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Preface to ”Self-Assembled Bio-Nanomaterials”

Supramolecular self-assembly is a simple but effective bottom-up technique for creating

functional nanomaterials with novel structures and properties. Biomolecules, such as DNA, proteins,

peptides, virus, enzymes, biopolymers, and others, have unique abilities to form hierarchical

and ordered 1D, 2D, and 3D nanostructures and nanomaterials by molecular self-assembly in

liquid, solid surfaces, and air–water interfaces. The self-assembled bio-nanomaterials have

shown wide applications in the fields of biomedical engineering, tissue engineering, biosensors,

nanotechnology, energy materials, and others. For example, self-assembled peptide and protein

bio-nanomaterials have been used to deliver drugs into the body system with specific targeting, and

biomineralized self-assembled nanomaterials have shown excellent potential to repair old tissues and

as substitutes for natural structures and functions. By combining self-assembled bio-nanomaterials

with other functional nanomaterials like nanoparticles, carbon nanotubes, and grapheme together,

hybrid bio-nanomaterials with multiple functions can be created. Compared with inorganic

nanomaterials, the formed hybrid bio-nanomaterials have high biocompatibility, self-assembly

ability, physicochemical stability, and molecular recognition ability, providing various potential

applications in cell labelling, bioimaging, biosensors, and functional materials. Many achievements

have been occurred in this interesting field; however, it is still necessary and significant to investigate:

(i) the synthesis of novel bio-nanomaterials by molecular self-assembly of various biomacromolecules

and small molecules, (ii) the multi-characterizations of created biomaterials, and (iii) the potential

applications of both pure self-assembled and hybrid bio-nanomaterials in drug delivery, regenerative

medicine, tissue engineering, cell culture, bioimaging, sensors, functional materials, and others.

Gang Wei

Special Issue Editor
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Abstract: Biomolecular self-assembly provides a facile way to synthesize functional nanomaterials.
Due to the unique structure and functions of biomolecules, the created biological nanomaterials via
biomolecular self-assembly have a wide range of applications, from materials science to biomedical
engineering, tissue engineering, nanotechnology, and analytical science. In this review, we present
recent advances in the synthesis of biological nanomaterials by controlling the biomolecular
self-assembly from adjusting internal interactions and external stimulations. The self-assembly
mechanisms of biomolecules (DNA, protein, peptide, virus, enzyme, metabolites, lipid, cholesterol,
and others) related to various internal interactions, including hydrogen bonds, electrostatic
interactions, hydrophobic interactions, π–π stacking, DNA base pairing, and ligand–receptor
binding, are discussed by analyzing some recent studies. In addition, some strategies for promoting
biomolecular self-assembly via external stimulations, such as adjusting the solution conditions (pH,
temperature, ionic strength), adding organics, nanoparticles, or enzymes, and applying external
light stimulation to the self-assembly systems, are demonstrated. We hope that this overview will be
helpful for readers to understand the self-assembly mechanisms and strategies of biomolecules and
to design and develop new biological nanostructures or nanomaterials for desired applications.

Keywords: self-assembly; biomolecules; nanostructures; interactions; external stimulations

1. Introduction

Self-assembly is a simple but effective bottom-up technique for preparing functional nanomaterials
with ordered structures and novel functions [1–3]. Besides nanoparticles (NPs) [4], polymers [5], and
other inorganic nanoscale building blocks, many kind of biomolecules in nature, including DNA [6],
proteins [7], peptides [8,9], viruses [10,11], enzymes [12,13], and others [14], have also exhibited great
potential to form hierarchical nanomaterials by controllable self-assembly. Due to the unique molecular
properties, adjustable functions, and ordered structures, the self-assembled biological nanomaterials
have been widely utilized for applications in the fields of materials science, biomedical engineering,
tissue engineering, biosensors, and nanotechnology [15–20].

In order to fabricate functional biological nanomaterials, one of the key challenges is how
to control the self-assembly of biomolecules to form desired structures. Previous studies have
indicated that this challenge could be solved through adjusting internal molecule–molecule/materials
interactions (such as hydrogen bonding, electrostatic interaction, hydrophilic/hydrophobic interaction,
and DNA/RNA hybridization [21–24]) or carrying out external stimulations (such as adjusting the
pH, temperature, or ionic strength or adding organics and enzymes to the system [25–28]). To further

Nanomaterials 2019, 9, 285; doi:10.3390/nano9020285 www.mdpi.com/journal/nanomaterials1
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improve the functions and applications of self-assembled biomolecular nanomaterials, some functional
nanoscale building blocks, such as nanoparticles [29,30], carbon nanotubes [31], graphene [32,33],
and polymers [34,35], could be introduced into the biomolecular self-assembly systems, where the
potential biomolecule–materials (building blocks) interactions could guide the self-assembly of both
biomolecules and the corresponding building blocks into hybrid nanomaterials. For instance, Yu et
al. demonstrated the biomolecule-assisted self-assembly of CdS/MoS2/graphene hollow spheres for
high-efficiency and low-cost photocatalysis [30]; Zou and co-workers reported the fabrication of novel
nanodots by the self-assembly of peptide–porphyrin conjugates [35].

The self-assembly mechanisms of biomolecules to various nanostructures have been investigated
widely, and some reviews on the design, synthesis, and applications of self-assembled biomolecular
nanomaterials have been reported previously [36–40]. For example, Yang and co-workers provided an
overview on the self-assembly of proteins to various supramolecular materials, in which the design
strategies for self-assembling proteins were introduced and discussed in detail [39]. Willner et al.
summarized the applications of biomolecule-based nanostructures and nanomaterials for sensing and
the fabrication of nanodevices [40]. After studying these reports, we realized that it is still valuable for
us to contribute a review on the self-assembly of biomolecules to functional nanomaterials from the
viewpoints of internal interaction mechanisms, external stimulation, and designed functionalities.

In this review, we focus on the fabrication of biological nanomaterials by controlling the
self-assembly of a biomolecule through internal biomolecular interactions and external stimulations.
The main used/studied biomolecules, including proteins [7,41], peptides [42,43], amphiphiles [44],
DNA [45], carbohydrates, metabolites [46–48], lipids, and cholesterol, for the self-assembly of various
nanostructures are introduced and discussed in detail. In Section 2, some recent studies are analyzed
and discussed to illustrate the self-assembly mechanisms of various biomolecules, in which the
strategies for creating biological nanomaterials via internal interactions are presented. In Section 3,
we introduce recent studies on adjusting biomolecular self-assembly via external stimulations. In
Section 4, we provide a summary on the synthesis of biological nanomaterials based on various
biomolecules. It is expected that this work will be helpful for readers to understand the self-assembly
mechanisms of, and strategies for creating, functional nanomaterials, and to design and develop new
biological nanostructures and nanomaterials for advanced applications in materials science, biomedical
engineering, analytical science, energy, and environmental science.

2. Internal Interactions towards Biomolecular Self-Assembly

The mechanisms of biomolecules self-assembled into various nanostructures are complex. In
this section, we demonstrate the self-assembly mechanisms of biomolecules from basic molecular
interactions (such as hydrogen bonds and electrostatic, hydrophobic, and π–π interactions) as well
as biomolecular-specific interactions (such as DNA base pairing, ligand–receptor/antigen–antibody
binding, and biomolecule–polymer conjugates).

2.1. Basic Molecular Interactions

2.1.1. Hydrogen Bonds

Hydrogen bonds, the interactions that occur between hydrogen atoms and a great number
of electronegative atoms in biomolecules, play important roles in the formation of biological
nanomaterials [49–51]. In the process of biomolecular self-assembly, the hydrogen bonds can promote
the growth of biomolecules in one direction with a long-range order to form one-dimensional (1D)
nanostructures. In addition, the hydrogen bonds between the hydrogen atoms of biomolecules and
the electronegative atoms of a special material’s surface could enhance the interactions between
biomolecules and materials for the formation of functional biomolecule-based hybrid nanomaterials.

Diphenylalanine (FF) is a popular dipeptide motif for self-assembly in water driven by
hydrophobic interactions; however, other interactions also likely play a role. For instance, Li et al.
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demonstrated the formation of FF microrods by hydrogen-bond-based self-assembly [21]. The
structural and property characterizations of the self-assembled microrods indicated that 1,1,3,3,6,6-
Hexafluoro-2-propanol (HFP) formed stable intermolecular hydrogen bonds with an FF peptide,
leading to the solvation of peptide molecules. When the peptide was dropped onto a silicon wafer, the
evaporation of HFP promoted the self-assembly of FF to form nanofibers, microtubes, and microrods, as
shown in Figure 1a. It can be found that FF molecules first self-assemble into nanotubes in the presence
of water, and then grow into microrods through both hydrogen bonds and hydrophobic interactions
between aromatic residues of the peptide. In another study, Yang and co-workers investigated
the self-assembly of an FF peptide on a graphene surface and the formation of peptide nanowires
(PNWs) [52]. Firstly, the peptide solution was diluted with a certain concentration of graphene
dispersion solution and then dropped onto a clean substrate to dry in an oven at 50 °C, as shown in
Figure 1b. The self-assembly of the FF peptide with graphene in water was ascribed to both hydrogen
bonds and π–π interactions. It can be concluded that graphene promoted the π–π conjugations between
peptides and graphene, and the intermolecular/molecule–graphene hydrogen bonds mediated the
formation of ordered PNW arrays on the graphene’s surface.

Figure 1. Hydrogen bonds promoted the self-assembly of biomolecules: (a) Hydrogen-bond-induced
self-assembly of FF into nanofibers, microtubes, and microrods. Reprinted with permission
from [21]. Copyright 2015 American Chemical Society. (b) The formation of microscale peptide
nanowires (PNWs)–graphene array. Reprinted with permission from [52]. Copyright 2013 American
Chemical Society.

Besides peptides, proteins, enzymes, DNA, and viruses can also be utilized to form self-assembled
biological nanomaterials through hydrogen bonds. For example, Lee et al. fabricated a ultrathin
nanomesh membrane based on the self-assembly of M13 virus on graphene oxide (GO) nanosheets via
both hydrogen bonds and electrostatic interactions [53]. In the self-assembly process of virus on the
GO’s surface, the basic amino acids (histidine and lysine) of the virus enable strong electrostatic and
hydrogen bond interactions with the carboxylate groups at the edges of GO nanosheets. In another
case, Xue et al. investigated the binding of DNA with GO through the surface plasmon resonance
(SPR) technique [54], and found that the hydrogen bond plays a key role in the interactions between
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single-stranded DNA (ssDNA) with GO, which enabled the fabrication of a novel biosensor for highly
sensitive and selective determination of ssDNA targets.

2.1.2. Electrostatic Interaction

Electrostatic interactions play significant roles in the self-assembly of peptides, proteins, enzymes,
and others into higher hierarchical nanostructures and at the same time stabilize the formed
nanostructures [55–57].

Wang et al. investigated the self-assembly of a motif-designed peptide for the formation of
peptide nanofibers (PNFs) and bioinspired PNF-based silver nanowires (AgNWs), and fabricated
graphene nanosheet (GN)-PNF-AgNW nanocomposites through an electrostatic interaction between
negatively charged PNF-AgNWs and a polymer-modified, positively charged GN [58]. Firstly, a
positively charged GN was obtained with a zeta potential of +35.87 mV when a GN was functionalized
with the positively charged polymer PDDA. Subsequently, the PNF-AgNW nanohybrids were created
by controlling the self-assembly of a designed peptide molecule and subsequent bioinpired synthesis
of AgNPs on PNFs, and the formed PNF-AgNW nanohybrids exhibited a zeta potential of −16.39 mV.
Therefore, the PNF-AgNW nanohybrids were bound onto PDDA-GN by the electrostatic interaction
easily, as indicated in Figure 2a.

