value continued to gradually increase after 3 h and reached
its maximum only after 7 h.
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Tumor vessels are known to be a chaotic mixture of abnormal hierarchically disor-
ganized vessels with many structural and functional differences from healthy tissues. In
particular, such differences include the increased pore diameter of tumor blood vessels,
characterized by increased permeability to nanoparticles, whose size does not exceed
400 kDa or 500 nm [33]. Thus, a number of studies have revealed that an optimal size
of nanoparticles for antitumor drug delivery is within a range of 50–450 nm [34]. More-
over, an accumulation of the particles within the cells was found to be in function of the
nanoparticle mean size: the smaller the particles were the higher the accumulation that was
revealed [35–37].

In the current study, the DOX-loaded PMC300 were modified with DR5-B, in order
to provide targeted DOX delivery to tumor cells together with achieving the synergistic
antitumor effect. The PMC300 sample was chosen since it has shown the higher accumula-
tion efficiency (see Figure 6). To study the cellular uptake of the capsules, flow cytometry
(in case of 2D in vitro model) and fluorimetry (for 3D in vitro model) were used (Figure 7).
Free DR5-B and PMC300-DR5-B samples were labeled with sulfo-Cyanine3 maleimide. The
free DR5-B protein and free DOX were used as controls.
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Figure 7. The accumulation efficiency levels of the capsules loaded with DOX (PMC300 + DOX),
modified with DR5-B (PMC300-DR5-B), and the capsules loaded with DOX and modified with DR5-B
(PMC300-DR5-B + DOX) in monolayer cell culture (A) and the tumor spheroids from HCT-116 cells
(B) after 1, 3 and 7 h incubation. Free DOX and free DR5-B were used as controls. The results of flow
cytometry (A) and fluorimetry (B).

As seen in Figure 7, the maximum fluorescence levels in both 2D and 3D models were
revealed for the capsules, which were loaded with DOX and modified with DR5-B. On
the other hand, as was expected, the capsules accumulated in the spheroids more slowly
than in the 2D in vitro model. This could be explained by the capsule penetration through
several cell layers of the tumor spheroids. It should be noted that there was no significant
difference in the accumulation of free DOX in 2D and 3D models, which could be related to
rather low DOX molecular weight. A similar accumulation tendency for all samples was
observed in both 2D and 3D in vitro models. Thus, in the case of the 2D model, for free
DOX and free DR5-B samples the highest accumulation levels of 40 and 34%, respectively,
were revealed after 1h. These values enhanced up to 78 and 77%, relatively, after 3 h. As
for the spheroids, accumulations of both DOX and free DR5-B was slower in them than
in the 2D model, namely 26 and 18% (in 1 h) and 63 and 43% (in 3h), respectively. The
maximum accumulation levels of free DOX and the free DR5-B protein were revealed
after 3 h incubation, in monolayer cell culture, while in tumor spheroids it took 7 h. This
is in a good agreement with our previous results [30,31]. As for the capsule samples,
the capsules loaded with DOX (PMC300+DOX) demonstrated the lowest accumulation
efficiencies in all-time points both in 2D and 3D in vitro models. These values were 24,
38 and 77% (2D in vitro model) and 9, 19 and 53% (3D in vitro model) after 1, 3 and 7 h
incubation, respectively. As for the capsule samples loaded with DOX and modified with
the DR5-B protein (PMC300-DR5-B+DOX), their accumulation levels reached maximum
values after 7 h in both 2D and 3D models. Therefore, as we expected, the modification of
the DOX-loaded capsules with the DR5-B ligand provided their enhanced cellular uptake
by HCT-116 cells.

3.4. Study of In Vitro Cytotoxicity Effects of the Capsules

Cytotoxicity effects of the obtained DR5-B-modified PMC were evaluated by MTT-test
(Figure 8, Table 1). In monolayer cell culture, the free DR5-B protein was the most cytotoxic
in all time points, and IC50 values were 31 ± 2.6, 27 ± 3.2 and 10 ± 0.7 ng/mL after 24, 48
and 72 h, respectively. In contrast, PMC300 and PMC500 (without DR5-B) were completely
non-toxic for the cells even after 72 h incubation with the highest sample concentration
(IC50 > 1000 ng/mL). The DR5-B-modified capsules (PMC300-DR5-B) were more toxic
than PMC500-DR5-B, which could be explained by their higher accumulation efficiency (see
Figure 6). Thus, IC50 values were 72 ± 8.3 and 519 ± 38.5 ng/mL after 24 h, while after
72 h incubation appropriate values were 10 ± 3.4 and 24 ± 3.1 ng/mL for PMC300-DR5-B
and PMC500-DR5-B, respectively.
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Table 1. The IC50 values of the capsules after incubation with human colorectal carcinoma HCT-116
cells. Monolayer cell culture (2D in vitro model) and tumor spheroids (3D in vitro model). Free
DR5-B protein was taken as a control. MTT-test.