Figure 2. Electrostatic-interaction-mediated self-assembly of biomolecule-based nanomaterials: (a) The
formation of peptide nanofiber (PNF)-bioinspired silver nanowires (AgNWs) on graphene nanosheets
(GNs). Reprinted with permission from [58]. Copyright 2014 American Chemical Society. (b) The
synthesis of self-assembled P22 virus-like particles (VLPs) via rigid (inorganic nanoparticles (NPs))
and soft (PAMAM) cationic linkers. Reprinted with permission from [59]. Copyright 2017 Materials
Research Society. (c) The structure-based design of protein nanowires. Reprinted with permission
from [60]. Copyright 2016 American Chemical Society. (d) Protein nanosheet–quantum dot (QD)
nanohybrids. Reprinted with permission from [61]. Copyright 2017 American Chemical Society. PEI,
polyethyleneimine; FRET, fluorescence resonance energy transfer.

Gupta and co-workers demonstrated the inorganic NP (CoFe2O4 and Au)-induced self-assembly
of bacteriophage P22 via an electrostatic interaction [59]. In their work, negatively charged P22
virus-like particles (VLPs) were synthesized by the co-expression of the coat protein and scaffold
protein in Escherichia coli. The positively charaged CoFe2O4 and Au NPs were prepared by coating
the NPs with polyethyleneimine via a modified bilayer phase transfer method. Finally, the P22 VLPs
were assembled through a controllable electrostatic interaction between the negatively charged VLP
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and the positively charged polymer-modified NPs, as shown in Figure 2b. In another study, Liu and
co-workers fabricated micelle-induced protein nanowires via an electrostatic interaction when the
electronegative cricoid stable protein one (SP1) assembled with positively charged core-crosslinked
micelles (Figure 2c) [60]. Recently, they further used SP1 as a building block to assemble positively
charaged semiconductor quantum dots (QDs) via an electrostatic interaction to obtain highly ordered
protein nanowires with prominent optical properties (Figure 2d) [61].

2.1.3. Hydrophobic Interaction

Many biomolecules, such as peptides and proteins, can form highly ordered self-assembled
superstructures via a hydrophobic interaction due to their hydrophobic property [62]. It is well-known
that amino acids can be divided into hydrophobic and hydrophilic ones due to their amino acid
residues. To date, a lot of studies on the hydrophobic-interaction-induced self-assembly of proteins
and peptides for functional bionanomaterials have been reported [63,64].

For instance, Liao et al. investigated the self-assembly mechanism of PNFs in solution and on
a surface by using a small peptide amphiphile (PA) (NapFFKYp) as a model [65]. It was found that
this PA first grows into nanofibers via a nucleation process, and then forms highly ordered nanofibers
in solution by a hydrophobic interaction. However, the self-assembly of this PA could form mixed
nanofiber and nanosheet structures on a substrate. Further molecular dynamics simulations (MDSs)
suggested that both hydrophobic and ion–ion interactions are crucial during the self-assembly process
of this PA. In another study, Yang and co-workers demonstrated how a model ionic-complementary
peptide EAK16-II (AEAEAKAKAEAEAKAK) assembles on hydrophilic (mica) and hydrophobic
(HOPG) substrates via electrostatic and hydrophobic interactions, respectively [66].

Biomolecules can also be conjugated with other nanomaterials, such as graphene or NPs, to form
functional nanomaterials via a hydrophobic interaction [67–70]. For example, Lu and co-workers
developed a novel fluorescent approach to monitor peptide–protein interactions based on the assembly
of a pyrene-labeled peptide on GO via both π–π and hydrophobic interactions [71]. To achieve the
aim, the peptide was firstly modified with a pyrene group to form a π-rich framework with high
fluorescence, and then the pyrene-labelled peptide was mixed with GO to obtain a GO-pyrene-peptide
nanocomposite through both π–π and hydrophobic interactions, as shown in Figure 3a. Due to the
peptide–protein interaction, the competitive binding of an antibody with GO for the pyrene-labelled
peptide decreased the adsorption of the peptide on the GO and promoted the formation of a
peptide–antibody complex in solution (Figure 3a).

In another study, Ma et al. demonstrated a facile strategy to prepare protein-based
NPs [72], where bovine serum albumin (BSA) was modified with multi-photoinitiated reversible
addition-fragmentation chain transfer (RAFT) polymerization to the BSA–PHPMA conjugates. The
synthesized BSA–PHPMA conjugates were further aggregated into NPs through the hydrophobic
interaction of PHPMA (Figure 3b). Zhang et al. reported the immobilization and self-assembly of
horseradish peroxidase (HRP) and oxalate oxidase (OxOx) on chemically reduced graphene oxide
(CRGO) [73]. Their results indicated that the enzymatic loading can be improved by increasing the
reduction degree of GO, and the excellent properties of the CRGO–enzyme conjugates are attributed to
hydrophobic interactions between enzymes and the CRGO’s surface. Studies on the self-assembly of
proteins and enzymes on a material’s surface are helpful for designing and fabricating novel biosensors
for the high-performance sensing of various analytes.
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Figure 3. The hydrophobic interaction for biomolecular self-assembly: (a) A pyrene-labeled peptide
for monitoring the protein–peptide interactions. Reprinted with permission from [71]. Copyright 2011
American Chemical Society. (b) Self-assembly of bovine serum albumin (BSA)-based nanoparticles to
microspheres. Reprinted with permission from [72]. Copyright 2017 American Chemical Society. GO,
graphene oxide.

2.1.4. π–π Interaction

Noncovalent π–π interactions are another potential driving force to promote the self-assembly of
biomolecules [74,75]. Some biomolecules, including peptides, proteins, DNA, enzymes, and viruses,
mostly contain aromatic motifs, making it possible to form highly ordered superstructures by π–π
stacking or functional hybrids by biomolecule–material π–π interaction.

For example, Su and co-workers investigated the self-assembly of a designed peptide
(RGDAEAKAEAKYWYAFAEAKAEAKRGD) to PNFs and the π–π conjugation between PNFs and
graphene quantum dots (GQDs) towards novel PNF–GQD nanohybrids for the simultaneous targeting
and imaging of tumor cells [76]. The designed peptide has trifunctional motifs, in which RGD can
recognize the integrin-rich tumor cells, the AEAKAEAK motif provides the capability of self-assembly
and formation of PNFs, and the motif of YWYAF has the tendency to bind with GQDs via π–π
interactions (Figure 4a). In another study, they synthesized GO–PNF nanohybrids via π–π interactions
between designed PNFs and GO, and further utilized the formed GO–PNF nanohybrids as templates
for the biomimetic mineralization of hydroxyapatite (HA) (Figure 4b) [33]. Recently, they also used
the peptide (AEAKAEAKYWYAFAEAKAEAK) to synthesize GQD–PNF–GO nanohybrids via π–π
interactions between the created PNFs with GQDs and GO [77], as shown in Figure 4c. To prove the
unique interactions among the three components, they used the atomic force microscopy (AFM)-based
force spectroscopy technique to measure the interactions (including π–π binding forces) between PNFs
with GQDs and GO, and the obtained results showed that the rupture force between PNFs and GO
was stronger than the force between GQDs and GO as well as between GQDs and PNFs.
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Figure 4. π–π-interaction-mediated self-assembly of nanomaterials: (a) The fabrication of PNF–
graphene quantum dot (GQD) nanohybrids. Reprinted with permission from [76]. Copyright 2015
WILEY-VCH. (b) The synthesis of GO–PNF nanohybrids and GO-PNF-HA minerals. Reprinted
with permission from [33]. Copyright 2015 Elsevier. (c) The synthesis of PNFs and binary
GQD-PNF, and ternary GQD–PNF–GO nanohybrids. Reprinted with permission from [77]. Copyright
2017 WILEY-VCH.

Besides peptides, other biomolecules, such as proteins, DNA, enzymes, and viruses, have also
been widely used to conjugate with graphene to form nanomaterials via π–π interactions for various
applications [78,79]. For example, Wang and co-workers designed a uniform three-dimensional (3D)
graphene-nanodots-encaged porous gold electrode for loading enzyme [80]. Pyrene-functionalized
glucose oxidase (GOx) and catalase (CAT) were prepared and used as the immersed solution for
the modification of the electrode. In the process of enzyme modification, Pyrene-GOx/CAT was
loaded onto the graphene-nanodots-encaged porous gold electrode via π stacking between pyrene
and graphene. The fabricated enzyme electrodes showed an excellent catalytic performance compared
with native enzyme. Huang et al. designed a GQDs–ionic liquid–nafion (GQDs-IL-NF) composite
film [81], which could interact with ssDNA through noncovalent π–π interactions to fabricate a novel
biosensor platform for detecting a carcinoembryonic antigen with high sensitivity.

By using the π–π interaction between ssDNA and RGO, Li et al. created ssDNA–RGO composites
for the further bioinspired synthesis of cotton-flower-like platinum nanoparticles (PtNPs) [82]. The
ssDNA molecules were conjugated with RGO via the π–π interaction and PtNPs were formed on
the surface of ssDNA–RGO by the bioinspired synthesis. The created ssDNA-RGO-PtNPs material
exhibited high catalytic activity for methanol oxidation and CO tolerance.

2.2. Biomolecular-Specific Interactions

2.2.1. DNA/RNA Base Pairing

The focus of DNA/RNA nanotechnology is to direct ssDNAs/ssRNAs to self-assemble into
desired 1D, two-dimensional (2D), and even 3D nanomaterials via DNA/RNA base pairing.

Previously, it has been reported that DNA nanostructures could be created by controlling the
DNA base pairing through several methods, including the clamped hybridization chain reaction [24],
paranemic crossover DNA motif assembly [83], DNAzyme-based logic gate [84], and genetic
encoding [85]. The basic principles for creating functional DNA nanomaterials are based on the
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design of DNA motifs/tiles and the subsequent controllable DNA base pairing. In a typical study,
Elbaz and co-workers investigated the fabrication of DNA nanostructures by guiding the self-assembly
of gene-encoded DNA in living bacteria [85]. To achieve this aim, a short ssDNA was first encoded as
a gene and then enzymatically converted to a new ssDNA. This in-vivo-produced ssDNA could be
utilized for in-vitro fabrication of 1D nanowires (Figure 5a,b) and 2D nanosheets (Figure 5c and d). To
form a Z- and C-shaped tile, two red pairs of a symmetric motif hybridized with two other red pairs of
another symmetric motif. The motif with a short black domain mediated the formation of the Z-shaped
(Figure 5a) tile and the motif with a long black domain promoted the formation of the C-shaped
tile (Figure 5c). This work provided a novel strategy to prepare functional DNA nanostructures for
in-vivo applications.

Figure 5. The in vitro genetic-encoding-mediated self-assembly of DNA to different nanostructures:
(a,b) nanowires and (c,d) two-dimensional (2D) nanosheets. Reprinted with permission from [85].
Copyright 2016 Macmillan Publishers Limited. 1D, one dimensional.

Besides the simple DNA nanostructures, DNA nanotechnology provides the possibility for the
programmable design and synthesis of complex nanostructures, such as DNA origami [86,87] and
nanoswitches [88]. For instance, in the DNA origami technique, long ssDNA is folded into target
shapes by using short DNA staples, which are designed to be complementary to particular regions
of the long DNA [86]. Therefore, a lot of 2D and 3D DNA nanostructures can be created by using
the further self-assembly of DNA origami and nanoswitches [86,87], which can serve as nanoscale
templates to form biomolecule and NP-based nanomaterials [89,90].

Similar to DNA base pairing, RNA can also be assembled into various nanostructures (such as
tetrahedrons, nanotriangles, lattices, and tubes) by bottom-up self-assembly based on intra- and inter
RNA interactions [91–93]. These self-assembled RNA nanostructures have shown wide applications
for drug or NPs delivery and cancer diagnostics [91,93].

Previously, Gazit and co-workers have prepared self-assembled peptide nucleic acid (PNA) fibers
with a unique light-emitting property [94], in which the self-assembly of PNA is related to both π–π
stacking interactions and Watson–Crick base pairing.
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2.2.2. Ligand–Receptor Binding

It is possible to utilize specific molecule–molecule recognitions, such as the ligand–receptor [95–97]
and antigen–antibody [98,99] bindings, to guide the self-assembly of biomolecules to form ordered
nanostructures and nanomaterials.

Liljeström et al. investigated the self-assembly and modular functionalization of 3D
cowpea chlorotic mottle virus (CCMV) crystals by using the avidin–biotin recognition [95]. The
functionalization and self-assembly of 3D CCMV crystals were achieved in two ways, as shown in
Figure 6. In the first way (Method 1), the functionalization was achieved by first modifying avidin
with biotin-linked functional units (such as dyes, enzymes, or NPs), and then adding CCMV particles
to form 3D crystals through self-assembly. In another method (Method 2), the mixing of CCMV
and avidin together caused the formation of 3D crystals via self-assembly, which could be further
functionalized with biotin-linked functional units to form functional 3D nanomaterials. The use
of avidin–biotin binding in this study allowed for the highly selective functionalization of protein
crystals, which exhibited great potential for biomedical applications. In another study, Xu and
co-workers demonstrated that a ligand–receptor interaction could modulate the energy landscape of
peptide self-assembly and affect the formation of various nanostructures [96]. Their study proved
that it is possible to use a ligand–receptor interaction to modulate the kinetics of enzyme-mediated
peptide self-assembly.

Figure 6. The avidin–biotin-binding-mediated self-assembly of a protein cage to three-dimensional
(3D) functional crystals. Reprinted with permission from [95]. Copyright 2014 Macmillan
Publishers Limited.

The formation of antigen–antibody immunocomplexes is helpful for the molecular self-assembly
and the formation of functional bionanomaterials. For instance, Kominami and co-workers investigated
the self-assembly of immunoglobulin G (IgG) on a mica surface, and found the formation of 2D
hexameric IgG crystal [99]. Therefore, the antigen (anti-human serum albumin) could be bound onto
the IgG hexamer via the antigen–antibody binding.

2.2.3. Biomolecule–Polymer Conjugates for Self-Assembly

The conjugation between biomolecules (such as a lipid and cholesterol) with polymers can
also mediate the self-assembly of the formed conjugates to various nanostructures [100,101]. For
instance, the mixing of lipid particles with amphiphilic, hydrophobic, and hydrophilic drugs for
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the formation of hybrid cubosomes and hexosomes has exhibited great potential for advanced drug
delivery systems [100,102,103].

Cholesterol, one of the important biopolymers, has been utilized as a versatile building
block to conjugate with various polymers for the fabrication of self-assembled functional
nanomaterials [104–106]. For example, Yang and co-workers demonstrated the preparation of
polyoxometalate–cholesterol conjugates, which could self-assemble into microrods and nanoribbons
by controlling the reaction temperature [104]. Engberg et al. found that cholesterol could be tethered
into poly(ethylene glycol) (PEG) networks, via polymerization in an organic solvent, that were capable
of forming weakly ordered aggregates via self-assembly [105].

3. External Stimulations towards Biomolecular Self-Assembly

The self-assembly of biomolecules is highly sensitive to, among other things, the molecular
structure, the solution environment, including the pH, temperature, and ionic strength, organic
solvents, and enzymes [107,108]. In this part, we will introduce and discuss the potential strategies for
promoting the self-assembly of various biomolecules.

3.1. pH Effect

The growth of biological nanostructures is also influenced by the solution conditions, such as pH,
temperature, and ionic strength [109–111]. For instance, the peptide sequence KLVFFAE from the Aβ

(16–22) peptide of Alzheimer’s (AD) is very sensitive to the environmental pH. Hsieh and co-workers
demonstrated that the Aβ (16–22) peptide (KLVFFAE) could self-assemble in neutral and acidic
conditions to different nanostructures [112]. Under a neutral condition, the peptide assembled into
nanofibers due to the cross-strand pairing between the positively charged K16 and the deprotonated
C-terminal E22 side chain. However, under an acidic pH condition, the peptide formed nanotubes
because the protonated E22 side chain weakened the K16–E22 salt bridge, and the strands shifted out of
register and grew into nanotubes (Figure 7a). In another example, Ghosh et al. developed a strategy for
precisely tuning the self-assembly behavior of PA by adjusting the solution pH [113]. They found that
PA could self-assemble into nanofibers under pH 4 and spherical nano-micelles at pH 10 (Figure 7b).
Furthermore, Chen et al. designed a pH-controlled system that could control the PA self-assembly into
micelles, nanofibers, and nanofiber bundles due to the clever designs of complementary electrostatic
attraction using oppositely charged amino acid pairs, such as arginine and aspartic acid, when the pH
was changed (Figure 7c) [114].

Figure 7. The pH effect on the self-assembly of biomolecules: (a) Self-assembled fibers and tubes
under different pH conditions. Reprinted with permission from [112]. Copyright 2017 American
Chemical Society. (b) The pH-triggered morphological transition of self-assembling PA. Reprinted
with permission from [113]. Copyright 2012 American Chemical Society. (c) Self-assembled nanofibers
by pH-mediated lateral assembly. Reprinted with permission from [114]. Copyright 2015 American
Chemical Society.
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The self-assembly of proteins, enzymes, and viruses is also affected by the solution property [115,116].
For instance, Brodin et al. utilized a Rosetta-interface-designed cytochrome 3 (RIDC3) to self-assemble
1D protein nanotubes and 2D protein nanosheets through Zn2+-coordination [117,118]. In their studies,
the morphology of the self-assembled RIDC3 was dependent on the concentration of Zn2+, the RIDC3
concentration, and the pH of the solution. The Zn2+-coordination was reduced when the pH and
([Zn]:[RIDC3]) ratios were decreased to lower conditions; thus, the formed 1D microtubes were
transferred into 2D nanosheets due to the reduced nucleation efficiency of Zn-mediated RIDC3 [117].
In addition, 2D Zn2+-RIDC3 arrays were formed under the condition of a lower concentration of Zn2+

and a lower pH [118].
The self-assembly of DNA molecules to ordered nanostructures can also be mediated by the

pH-responsive formation of a triplex/tetraplex [119–121]. For instance, Wu and Willner recently
reported the pH-stimulated reconfiguration and structural isomerization of a DNA origami dimer and
trimer by designing pH-sensitive origami dimers and trimers [121]. It was known that triplex DNA
nanostructures containing Hoogsteen-type C-G·C+ bridges can be stabilized under acidic conditions
and then separated under neutral systems, while the triplex strands, including T-A·T bridges, can be
stabilized at neutral pH and then separated under basic systems. On this basis, they performed the
pH-stimulated cyclic assembly and separation of the oligomeric origami, and proved the programmed
site-specific cleavage of trimer–origami and the reassembly of the separated units. In addition,
the pH-mediated isomerization of a linear three-frame origami into a bent configuration has also
been proved.

3.2. Temperature Effect

It is well-known that temperature is another important factor that affects the conformation and
the intermolecular interactions of biomolecules in solution [122,123].

Previously, Hamley’s group found that the PA palmitoyl-KTTKS showed a thermal transition from
nanotapes to micelles when the temperature was changed from 20 to 30 ◦C [124]. In a further study,
they studied the effect of temperature on the self-assembly mechanism of PA (C16-KKFFVLK) [125].
They used cryogenic transmission electron microscopy (cryo-TEM), small-angle X-ray and scattering,
and circular dichroism (CD) spectra to observe the reversible thermal transition and self-assembly
of PA. It was found that PA self-assembled into nanotubes and helical ribbons at room temperature.
Interestingly, PA self-assembled into twisted tapes under heating, but the nanotubes and ribbons were
reformed under cooling, as shown in Figure 8a.

The self-assembly of polymers and proteins by controlling the temperature has also been
studied [101–104]. For instance, a protein–polymer biohybrid was designed by controlling
both temperature and pH [126]. Firstly, a hydrophilic initiator (2-bromoisobuta-noic acid
N-hydroxysuccinimide (NHS-BiB)) was immobilized onto the surface of an Amelogenin (AME)
nanosphere to form a macroinitiator (AME initiator), and then poly(N-isopropylacrylamide) (PNIPAm)
chains were grafted to form AME–PNIPAm bioconjugates by temperature-induced self-assembly
(Figure 8b). When the temperature was increased from 20 to 40 ◦C, the hydrodynamic particle size
was increased to 218.7 nm with a very narrow size distribution. Huang et al. designed a “rod-coil”
graft copolymer containing a polyphenylene backbone linked with poly(ethylene oxide) (PEO) side
chains [127], which could form nanoribbons and multilayer sheets at different temperatures.

In another example, the effect of incubation temperature on the self-assembly of regenerated
silk fibroin (RSF) was investigated by Zhong and co-workers [128]. They found that the effect
of temperature on the self-assembly of RSF was dependent on the concentration of RSF. For a
relatively low concentration of RSF, the increase in incubation temperature promoted the formation of
anti-parallel β-sheet protofibrils and inhibited the growth of random coil protofilaments/globule-like
molecules. However, under a higher concentration of RSF, the increase in incubation temperature
changed the morphologies of RSF from protofilaments to protofibrils and beads, and then to longer
nanofibers and globules. This work makes it clear that the conformation and morphology of
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biomolecules can be tuned by controlling the incubation temperature, which will be helpful for
us to understand the formation mechanism of various RSF-based biomaterials and extend their
biomedical applications.

Figure 8. The temperature effect on biomolecular self-assembly: (a) The thermo-reversible transition
and (bottom right) structure of PA. Reprinted with permission from [125]. Copyright 2013 The Royal
Society of Chemistry. (b) The synthesis and proposed model of self-assembly and disassembly of pH-
and temperature-responsive Amelogenin (AME)–PNIPAm bioconjugates. Reprinted with permission
from [126]. Copyright 2018 WILEY-VCH.

3.3. Ionic Effect

Along with the effects of pH and temperature, the effect of ions/ionic strength on the self-assembly
of proteins [129,130], peptides [131], DNA [132], and RNA [133] molecules have been reported.

Semerdzhiev et al. investigated the self-assembly of α-synuclein into protein fibrils and
suprafibrillar by adjusting some external stimulations, including pH, temperature, ionic strength,
protein concentration, and seeding [130]. Their results indicated that the formation of suprafibrillar
protein assemblies requires a high salt concentration (>104 μM K+/Na+). However, at a low ionic
strength (about 102 μM K+/Na+), the creation of individual protein fibrils was dominant in the solution
due to the strong interfibril repulsion. With the increasing of salt concentration, the electrostatic effects
between protein fibrils were screened, promoting the interactions between the formed fibrils and the
formation of a sheet-like structure. Further increasing the ionic strength even caused the formation of
cylindrical protein aggregates.

Dai and co-workers reported the tunable assembly of an amyloid-forming peptide towards
nanosheet structures [131]. They found that the size and yield of the self-assembled amyloid peptide
(KLVFFAK) nanosheets could be fine-tuned by adjusting the ionic strength in aqueous solution. With
the increasing of NaCl concentration from 0.1 to 1.0 M, the width and the yield of self-assembled
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peptide nanosheets increased accordingly. They suggested that salt could improve the aggregation
ability of peptide molecules by screening out the repulsive interactions between the positively charged
Lys-Lys contacts.