Samples

IC50 * Values, ng/mL

2D In Vitro Model 3D In Vitro Model

24 h 48 h 72 h 24 h 48 h 72 h

PMC300 >1000
PMC500

DR5-B 31 ± 2.6 27 ± 3.2 10 ± 0.7 39 ± 4.0 33 ± 2.4 28 ± 5.1

PMC300-
DR5-B 72 ± 8.3 42 ± 3.8 10 ± 3.4 96 ± 7.7 77 ± 5.2 19 ± 1.6

PMC500-
DR5-B 519 ± 38.5 111 ± 10.9 24 ± 3.1 >1000 109 ± 18.2

* IC50 is half maximal inhibitory concentration.

As we expected, for all spheroids cytotoxicity values were lower than those for the
monolayer cell culture. This could be explained by lower capsule penetration and accu-
mulation within the cells in the 3D in vitro model due to a multilayer structure of the
spheroids. These data are in good agreement with our previous results [29,32]. The free
DR5-B protein was used as a control and demonstrated maximal cytotoxicity effects (see
Table 1). The unmodified PMC300 and PMC500 were non-toxic (>1000 ng/mL). As seen in
Table 1, the smaller capsules (PMC300-DR5-B) were more cytotoxic than the bigger ones
(PMC500-DR5-B). For instance, after 72 h the IC50 values were 19 ± 1.6 and 109 ± 18.2 ng/mL

184



Nanomaterials 2023, 13, 902

for PMC300-DR5-B and PMC500-DR5-B samples, respectively. These results are in good agree-
ment with our previously reported data obtained from the MCF-7 cells [38].

Thus, we have demonstrated that the DR5-B protein entrapped by PMC kept its
cytotoxicity in tumor cells. Next, we aimed to investigate the cytotoxic effects of the
capsules loaded with DOX and modified with DR5-B. Since the PMC300-DR5-B sample
exhibited a higher antitumor effect compared to PMC500-DR5-B, it was selected for further
experiments. The toxicity of the PMC300-DR5-B + DOX capsules was studied in both 2D
and 3D in vitro models by MTT-test. The results are shown in Figure 9 and Table 2. Free
DOX, free DR5-B, a combination of free DR5-B with free DOX (DR5-B+DOX) as well as
hollow PMC300 capsules were used as controls.
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Figure 9. The cytotoxicity effects of the capsules modified with DR5-B (PMC300-DR5-B), the
DOX-loaded capsules (PMC300 + DOX) and the DOX-loaded capsules modified with DR5-B
(PMC300-DR5-B + DOX) on human colorectal carcinoma HCT-116 cells after 24, 48 and 72 h in-
cubation. Monolayer cell culture (a top panel) and the tumor spheroids (a lower panel). MTT-test.
p < 0.05 indicates significant difference according to Student’s t-test.

Table 2. The IC50 values of the capsules on human colorectal carcinoma HCT-116 cells. Monolayer
cell culture (2D in vitro model) and tumor spheroids (3D in vitro model). Free DR5-B protein, free
DOX and the combination of free DR5-B with free DOX were taken as controls. MTT-test.

Samples

IC50 * Values, ng/mL

2D In Vitro Model 3D In Vitro Model

24 h 48 h 72 h 24 h 48 h 72 h

PMC300 >1000

DR5-B 40 ± 5.8 31 ± 4.2 12 ± 2.2 56 ± 8.0 40 ± 8.8 31 ± 5.1

DOX + DR5-B 19 ± 2.4 7 ± 3.0 3 ± 0.9 53 ± 7.6 31 ± 4.3 10 ± 2.0

DOX >1000 809 ± 31.3 665 ± 27.3 >1000 847 ± 65.3

PMC300 + DOX >1000 593 ± 43.8 >1000
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Table 2. Cont.

Samples

IC50 * Values, ng/mL

2D In Vitro Model 3D In Vitro Model

24 h 48 h 72 h 24 h 48 h 72 h

PMC300-DR5-B 101 ± 9.6 38 ± 6.2 6 ± 1.2 107 ± 25.5 84 ± 10.4 19 ± 6.0

PMC300-DR5-
B+DOX 52 ± 3.9 30 ± 3.7 7 ± 0.8 78 ± 8.1 47 ± 4.5 11 ± 3.5

* IC50 is half maximal inhibitory concentration.