The self-assembly of DNA and RNA is also affected by the ions and ionic strength. For instance,
Liu and co-workers demonstrated the self-assembly of DNA on a mica surface [132], which can be
regulated by changing the concentration of Ni2+ to form a salt bridge between DNA and the mica
surface. They found that a suitable Ni2+ concentration was crucial for the formation of 2D DNA arrays
on the mica surface. A low Ni2+ concentration did not provide enough attractive force to bind DNA
to the mica surface, while an Ni2+ concentration that was too high caused a strong DNA–surface
attraction and hindered the DNA mobility and self-assembly. AFM experiments indicated that 2D DNA
trihexagonal (Figure 9a), square (Figure 9b), and rhombic (Figure 9c) arrays were formed by controlling
the self-assembly of the four-pointed-star DNA motif via adding 3, 4, and 6 mM Ni2+, respectively.
This study proved that the weak DNA–DNA interactions could be stabilized by using a suitable
ionic concentration to regulate the DNA–surface interactions, promoting the formation of larger DNA
nanostructures. Recently, Yang and co-workers demonstrated a novel K+ ion-stimulated self-assembly
of DNA origami nanostructures by using G-quadruplexes as stimuli-responsive bridges [134]. It was
found that, with the stimulation of monovalent cations, the conformation transitions between the
G-quadruplex and its sing-strand state promoted the reversible assembly process of DNA origami.
Their study provides a potential strategy for designing pH-responsive DNA nanomaterials for
biomedical and nanotechnological applications. In another study, Garmann et al. studied the assembly
pathway of an icosahedral ssRNA virus and found that the in-vitro assembly of ssRNA virus was
affected by the pH and ionic strength [133].

Figure 9. Self-assembled DNA nanostructures on a mica surface by adjusting the Ni2+ ion concentration:
(a) 3, (b) 4, and (c) 6 mM. Reprinted with permission from [132]. Copyright 2017 Wiley-VCH.

3.4. Organic Stimulators

It is known that the structural formation of self-assembled biological nanomaterials is related to
the intermolecular noncovalent interactions, including hydrogen bonds, electrostatic interactions,
hydrophobic interactions, and π–π interactions. However, the conformation transition and
self-assembly of biomolecules are affected by some organic solvents due to the synergistic effects with
these interactions.

The self-assembly of peptides and proteins into various morphologies in different organic solvents
have been investigated widely [135–141]. For instance, Yan et al. investigated the self-assembly of
a small FF peptide in chloroform and toluene, and found that the peptide can self-assemble into
long nanofibrils and then entangle to form organogels [135]. It was found that the created FF-based
organogels were thermo-responsive and the sol-gel process was thermo-reversible. In a further study,
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they investigated the effects of organic co-solvents (ethanol and toluene) on the stabilization of the
created organogels [136]. Flower-like microcrystals were prepared by a further self-assembly process
of gels (Figure 10a). The solvent (ethanol) has a higher polarity than toluene, and, therefore, it caused
the formation of hydrogen bonds during biomolecular self-assembly and promoted the subsequent
transition of organgels to microcrystals.

Figure 10. Effects of organic solvents on biomolecular self-assembly: (a) The structural transition
of FF nanofibers in mixed organic solvents. Reprinted with permission from [136]. Copyright 2010
WILEY-VCH. (b) Vertically well-aligned peptide nanowires prepared by high-temperature aniline
vapor aging. Reprinted with permission from [140]. Copyright 2008 WILEY-VCH. (c) A phase
transition induced by trace amounts of organic solvent. Reprinted with permission from [142].
Copyright 2016 American Chemical Society. (d) Kinetic mechanisms of peptide self-assembly studied
by molecular dynamics simulation (MDS). Reprinted with permission from [143]. Copyright 2015
American Chemical Society.

Ryu et al. investigated the high-temperature-induced self-assembly of an FF peptide into vertically
aligned nanowires in the environment of aniline vapor [140]. In their work, an FF peptide solution
dissolved in 1,1,1,3,3,3-Hexafluoro-2-propanol (HFIP) was first dropped onto a silicon wafer or quartz
plate substrate. Subsequently, the peptide solution was dried in a vacuum desiccator to form a
patterned FF film. Finally, the FF film was aged under an aniline vapor condition at 150 ◦C to obtain
vertical peptide nanowire arrays on a silicon substrate, as shown in Figure 10b.

Recently, Wang et al. found that a trace amount of solvent can be a predominant factor to control
the self-assembly of an FF peptide in dichloromethane, ethanol, N,N-dimethylformamide (DMF),
and acetone [142]. They demonstrated that hydrogen bonding plays more of a role in the process of
nanofiber formation than other noncovalent interactions (Figure 10c), and that the bonding of C=O
and N–H in FF molecules was affected by the used organic solvents.

To further understand the effects of organic solvents on the self-assembly of peptides, Fu et al.
used molecular dynamics simulations (MDSs) to study the solvent effects on the self-assembly of
PAs [143]. When the hydrophobic interaction was weak, biomolecular aggregates were formed due
to the hydrophobic interaction and hydrogen bonding. In addition, the aggregates could grow with
different directions, resulting in the formation of an open network structure. However, the structure
was changed from open one to a closed one when the hydrophobic interaction was increased. When
the hydrophobic interaction was further increased, the hydrogen bonds were reduced and all of the
peptides appeared in a random-coil conformation and formed an elongated micelle structure, as
indicated in Figure 10d.
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The above examples and discussions provide experimental and theoretical evidence that
organic solvents exert significant effects on the conformation transition and self-assembly pathways
of biomolecules.

3.5. Enzymatic Stimulators

Enzymes can also influence the self-assembly of biomolecules significantly as they may catalyze
the formation of biological materials. Based on the functions and types, enzymes can promote or inhibit
the aggregation and self-assembly of biomolecules [144]. In recent decades, many studies on enzymatic
driving for the formation of NPs, nanofibrils, crosslinked hydrogels, and other superstructures have
been reported [145,146].

For example, Amir et al. introduced a novel enzyme-triggered strategy to mediate the
self-assembly of a block coplymer into NPs under a physiological condition [147]. In their work, they
designed a water-soluble diblock copolymer containing a hydrophilic block copolymer and a block of
phosphorylated 4-hydroxystyrene, and then the phosphate groups of the copolymer were removed by
phosphatase to form the amphiphilic diblock copolymers. Subsequently, the amphiphilic copolymers
were self-assembled into colloidal NPs via an in-situ process (Figure 11a). This approach constitutes a
new way to form polymeric materials by using various polymeric backbones and enzymatic triggers.

Besides biopolymers, the self-assembly of other biomolecules, such as proteins, peptides, and
DNA, could be driven by enzymes [148–151]. Previously, Xu’s group used the enzyme-instructed
self-assembly (EISA) approach to prepared a few supramolecular nanostructures, such as nanofibers
and hydrogels [13,152–154]. For example, they designed a series of structural precursors based
on the peptide GNNQQNY sequence of the yeast prion Sup35, which can self-assemble to form
supramolecular hydrogels induced by alkaline phosphatase in water (Figure 11b) [152]. In another
study [155], they investigated the enzyme-induced in-situ self-assembly of C-terminal methylated
phosphotetrapeptide (pTP-Me) into PNFs. It was found that the obtained PNFs exhibited strong
synergism with NF-κB targeting for the selective necroptosis of cancer cells (Figure 11c).

Figure 11. The enzyme-mediated self-assembly of biomolecules: (a) The enzyme-active self-assembly
of water-soluble diblock copolymers to colloidal nanostructures. Reprinted with permission from [147].
Copyright 2009 American Chemical Society. (b) Alkaline phosphatase (ALP)-mediated formation
of a peptide hydrogel. Reprinted with permission from [152]. Copyright 2016 The Royal Society of
Chemistry. (c) The enzyme-induced self-assembly of pTP-Me into PNFs. Reprinted with permission
from [155]. Copyright 2018 American Chemical Society. (d) The self-assembly of a glycopeptide
to a supramolecular hydrogel. Reprinted with permission from [156]. Copyright 2018 American
Chemical Society.
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Qi and co-workers developed a novel hydrogel from the enzyme-induced supramolecular
self-assembly of a synthetic glycopeptide to mimic the glycosylated microenvironment of the
extracellular matrix [156]. In their work, a gelator precursor 1 glycopeptide, containing a naphthyl
group, a tetrapeptide motif (Phe-Phe-Asp-Tyr(H2PO3)), and a sugar moiety (D-glucosamine), was first
prepared via a solid-phase synthesis method. Then, the glycopeptide was dissolved in water with a
pH value of 7.4 and transferred into gelator 2 by adding alkaline phosphatase (owing to the enzymatic
dephosphorylation towards gelator 1). After that, the gelator self-assembled into nanofibers and then
into a hydrogel at room temperature via aromatic–aromatic and hydrogen bonding interactions, as
shown in Figure 11d. Furthermore, the fabricated hydrogel could serve as biomimetic scaffold to
promote the generation of new blood capillaries in vitro and vivo.

3.6. Photo-Stimulation

Various biological nanostructures can also be obtained by the photo-induced self-assembly of
biomolecules, such as peptides [157,158] and DNA [159–161]. The photo-triggered assembly of
biomolecules exhibits a few advantages, such as reversibility, rapidity, remoteness, and cleanliness. In
the photo-triggered assembly process, the photo-responsive groups acted as photoswitching units to
mediate the structure and functions of the formed nanostructures.

Previously, Muraoka et al. synthesized photo-responsive PAs with a palmitoyl tail, the
2-nitrobenzyl group, and an oligopeptide motif (GV3A3E3), which were capable of self-assembling into
supramolecular quadruple nanofibers [157]. Under the irradiation of light at 350 nm, the 2-nitrobenzyl
group was cleaved, which dissociates the quadruple helical fibers to single non-helical fibrils. Ma
and co-workers designed a photoswitchable molecule that can co-assemble with a cationic FF peptide
to form elongated nanoplates and helical nanobelts under visible light [158]. After UV irradiation,
the photo-isomerization of the photoswitchable molecule caused the disassembly of peptides to
vesicle-like structures.

Similar to peptides, DNA molecules can also be induced by light stimulation to form
self-assembled nanostructures. For instance, Tanaka and co-workers demonstrated the robust
and photo-controllable synthesis of DNA structures (three-point-star motifs and capsules) by UV
irradiation to the azobenzenes that were inserted into the sticky ends of DNA motifs [159]. Without
the UV irradiation, the three-point-star motifs with azobenzenes self-assembled to sphere-shaped
capsules, which were broken down into three-point-star motifs after UV irradiation for 50 s. Their
study enhanced the potential of self-assembled DNA nanomaterials for controllable biomedical
applications, such as precise drug delivery. Sugiyama and co-workers presented the fabrication
of predesigned multiorientational patterns by photo-induced self-assembly of DNA origami
nanostructures [160]. Firstly, they designed a series of 50-nm-sized hexagonal DNA origamis, which
were then functionalized with photo-responsive oligonucleotides. Under visible light irradiation,
the DNA origami self-assembled into predesigned oligomeric nanostructures, which could then
disassemble into DNA origami structures under optimal UV irradiation at 40 ◦C. In a further study,
they investigated the in-situ dynamic assembly/disassembly processes of photo-responsive DNA
origami nanostructures, which can be placed on a lipid membrane surface [161]. It was found that the
bilayer-placed DNA hexagonal structure was disassembled into monomers under UV irradiation, and
reassembled into a larger DNA dimer after visible light irradiation.

All of the above cases prove the feasibility of photo-stimulation in the control of biomolecular
self-assembly and the formation of various nanostructures.

3.7. Tailoring Molecular Structure

Molecular structure is crucial for guiding the self-assembly of biomolecules (especially for peptide
and DNA molecules) into well-ordered superstructures [162,163]. For instance, by designing peptide
sequences with multiple functions, such as recognition, binding, signal acceptor, and self-assembly
motifs, it is easy to create 1D, 2D, and 3D peptide superstructures with tailored functions [8].
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Meanwhile, it is possible to synthesize DNA superstructures by designing DNA sequences and
other complex DNA building blocks [163].

Dai et al. used an amyloid peptide to self-assemble 2D peptide nanosheets (PNSs) by adjusting
the molecular structure [131]. They changed the peptide sequence KLVFFAK into KLVFGAK and
VQIVAK to provide the possibility of a β-sheet along the zippering axis face-to-face with the back
pattern, and the three peptide sequences (KLVFFAK, KLVFGAK, and VQIVAK) could self-assemble
into 2D nanosheets and nanofibers, respectively. Hence, the molecular structure of the peptide is very
important for self-assembly into a well-ordered structure. In another case, Sun et al. discussed the
self-assembly behaviors of three designed RADA16-1 peptides by studying the effects of motifs, pH,
and assembly time [162]. Three functional peptide motifs, IKVAV, RGD, and YIGSR, were utilized
to modify the RADA 16-1 peptide to provide different net charges and amphiphilic properties of
the designed peptides at neutral pH. The obtained results indicated that both the electrostatic and
hydrophilic/hydrophobic interactions of the motifs affected the self-assembly of the peptide and the
morphologies of the formed PNFs.

Wei et al. designed several peptides with various functional motifs for the creation of functional
1D PNFs towards biomineralization, sensors, and cell targeting [33,76,77]. Very recently, they
designed a novel peptide sequence (LLVFGAKMLPHHGA) to create 2D functional PNSs, as shown in
Figure 12 [164]. The results indicated that the motif of LLVFGAK was responsible for the self-assembly
and formation of PNSs, and KMLPHHGA provided an additional function for the biomineralization
of HA. Therefore, the designed bifunctional PNSs exhibited unique properties for binding with 3D
graphene foam (GF) to fabricate 3D biominerals.

Figure 12. Two-dimensional peptide nanosheets (PNSs) by molecular tailoring: a schematic
presentation of 2D peptide self-assembly and the biomimetic fabrication of 3D graphene foam
(GF)-PNS-HA minerals. Reprinted with permission from [164]. Copyright 2018 WILEY-VCH.

Here, it is highly recommended for the authors to read two recent review papers on
the design of small bioactive [165] and protein-mimic peptides [9] for biomaterials design and
biomedical applications.

4. Various Self-Assembled Biological Nanostructures/Materials

Based on the above discussion, it can be concluded that hydrogen bonds, electrostatic interactions,
hydrophobic interactions, and π–π interactions play important roles in mediating the self-assembly
of biomolecules and promoting the formation of biological nanostructures. Other factors, such as
molecular structure, pH effect, temperature, organic stimulators, and enzymatic stimulators are crucial
for the self-assembly of biomolecules. To make it more clear, we summarize the types, nanostructures,
interactions, and effect factors of the self-assembly of various biomolecules in Table 1.
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Table 1. A summary of the formed nanostructures via biomolecular self-assembly, and the internal
interactions as well as external stimulations.

Biomolecules Nanostructures Interactions Stimulations Ref.

Proteins

SP1 Nanowires Electrostatic Micelles [60]
SP1 Nanowire-QDs Electrostatic Enzyme [61]
BSA NPs Hydrophobic Organic [72]
IgG 2D crystals Ligand–receptor - [99]
RIDC3 Nanotubes/2D Crystals Zn2+-coordination pH [117,118]

Amelogenin Nanospheres - pH and
temperature [126]

Silk fibroin Protofibrils/Fibers - temperature [128]
A-synuclein Fibrils Electrostatic Ions [130]

Peptides

FF Fibers/Tubes/Rods Hydrogen bonds Organic [21]

FF PNWs-G Hydrogen bonds and
π−π interaction Organic [52]

VIAGASLWWSEKLVIA GN-PNF-AgNW Electrostatic Ethanol [58]
NapFFKYp Nanofibers Hydrophobic Organic [65]
EAK 16-II Nanofibers Electrostatic/hydrophobic Molecular structure [66]
RGDAEAKAEAKYWYAFAEAKAEAKRGD PNF-GQDs π–π/Electrostatic ethanol [76]
AEAKAEAKYWYAFAEAKAEAK GO-PNF π–π/Electrostatic Ethanol [33]
AEAKAEAKYWYAFAEAKAEAK GQD-PNF-GO π–π/Electrostatic Ethanol [77]
Peptide Fibers/Aggregates Ligand–receptor Enzyme [96]
KLVFFAE Nanofibers/Tubes Electrostatic pH [112]
PA Micelles/Nanofibers Electrostatic pH [114]

C16-KKFFVLK Nanotubes/Helical
ribbons Hydrogen bonds Temperature [125]

KLVFFAK Nanosheets Electrostatic Ionic strength [131]
GNNQQNY Hydrogels Hydrogen bonds Enzyme [152]
FFDY(H2PO3) Fibers/Hydrogels π–π/Hydrogen bonds Enzyme [156]

GV3A3E3 Fibers Hydrogen
bonds/hydrophobic Light [157]

FF Nanoplates/belts Hydrogen bonds/π–π Light [158]

DNA/RNA

DNA GQDs-ionic liquid
(IL)-NF-DNA π–π interactions Enzyme [81]

DNA GO-DNA π–π interactions Temperature [82]
DNA Hydrogels Clamped hybridization - [24]
DNA 2D lattices base pairing Buffer/Mg2+ [83]
DNA Tiles base pairing Mg2+ [84]
DNA Nanowires/Sheets base pairing - [85]
DNA 2D arrays base pairing Ni2+ [132]
DNA Capsules base pairing Light [159]
DNA Origami base pairing Light [160]
DNA Origami base pairing Light [161]
RNA Tetrahedrons RNA packing - [91]
RNA Triangles RNA packing - [92]
RNA Lattices/Tubes RNA packing - [93]
PNA Fibers π–π and base pairing - [94]

Virus

CCMV 3D crystals Ligand-receptor - [95]
Bacteriophage P22 P22VLP-NPs Electrostatic interaction NPs [59]

Enzymes

OxOx/HRP CRGO-enzyme Hydrophobic pH [73]

GOx/CAT graphene
nanodots-porous gold π-π Organic [80]

Other biopolymers

cholesterol Microrods/ribbons - Polymer [104]
cholesterol Aggregates - Polymer [105]

CRGO, chemically reduced graphene oxide.

5. Conclusions and Outlooks

The self-assembly of biomolecules provides a direct and effective way to create functional
nanostructures and nanomaterials. Our deep understanding of the self-assembly mechanisms
of biomolecules makes it possible to design and synthesize many novel biological nanomaterials
with specific functions. In this review, we demonstrated the self-assembly of biomolecules into
pure and hybrid biological nanomaterials from two perspectives (internal interactions and external
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stimulations) by introducing and discussing relevant cases. This work will be helpful for readers to
understand basic methods to promote the self-assembly of biomolecules, develop novel biological
nanomaterials, and explore the potential applications of self-assembled biological nanomaterials in
materials science, biomedical engineering, tissue engineering, analytical science, and the energy and
environmental sciences.

Biomolecular self-assembly towards functional nanomaterials has been one of the most focused-on
fields in the last few years. In our opinion, the further development in this research field may
include the following. First, the design of functional motifs for creating functional nanomaterials
via self-assembly could be further studied. For example, the design of peptide molecules by
combining a few functional motifs will form 1D to 3D nanostructures with multiple functions via
peptide self-assembly. The design of DNA motifs can create uniform DNA nanostructures from
nanowires to nanosheets and microcrystals through DNA hybridization. Second, it is important to
develop bioinspired synthesis strategies by using self-assembled biological nanostructures to fabricate
functional hybrid nanomaterials [166]. For instance, the conjugation between biological nanostructures
and bioinspired NPs, QDs, and biominerals (such as HA and CaCO3) could introduce new properties
and functions to the designed hybrid nanomaterials. Third, extensions to the applications of the
self-assembled and bioinspired nanomaterials should be explored. More attention should be paid to
the fabrication of energy storage materials and environment-related materials or techniques (such as
filters, membranes, and sensing techniques).
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Abstract: New amphiphilic liquid crystal (LC) polycarbonate block copolymers containing side-chain
cholesteryl units were synthesized. Their structure, thermal stability, and LC phase behavior
were characterized with Fourier transform infrared (FT-IR) spectrum, 1H NMR, gel permeation
chromatographic (GPC), thermogravimetric analysis (TGA), differential scanning calorimetry (DSC),
polarizing optical microscope (POM), and XRD methods. The results demonstrated that the LC
copolymers showed a double molecular arrangement of a smectic A phase at room temperature.
With the elevating of LC unit content in such LC copolymers, the corresponding properties including
decomposition temperature (Td), glass temperature (Tg), and isotropic temperature (Ti) increased.
The LC copolymers showed pH-responsive self-assembly behavior under the weakly acidic condition,
and with more side-chain LC units, the self-assembly process was faster, and the formed particle size
was smaller. It indicated that the self-assembly driving force was derived from the orientational ability
of LC. The particle size and morphologies of self-assembled microspheres loaded with doxorubicin
(DOX), together with drug release tracking, were evaluated by dynamic light scattering (DLS), SEM,
and UV–vis spectroscopy. The results showed that DOX could be quickly released in a weakly acidic
environment due to the pH response of the self-assembled microspheres. This would offer a new
strategy for drug delivery in clinic applications.

Keywords: amphipathic polycarbonates; cholesteryl; liquid crystal; self-assembly; drug release

1. Introduction

Biodegradable aliphatic polyesters have received more and more attention in recent years due to
their good biodegradability and biocompatibility [1,2]. Among them, four class of polyesters, namely
polyglycolide (PGA), poly(1,3-trimethylene carbonate) (PTMC), polylactide (PLA), poly(caprolactone)
(PCL), and their copolymers, are the most widely studied and utilized in biomedical fields.
However, exploration of their applications has been hampered by several limitations owing to their
specific properties, for example, the PGA degradation rate is too fast with respect to the required
application time of materials [3–5]; and PLA can produce acid degradation products which may cause
aseptic inflammation [6]. Although there is no acid degradation product during the degradation of
PTMC [7], it lacks functional groups to link bioactive primitives. Therefore, 5-benzyloxy-trimethylene
carbonate (BTMC) had been selected as the cyclic monomer to form polycarbonate copolymers
containing hydroxyl groups [8–10].
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It has been shown that various sensory mechanisms of organisms are related to the self-assembly
behavior of liquid crystals (LCs) in vivo [11]. Another important point is that LCs can self-assemble to
form a variety of ordered structures which are responsive to temperature, pH, stress, magnetic field,
and other external conditions [12–14]; as a result, LC structures present considerable advantages in
the transport and delivery of diverse active molecules and drugs [15]. Cholesterol is an indispensable
material in the animal and human body, and its derivatives were found to have LC properties
at earlier time [16–18]. Therefore, as a natural biomesogen, cholesterol has become an attractive
candidate for forming new smart, responsive, and biodegradable LC polymer materials. Nowadays, it
has been reported that the cholesteryl groups could be employed as mesogenic units to fabricate
side-chain [19–23] and main-chain LC polymers [24–28]. However, there is limited research on
aliphatic polycarbonates with side-chain cholesteryl LC units [21,29].