As seen in Table 2, the IC50 values of PMC300-DR5-B+DOX were markedly lower than
those of the PMC300-DR5-B sample. A similar effect was observed for both controls, namely
free DR5-B and the combination of free DR5-B with free DOX. Thus, the capsules, which
were loaded with DOX and modified with DR5-B (PMC300-DR5-B+DOX), demonstrated
synergistically enhanced cytotoxicity in both 2D and 3D in vitro models.

Previously, attempts have been made to modify a variety of nanosystems fabricated
by various techniques with TRAIL for tumor targeting [21]. For instance, biodegrad-
able nanoparticles based on poly(epsilon-caprolactone)-poly(ethylene glycol)-poly(epsilon-
caprolactone) (PCL-PEG-PCL) loaded with curcumin were prepared by solvent emulsion
evaporation technique and then coated with TRAIL protein via electrostatic interactions [39].
Another example is the gel-like PEGylated coacervate microdroplets (mPEG-Coa) loaded
with TRAIL for the treatment of colon cancer. These microdroplets were fabricated from
poly(ethylene arginyl-aspartate diglyceride) (PEAD) (i.e., polycation), which interacted
with heparin (i.e., polyanionic counterpart) by electrostatic interaction in aqueous condi-
tions, forming a gel-like Coa structure. TRAIL was simultaneously entrapped into the
gel-like mPEG-Coa droplets [40]. In our study, we have used a simple and universal LbL
technique for the fabrication of biodegradable multilayer capsules loaded with DOX and
modified with the DR5-B, which is a DR5-specific TRAIL variant. The LbL technique
has advantages over both the solvent emulsion evaporation method and the coacervation
approach mentioned above. It allowed us to fabricate the hollow capsules (with mean sizes
of 300 and 500 nm) with higher loading capacity compared to that of any polymer particles.
Moreover, these capsules have potentially reduced immune response due to a variety of
polymers for capsule preparation. Finally, the capsules modified with the DR5-selective
TRAIL variant could be more advantageous over nanosystems containing a wild-type
TRAIL due to DR5-B specific tumor targeting and the enhanced antitumor effect.

4. Conclusions

In this study, the biodegradable (Parg/DS)3 capsules modified with the DR5-B protein
and loaded with DOX at subtoxic concentrations were prepared by the LbL technique. The
capsules were characterized in terms of their mean size (500 and 300 nm after temperature
treatment), ζ-potentials, DR5-B protein loading ability and DOX encapsulation efficacy.
Cellular uptake of the capsules as a function of their size and surface modification with
the DR5-B protein was evaluated by confocal microscopy, flow cytometry and fluorimetry
using human colorectal carcinoma HCT-116 cells in both 2D and 3D in vitro models. The
smaller capsules (PMC300-DR5-B) were found to be more cytotoxic than the bigger ones
(PMC500-DR5-B) which was confirmed by MTT-test. As we expected, IC50 values in case of
the spheroids (3D in vitro model) were higher than those for the monolayer cell culture (2D
model). This could be explained by lower capsule penetration and accumulation within
the cells due to a spheroid multilayer structure. The smaller capsules, which were loaded
with DOX and modified with DR5-B (PMC300-DR5-B + DOX), demonstrated a 2–3-fold
cytotoxicity enhancement compared to the capsules without DOX (PMC300-DR5-B) in both
2D and 3D in vitro models.

Thus, the developed DOX-loaded capsules modified with the DR5-B protein could be
proposed as a novel targeted codelivery system, which was found to show an enhanced
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antitumor activity due to a rather high tumor targeting and synergistic effect of DR5-B and
DOX. The inhibitory effect provided by the capsules containing subtoxic concentrations of
DOX holds promise for reducing systemic toxicity while maintaining the therapeutic po-
tential. This approach could be of great interest for the development of various nanodrugs
for targeted anticancer therapy.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/xxx/s1, Figure S1: ζ-potential distributions for intact (Parg/DS)3 capsules (a),
(Parg/DS)3 capsules after modification with targeted protein DR5-B (b), and for DR5-B protein
molecules (c); Figure S2: Cytotoxicity of free DR5-B, DR5-B/V114C and DR5-B/V114C-Cy3 for
colorectal carcinoma HCT-116 monolayer cell culture. MTT-test.
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List of Acronyms

DOX doxorubicin
DR4 death receptor 4
DR5 death receptor 5
DS dextran sulfate sodium salt (MW 50 kDa)
FBS fetal bovine serum
HCT-116 human colorectal carcinoma cell line
LbL layer-by-layer
MTT thiazolyl blue tetrazolium bromide, 98%
Parg poly-L-arginine hydrochloride (MW 15–70 kDa)
PMC polyelectrolyte multilayer capsules
TB medium Terrific Broth medium
TRAIL tumor necrosis factor-related apoptosis inducing ligand
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