The use of polymers for drug delivery is one of the most important drug delivery systems,
and the drug-loaded nanoparticle formed with polymers are faster and more convenient in medical
treatment since they can be injected to avoid major surgery [4,30,31]. The nanoparticles with tunable
properties may be combined by the self-assembly of LC groups and amphiphiles of appropriate
chemical structures, such as PEGylated polycarbonates [32,33]. Furthermore, LC polymers, created
by the principles of self-assembly and nanocarriers, have been studied with the incorporation of
different bioactive macromolecules such as siRNA, plasmid DNA, peptides, and proteins [34–38].
However, there is rarely research on the self-assembly of LC polymers with cholesterol [14]. Thus, it
is very significant to the scientific community to study biodegradable aliphatic polycarbonates with
cholesteryl LC groups, and their potential medical and clinical application value.

In the previous work, we reported the synthesis and self-assembled morphology of new side-chain
diosgenin-functionalized block copolymers with an aliphatic polycarbonate backbone [39]. In this
study, a series of new cholesterol-functionalized amphipathic LC copolymers based on aliphatic
polycarbonates were synthesized. The design aim is for the hydrophilic segment to be introduced into
the aliphatic polycarbonate to improve the hydrophilicity of the copolymer, and the hydroxyl groups
are introduced to create reactive sites which can link cholesteryl LC units. The synthesis, thermal
stability, and phase behavior of the obtained LC copolymers were characterized by FT-IR, 1H NMR,
gel permeation chromatographic (GPC), thermogravimetric analysis (TGA), differential scanning
calorimetry (DSC), polarizing optical microscope (POM), and X-ray diffraction (XRD) measurements.
Subsequently, the pH-responsive self-assembly process of the target copolymers was studied by
UV–vis, and their particle size and morphologies were characterized by dynamic light scattering
(DLS) and scanning electron microscope (SEM), respectively. Doxorubicin (DOX), a broad-spectrum
anticancer drug, was chosen as the drug model to prepare drug-loaded LC copolymer microspheres
via a dialysis method. The particle size and morphologies of DOX-loaded microspheres were detected
by DLS and SEM, respectively. The drug-loading efficiency and pH-responsive drug release behavior
were monitored by UV–vis. It could serve as a potential biomedical material as well as a drug delivery
carrier for tumor therapy.

2. Experimental Method

2.1. Materials

All chemicals were obtained from the indicated sources. 1,3-Trimethylene carbonate (TMC)
was purchased from Daigang Biomaterial Co. Ltd. (Jinan, China), and recrystallized twice
with acetic ether and then dried 24 h in a vacuum before polymerization. Stannous octanoate
(Sn(Oct)2) and methoxypolyethylene glycols (mPEG43) were purchased from Aldrich and used
without purification. Doxorubicin hydrochloride (DOX·HCl) was purchased from Ark Pharm, Inc.
(Arlington Heights, IL, USA) Triethylamine (TEA) was purchased from Sinopharm Chemical Reagent
Co., Ltd. (Shenyang, China). Tetrahydrofuran (THF) and toluene were dried by treatment with Na and
distilled before use. All other solvents and reagents used were purified by standard methods.
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2.2. Measurements

FT-IR spectra. FT-IR spectra were obtained using a PerkinElmer spectrum One (B) spectrometer
(PerkinElmer, Foster City, CA, USA). Solid samples were pressed into KBr pellets and liquid samples
were drop-casted on KBr pellets.

1H NMR spectra. 1H NMR spectra were obtained using a Bruker ARX 600 (Karlsruhe, Germany)
high-resolution NMR spectrometer, and chemical shifts were reported in ppm with tetramethylsilane
(TMS) as an internal standard.

Gel permeation chromatographic (GPC). GPC were carried out at room temperature on a
Waters 1515 instrument (Shanghai, China) calibrated with THF as an eluent and polystyrene as
the standard.

Thermogravimetric analysis (TGA). The thermal decomposition temperature was measured under a
nitrogen atmosphere with a Netzsch 209C thermogravimetric analysis (Hanau, Germany) at a heating
rate of 20 ◦C/min.

Differential scanning calorimetry (DSC). The phase transition temperature was determined with a
Netzsch 204 (Netzsch, Hanau, Germany) DSC equipped with a cooling system at a heating and cooling
rate of 10 ◦C/min in a nitrogen atmosphere.

Polarizing optical microscope (POM). The optical textures were observed with a Leica DMRX (Leica,
Wetzlar, Germany) POM equipped with a Linkam THMSE-600 (Linkam, London, UK) cool and
hot stage.

X-ray diffraction (XRD). XRD measurements were performed with nickel-filtered Cu-Kα

radiation (λ = 1.54 Å) with a Bruker D8 Advance (Karlsruhe, Germany) powder diffractometer.
The temperature-dependent X-ray measurements were carried out in the heating process.

Dynamic light scattering (DLS). The particle size and size distribution of the micelles were
determined with DLS using a Zetasizer Nano S instrument (Malvern Instruments Ltd., Worcestershire,
UK) with a He–Ne laser (633 nm) set at 173◦ for the scattering angle at 25 ◦C.

Scanning electron microscope (SEM). The morphology of the micelles was examined using a
Hitachi X650 (Tokyo, Japan). The SEM samples were prepared by depositing several drops of the
samples suspension onto the surface of cleaned aluminum foil, and the samples were quenched by
liquid nitrogen, then freeze-dried in a vacuum at −50 ◦C for 24 h. The samples were coated with a
thin film of gold before measuring.

UV–vis. Light transmittance test and drug absorbance were measured using a TU-1901
double-beam UV–visible spectrophotometer (Beijing Purkinje General Instrument Co., Ltd.,
Beijing, China).

2.3. Synthesis of the Block Copolymers

The synthetic route of the block copolymers is outlined in Scheme 1. The cyclic monomer BTMC
and the chiral LC monomer 6-cholesteroxy-6-oxocaproic acid (C) were synthesized according to our
previous works [6,29].
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Scheme 1. Synthetic route of the copolymers (C: 6-cholesteroxy-6-oxocaproic acid).

2.3.1. Synthesis of mPEG43-b-P(BTMC20-TMC20)

BTMC (10.4 g, 0.05 mol), TMC (4.9 g, 0.05 mol), and mPEG (3.8 g, 0.002 mol) were placed in
a polymerization flask, and then Sn(Oct)2 toluene solution (0.13 mol/L, 1.6 mL) as a catalyst was
added to the above flask. The flask was sealed in a vacuum and placed in an oil bath kept at 145 ◦C.
The reaction was maintained for 24 h. After the completion of polymerization, the crude product was
purified by dissolving it in dichloromethane and precipitated in methanol, and then dried in a vacuum
until the sample mass was constant.
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IR (KBr, cm−1): 2961, 2875 (−CH2–, –CH3); 1752 (C=O); 1531, 1455 (–Ph); 1241 (C–O–C); 1H NMR
(δ, CDCl3, 600 MHz): δ = 7.26 (Ph–H), δ = 4.65 (Ph–CH2O–), δ = 4.25 (–OCH2–CH–CH2O),
δ = 3.85 (–OCH2–CH–CH2O– in PBTMC), δ = 3.64 (–OCH2– in mPEG), δ = 2.03 (–OCH2–CH2–OCH2–
in PTMC).

2.3.2. Synthesis of mPEG43-b-P(HTMC20-TMC20)

mPEG43-b-P(BTMC20-TMC20) (2.1 g) was dissolved in methanol/THF (1:1, 100 mL) and placed in
a 250 mL three-necked flask with a magnetic stirrer. Pd/C (0.10 g, 5%) and Pd(OH)2/C (0.10 g, 5%)
were added to the above solution. The reaction mixture was stirred for 48 h in a hydrogen system
at 25 ◦C. After the reaction, Pd/C and Pd(OH)2/C were filtered out. The filtrate was evaporated to
dryness, and then dried in a vacuum until constant weight was obtained.

IR (KBr, cm−1): 3376 (–OH); 2955, 2853 (–CH2–, –CH3); 1750 (C=O); 1252 (C–O–C); 1H NMR (δ, DMSO,
600 MHz): δ = 5.45 (–OH), δ = 4.09 (–OCH2–CH–CH2O–), δ = 3.93 (–OCH2–CH–CH2O– in PHTMC),
δ = 3.51 (–OCH2– in mPEG), δ = 1.95 (–OCH2–CH2–OCH2– in PTMC).

2.3.3. Synthesis of mPEG43-b-P[(TMC-C)20−x-HTMCx-TMC20]

The chiral monomer C (containing a –COOH group) was dissolved in dichloromethane and added
to a 250 mL three-necked flask with a magnetic stir bar. Then, N,N′-dicyclohexylcarbodiimide (DCC)
and 4-dimethylaminopyridine (DMAP) were dissolved in dichloromethane, and added dropwise to
the mixture. After stirring for 0.5 h, mPEG43-b-P(HTMC20-TMC20) (containing –OH groups) dissolved
in dichloromethane was added dropwise to the above mixture. The reaction mixture was stirred for
72 h at room temperature. The fabrication of mPEG43-b-P(HTMC20-TMC20) and the monomer C is
shown in Table 1. The resulting mixture was washed with water and N,N′-dicyclohexyl urea was
precipitated and filtered off. The filtrate was evaporated and concentrated. The crude product was
purified by dissolving it in dichloromethane and precipitated in methanol. The precipitate was dried
in a vacuum until constant weight was obtained.

IR (KBr, cm−1): 2951, 2868(–CH2–, –CH3); 1745 (C=O); 1674 (C=C); 1256, 1171 (C–O–C); 1H NMR
(δ, CDCl3, 600 MHz): δ = 5.37 (–CH=C in cholesteryl), δ = 5.27 (–OCH2–CH–CH2O– in PHTMC),
δ = 4.60 (–COOCH< in cholesteryl), δ = 4.36−4.25 (–OCH2–CH–CH2O), δ = 3.64 (–OCH2– in mPEG),
δ = 2.37−0.68 (the rest of the protons from PTMC, cholesteryl and –COO(CH2)4COO–).

Table 1. Fabrication of mPEG43-b-P[(TMC-C)20−x-HTMCx-TMCy] and 6-cholesteroxy-6-oxocaproic acid.

Copolymer
m (–OH) n (–OH) m (–COOH) n (–COOH)

g mol g mol

mPEG43-b-P[(TMC-C)20-TMC20] 5.00 0.016 8.28 0.016
mPEG43-b-P[(TMC-C)15-HTMC5-TMC20] 5.00 0.016 6.21 0.012
mPEG43-b-P[(TMC-C)12-HTMC8-TMC20] 5.00 0.016 3.58 0.008

2.4. Nanoprecipitation of Copolymers

The three amphiphilic LC block copolymers mPEG43-b-P[(TMC-C)20−x-HTMCx-TMCy] have
unique features, with mPEG as a hydrophilic segment and P[(TMC-C)20−x-HTMCx-TMCy] chains as
hydrophobic segments. The micelles were prepared as follows: Firstly, 1.25 mg of each copolymer
obtained in this study was dissolved in 5 mL of THF and stirred for 12 h. Secondly, the deionized water
was added dropwise to the solution under slight shaking, and then the solution was placed for 5 min to
balance. After that, the light transmittance T% of the mixed solution was tested by UV–vis. When the
T% was stable, the mixed solution was transferred to a dialysis membrane (MWCO 3500Da) to remove
residual THF. The solution was dialyzed in deionized water with corresponding different pH values
for 72 h. The particle size and morphology of the micelles were determined by DLS and SEM.
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2.5. Preparation of DOX-Loaded Micelles

100 mg of the LC copolymers were dissolved in 20 mL of THF and put in a 50-mL flask.
Then, 10 mg of DOX·HCl and 10 uL TEA were added. The mixed solution was stirred for 30 min at
room temperature. After that, 20 mL of phosphate buffer was added dropwise and stirred for 2 h.
Afterward, the excess drug and residual THF were removed by dialysis (MWCO 3500Da) for 24 h
to obtain a DOX-loaded microsphere aqueous solution. The chemical structure of DOX is shown
in Scheme 2. Next, the drug loading (DL%) and the entrapment efficiency (EE%) were calculated
according to the following formulas [37]:

DL% = [(CT − CU)/CL] × 100% (1)

EE% = (1 − CU/CT) × 100% (2)

where CU is the weight of free unloaded drug, CT is the total weight of drug added to the system, and CL

is the total weight of copolymer micelles. The specific process was as follows: part of the DOX-loaded
microsphere aqueous solution was taken to freeze-dry at −80 ◦C, and lyophilized DOX-loaded micelles
were dissolved in THF/DMSO (1:1, v/v), in which the structure of the micelles would be destroyed and
the drug would be released completely. The transmittance (T%) of the mixed solution was monitored
with UV–vis, and the drug content (CT−CU) could be calculated based on the standard curve and the
proportion of samples taken. In addition, CT and CL were the weights of DOX and the LC copolymer
added to prepare DOX-loaded micelles, respectively.

Scheme 2. The chemical structure of DOX.

2.6. In Vitro Drug Release

DOX-release study was carried out in thermostat oscillator (37 ◦C, 80 rpm/min) in phosphate
buffers of different pH, respectively: (a) pH = 6.4; (b) pH = 7.4; (c) pH = 8.4. In brief, 10 mL
of DOX-loaded micelle aqueous solution was placed in a dialysis membrane (MWCO 3500Da).
Then, the dialysis membrane was immersed into the abovementioned media and shaken at 37 ◦C.
5 mL of buffer sample was taken out periodically and 5 mL of fresh buffer was added, and the in vitro
DOX release was analyzed using a UV–vis spectrometer at the absorbance of 481 nm.

3. Results and Discussion

3.1. Thermal Stability

The 1H NMR spectra of the three copolymers are showed in Figure S1. Figure 1 shows TGA
curves of the block copolymers. The corresponding data of thermal decomposition and weight loss are
summarized in Table 2.

In general, the decomposition temperature (Td) is the temperature at which 5% weight loss of
copolymers occurred. According to Table 2, compared with mPEG43-b-P(BTMC20-TMC20), the Td of
mPEG43-b-P(HTMC20-TMC20) decreased by 92.3 ◦C. The main reason for this was that the existence of
benzene groups enhanced intermolecular π–π conjugation so that the thermal stability of the copolymer
increased. At the same time, the hydroxyl groups were more active and easily resulted in the occurrence
of thermal decomposition. For the LC copolymers, when bulky cholesteryl units were introduced
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into side chains of the polycarbonate, the corresponding Td increased. Furthermore, with a higher
content of LC units, the LC copolymer was more stable. For example, mPEG43-b-P[(TMC-C)20-TMC20]
containing the highest content of LC units revealed the highest Td and the best stability. It suggested
that the existence of LC units may cause a strong interaction between the repeating units and the
polymer chains, which would enhance the stability of the copolymers.

Figure 1. TGA curves of the copolymers.

Table 2. TGA data of the copolymers.

Copolymer Td
a (◦C)

Weight Loss (%)

200 ◦C 250 ◦C 300 ◦C 350 ◦C 400 ◦C

mPEG43-b-P(BTMC20-TMC20) 276.5 2.04 3.40 42.83 83.68 98.35
mPEG43-b-P(HTMC20-TMC20) 184.2 23.19 69.22 72.63 75.04 89.32

mPEG43-b-P[(TMC-C)20-TMC20] 234.4 3.31 7.79 25.31 62.36 90.09
mPEG43-b-P[(TMC-C)15-HTMC5-TMC20] 225.8 3.45 9.74 29.86 61.31 91.62
mPEG43-b-P[(TMC-C)12-HTMC8-TMC20] 197.2 6.15 14.33 34.86 67.91 94.21

3.2. Liquid Crystal Behavior

The LC behavior of the copolymers was investigated with DSC, POM, and XRD.
The corresponding glass transition temperatures (Tg) obtained during the second heating cycles from
DSC and the isotropic temperature (Ti) obtained from POM are summarized in Table 3. Typical DSC
curves of five copolymers are shown in Figure 2.

Table 3. Thermal properties of the copolymers.

Copolymer Phase Transition Temperature (◦C)

mPEG43-b-P(BTMC20-TMC20) g −25.0 I
mPEG43-b-P(HTMC20-TMC20) g −24.1 I

mPEG43-b-P[(TMC-C)20-TMC20] g −4.6 SmA 180.0 I
mPEG43-b-P[(TMC-C)15-HTMC5-TMC20] g −7.4 SmA 169.8 I
mPEG43-b-P[(TMC-C)12-HTMC8-TMC20] g −11.2 SmA 142.6 I

g: glass state; SmA: smectic A phase; I: isotropic.
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Figure 2. DSC curves of the copolymers.

In general, the thermal properties of side-chain polymers mainly depend on the polymer backbone
and the nature of the side groups. For all the copolymers with the same polycarbonate backbone in
this investigation, the side groups had a significant influence on the glass transition temperature
of the copolymers. As shown in Table 3, the corresponding Tg increased when strong-polarity
hydroxyl groups were introduced into the polycarbonate backbone. In addition, when cholesteryl
units were introduced, the corresponding Tg also increased because the copolymers had a higher
average molecular weight and more rigid side-chain cholesteryl groups. As seen in Figure 2,
the copolymer mPEG43-b-P(HTMC20-TMC20) with side hydroxyl groups showed Tg at −24.1 ◦C, while
the three LC copolymers with side-chain cholesteryl groups mPEG43-b-P[(TMC-C)12-HTMC8-TMC20],
mPEG43-b-P[(TMC-C)15-HTMC5-TMC20], and mPEG43-b-P[(TMC-C)20-TMC20] showed Tg at −11.2 ◦C,
−7.4 ◦C, and −4.6 ◦C, respectively. It suggested that the copolymers containing LC units exhibited
LC phases at human body temperature. Therefore, they may be used clinically as self-assembling
materials with orientational order.

For the LC polymers, the formation of the mesophase may be influenced by the polymer backbone,
aspect ratio of the mesogen, flexible spacer, and polarity of the molecules [40,41]. Optical textures of
the three LC copolymers are shown in Figure 3. POM showed that all the LC copolymers exhibited the
fan-shaped texture of a smectic A (SmA) phase in heating and cooling processes. According to the
results reported by Hu et al. [29], the corresponding chiral monomer C showed a cholesteric phase.
The result indicated that the macromolecular chain might hinder the formation of a cholesteric helical
supermolecular structure and an ordered organization into the mesophase.
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Figure 3. Polarizing optical microscope (POM) texture of the LC copolymers (200×). Polarizing optical
microscope (POM) texture of the LC copolymers. (A) LC texture of a SmA phase at
40 ◦C for mPEG43-b-P[(TMC-C)20-TMC20]; (B) fan-shaped texture of a SmA phase at 116 ◦C
for mPEG43-b-P[(TMC-C)20-TMC20]; (C) fan-shaped texture of a SmA phase at 120 ◦C for
mPEG43-b-P[(TMC-C)15-HTMC5-TMC20]; (D) fan-shaped texture of a SmA phase at 104 ◦C for
mPEG43-b-P[(TMC-C)12-HTMC8-TMC20].

XRD is a powerful instrument for the identification of mesophase structure. XRD measurements
of the LC copolymers were carried out at the mesophase temperature of 120 ◦C. As an example,
the XRD pattern of mPEG43-b-P[(TMC-C)20-TMC20] is shown in Figure 4. The XRD pattern showed
a small-angle reflection and a broad diffuse peak at a wide angle. In general, a sharp reflection in
the small-angle region, corresponding to the periodic distance, is characteristic of a smectic phase.
Combined with POM texture, the LC copolymers obtained in this study can be judged as having
a SmA phase. According to Figure 4, the molecular layer spacing d was calculated to be 51.97 Å.
The all-trans molecular length L of the most extended conformation of mPEG43-b-P[(TMC-C)20-TMC20]
was about 26.3 Å, which could be calculated by using ChemBio3D-Ultra and MM2 minimal energy
parameters. A d/L ratio of 1.97 (d ≈ 2L) was calculated, indicating an orderly doubled arrangement of
mPEG43-b-P[(TMC-C)20-TMC20]. This partial bilayer structure was similar to that of a SmAd phase
formed by polar mesogens. Similar results also have been reported [42,43]. The possible molecular
arrangement model of the doubled SmA layer for mPEG43-b-P[(TMC-C)20-TMC20] is shown in Figure 5.
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Figure 4. X-ray diffraction (XRD) pattern of mPEG43-b-P[(TMC-C)20-TMC20] at 120 ◦C.

Figure 5. Schematic representation of the doubled SmA layer arrangements of
mPEG43-b-P[(TMC-C)20-TMC20].

3.3. Self-Assembly Behavior

To research the self-assembly behavior of the LC copolymers, the classic nanoprecipitated
self-assembly or dialysis method is used with different acidic environments. The block copolymer
mPEG43-b-P[(TMC-C)20-TMC20] was first dissolved in THF in five vials equipped with a sealing cap,
and then aqueous solutions with different pH values were added dropwise, respectively. The light
transmittance of mixture solutions with different water content was determined by UV–vis at 267 nm,
and the corresponding relationships are shown in Figure 6.
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Figure 6. Relationships between light transmission at 267 nm and water content of
mPEG43-b-P[(TMC-C)20-TMC20] for the self-assembly process at different pH levels.

When the water content was less than 20 wt %, the mixed solution remained transparent and
the light transmittance changed a little. With the increase of water content, the light transmittance of
the mixed solution revealed a slowly reduced trend, suggesting that the copolymer began to form
micelles. The light transmittance was stable when the water content reached 40 wt %, indicating that
the formation of micelles was nearly finished. Figure 6 shows that the self-assembly process speeded
up gradually with the decrease of the pH value. There were hydrogen bonding forces present at
pH = 7.0, and the hydrophilia of kernels was enhanced due to the protonation of hydroxyl groups in a
weak-acid condition, and both of these would accelerate the self-assembly process.

After the formation of stable aggregates, the mixture solutions were dialyzed for 72 h under
room temperature to remove THF completely, and then the particle size and distribution of the
self-assembled micelles were characterized by DLS; the results are shown in Table 4. Particle dispersion
of the self-assembled micelles was about 0.1–0.2 at pH 5–9, indicating that the size distribution was
relatively uniform. When pH > 7, the size of particle changed a little because the deprotonation
of the –OH groups in copolymer would occur and result in the disruption of hydrogen bonds and
the enhancement of the hydrophobicity of the copolymer. As the pH value decreased, the particle
size increased. These results showed that the hydrophilia of kernels was enhanced because of the
protonation of hydroxyl groups. Moreover, the mutual exclusion of the proton segment with stronger
positive charge may promote the micellar swelling and further result in the increase of particle size.

Table 4. Self-assembled particle size distribution and PDI of micelles at different pH levels.

Copolymer pH Z-Average, d/nm PDI

P1 5 346.3 0.136
P1 6 307.4 0.123
P1 7 296.4 0.146
P1 8 295.1 0.149
P1 9 301.7 0.179
P2 7 313.4 0.132
P3 7 352.9 0.067

P1: mPEG43-b-P[(TMC-C)20-TMC20]; P2: mPEG43-b-P[(TMC-C)15-HTMC5-TMC20]; P3: mPEG43-b-
P[(TMC-C)12-HTMC8-TMC20]; PDI: the distribution of the particle size.
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Three LC copolymers were dissolved in THF and assembled in the deionized water at pH = 7.
The relationships between light transmittance and the water content of mixture solution were
determined by UV–vis and shown in Figure 7. The LC copolymers mPEG43-b-P[(TMC-C)20-TMC20]
and mPEG43-b-P[(TMC-C)15-HTMC5-TMC20] began to assemble when the water content was about
20 wt %, and became stable as the water content reached 41 wt % and 46 wt %, respectively. As for
mPEG43-b-P[(TMC-C)12-HTMC8-TMC20], which contained fewer LC units, it began to assemble
at a water content of 45 wt %, and remained stable until the water content reached 59 wt %.
Therefore, the LC content played an important role in the self-assembly behavior. The higher the
LC content, the faster the self-assembly process was. It was because of the stronger driving force for
self-assembly caused by the improved orientation ability of copolymers as the LC content increased.

Figure 7. Relationships between light transmission at 267 nm and water content for the
self-assembly behavior of the different copolymer structures (A) mPEG43-b-P[(TMC-C)20 TMC20];
(B) mPEG43-b-P[(TMC-C)15-HTMC5-TMC20]; and (C) mPEG43-b-P[(TMC-C)12-HTMC8-TMC20].

As shown in Table 4, the aggregate size of the LC block copolymers was smaller with increasing
LC unit content. The introduction of LC units would lead to the decrease of hydroxyl groups in
the copolymer, and the copolymers became more hydrophobic. In addition, as the LC unit content
increased, the orientation of the molecule would be enhanced to provide a stronger driving force for
self-assembly, and produce a more compact structure, resulting in smaller particle size.

The morphologies of the mPEG43-b-P[(TMC-C)20-TMC20] micelles were determined by SEM,
and presented in Figure 8. The results indicated that the aggregates exhibited spherical micelles. The LC
copolymers were dissolved in THF solution and the chain was stretched. When the selective solvent of
water was added, the polycarbonates with LC side segments quickly froze due to the hydrophobicity,
and THF was pumped continuously; as a result the micelles formed gradually. However, in this process,
the micelle structure was likely to continue adjusting because the molecules in the LC state possessed
orientation ability with the addition of water. Thus, the copolymer made further arrangements neatly
and the inner space of the hydrophobic kernel was more compact, and a solid sphere aggregate formed,
finally. Since there was a certain liquidity of LCs, microsphere fusion appeared, as shown in Figure 8.
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Figure 8. Scanning electron microscope (SEM) image of the self-assembled aggregates for
mPEG43-b-P[(TMC-C)20 TMC20] in pH = 7.

3.4. DOX-Loaded Micelles

Figure 9 depicts particle size and distribution situation of DOX-loaded micelles characterized by
DLS, and the detailed data are listed in Table 5.

The copolymer structure and the pH value had a critical influence on the DOX-loading efficiency
and the particle size of the drug-loaded micelles. As shown in Figure 9 and Table 5, the particle
size of DOX-loaded mPEG43-b-P[(TMC-C)12-HTMC8-TMC20] tended to form double peaks in the
self-assembly process, and the size of DOX-loaded mPEG43-b-P[(TMC-C)12-HTMC8-TMC20] was
larger than that of other copolymers. It was ascribed to the lowest content of hydrophobic
LC units of mPEG43-b-P[(TMC-C)12-HTMC8-TMC20] making it the most hydrophilic, resulting
in the swelling of the corresponding microspheres. Furthermore, the size of DOX-loaded
mPEG43-b-P[(TMC-C)12-HTMC8-TMC20] micelles was larger at pH = 7.4 than that at pH = 6.4
and pH = 8.4 because of the maximum drug loading. However, the size of DOX-loaded
mPEG43-b-P[(TMC-C)15-HTMC5-TMC20] micelles was minimum at pH = 7.4. Here are some reasons:
Firstly, the strong hydrogen bond force between the copolymers and DOX-loaded microspheres caused
them to shrink closely together. Secondly, the copolymer mPEG43-b-P[(TMC-C)15-HTMC5-TMC20],
with more LC units and its hydrophobic core, arranged neatly and packed tightly so as to form a
smaller particle size of microspheres. However, when the content of LC units in the copolymers
continued to increase, the particle size also increased, owing to the increase of molecular volume.
This is why the particle size of DOX-loaded mPEG43-b-P[(TMC-C)20-TMC20] (256.6 nm) at pH = 7.4
was larger than that of DOX-loaded mPEG43-b-P[(TMC-C)15-HTMC5-TMC20] (225.2 nm).

Compared to other copolymers, mPEG43-b-P[(TMC-C)12-HTMC8-TMC20] showed the lowest
DOX-loading efficiency under the conditions of pH ≤ 7.4. As the most hydrophilic copolymer, it was
difficult to load more hydrophobic drug, such as DOX.

Table 5. Particle size and the DOX-loading efficiency for the drug-loaded copolymer micelles.

Copolymer
P1 P2 P3

pH = 6.4 pH = 7.4 pH = 8.4 pH = 6.4 pH = 7.4 pH = 8.4 pH = 6.4 pH = 7.4 pH = 8.4

Size (nm) 219.0 256.6 304.5 286.3 225.2 298.2 319.6 398.6 305.6
PDI 0.112 0.224 0.506 0.083 0.071 0.312 0.322 0.428 0.253

DL (%) 0.544 0.541 0.226 0.484 0.572 0.343 0.447 0.508 0.360
EE (%) 33.21 31.82 13.20 32.92 32.62 20.74 28.92 27.62 21.72

P1: mPEG43-b-P[(TMC-C)20-TMC20]; P2: mPEG43-b-P[(TMC-C)15-HTMC5-TMC20]; P3: mPEG43-b-
P[(TMC-C)12-HTMC8-TMC20]; DL: drug loading efficiency; EE: entrapment efficiency.
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Figure 9. pH-responsive particle sizes of the DOX-loaded copolymer micelles at 37 ◦C in phosphate
buffer (pH = 6.4, 7.4, 8.4) by DLS.

The DOX loading of all copolymer micelles reached the maximum value when pH = 7.4,
owing to the hydrogen bond force between copolymers and DOX being strongest at pH = 7.4.
Furthermore, the drug loading of the three copolymers all exhibited a decreasing trend in an alkaline
condition. The results showed that DOX had a low solubility under an alkaline condition, and the
copolymer was ionized which gave it a certain repulsion towards DOX, causing less DOX to be loaded
into the micelle core finally.

The morphologies of DOX-loaded copolymer micelles were characterized by SEM.
The morphology of mPEG43-b-P[(TMC-C)20-TMC20] micelles is typical, as shown in Figure 10.
The drug-loaded copolymers showed spherical and irregular shapes, which was similar to micelles
without DOX. However, it was surprising that the size of the micelles showed a decreased trend after
loading of the drug. The reason may be that strong hydrogen bond forces between the copolymers and
DOX shrink the particle size.

41



Nanomaterials 2018, 8, 195

Figure 10. SEM image of DOX-loaded mPEG43-b-P[(TMC-C)20-TMC20] micelles.

3.5. In Vitro DOX Release from the Micelles

In vitro DOX release profiles of the copolymers mPEG43-b-P[(TMC-C)20-TMC20],
mPEG43-b-P[(TMC-C)15-HTMC5-TMC20], and mPEG43-b-P[(TMC-C)12-HTMC8-TMC20] in various
media are shown in Figure 11. And the simulation diagram of DOX loading and realease behavior is
showed in Figure S2.

Figure 11. DOX release profiles of the LC copolymer micelles at 37 ◦C in PBS at different pH levels.

At pH = 8.4, the drug within the three drug-loaded copolymer micelles was slowly released,
and only 10% DOX was released in the end. At pH = 7.4, the DOX release rate was obviously
accelerated, and its cumulative release could reach 40–60% within 48 h. The cumulative DOX release
could increase up to 60–70% when the pH was decreased to 6.4. For mPEG43-b-P[(TMC-C)20-TMC20],
63%, 44%, and 8% DOX was released within 48 h at pH = 6.4, 7.4, and 8.4, respectively. The results
could be explained as due to the fact that the molecular protonation extent was stronger under acidic
conditions, and the water-solubility of DOX and copolymers increased as well, so ultimately, the DOX
release rate was accelerated.
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The cumulative DOX release at pH = 7.4 for the drug micelles of mPEG43-b-P[(TMC-
C)15-HTMC5-TMC20] and mPEG43-b-P[(TMC-C)12-HTMC8-TMC20] was 51% and 58%, respectively.
The experimental results showed that the existence of LC units could reduce the release rate of DOX to
some extent.

4. Conclusions

In summary, three new LC amphipathic polycarbonate copolymers containing side-chain
cholesteryl units were synthesized and characterized. The LC copolymers all showed high thermal
stability, exhibited a fan-shape texture, and revealed a double mesogenic molecular arrangement of a
SmA phase. In addition, with the increase of LC unit content in the copolymers, the corresponding Tm,
Ti, and Td increased. In the process of self-assembly, the aggregates of the LC copolymers exhibited
spherical micelles with pH responsiveness. Moreover, the copolymers containing higher contents of
LC units tended to form smaller microspheres. The LC copolymers were taken as carriers in which to
load DOX, and study the drug loading capacity of the copolymers and in vitro drug release of micelles.
The drug loading capacity was best at pH = 7.4. The size of the drug-loaded copolymer microspheres
was not only related to the pH value, but also related to the contents of LC units in the copolymers.
The drug release process also had a pH response, and DOX could be released quickly in a weakly
acidic environment, which is expected to enable it to be used clinically for applications in drug delivery
to specific tumor sites.

Supplementary Materials: The following are available online at www.mdpi.com/2079-4991/
8/4/195/s1. Synthesis and structural characterization: Figure S1: 1H NMR spectra of LC
copolymers. A: mPEG43-b-P[(TMC-C)20-TMC20]; B: mPEG43-b-P[(TMC-C)15-HTMC5-TMC20]; C:
mPEG43-b-P[(TMC-C)12-HTMC8-TMC20]; Figure S2: The simulation diagram of DOX loading and
release behavior.
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Abstract: The self-assembly of a lamellar-forming polystyrene-block-poly(dimethylsiloxane) (PS-b-PDMS)
diblock copolymer (DBCP) was studied herein for surface nanopatterning. The DBCP was synthesized
by sequential living anionic polymerization of styrene and hexamethylcyclotrisiloxane (D3).
The number average molecular weight (Mn), polydispersity index (Mw/Mn) and PS volume fraction
(ϕps) of the DBCP were Mn

PS = 23.0 kg mol−1, Mn
PDMS = 15.0 kg mol−1, Mw/Mn = 1.06 and ϕps = 0.6.

Thin films of the DBCP were cast and solvent annealed on topographically patterned polyhedral
oligomeric silsesquioxane (POSS) substrates. The lamellae repeat distance or pitch (λL) and the width
of the PDMS features (dL) are ~35 nm and ~17 nm, respectively, as determined by SEM. The chemistry
of the POSS substrates was tuned, and the effects on the self-assembly of the DBCP noted. The PDMS
nanopatterns were used as etching mask in order to transfer the DBCP pattern to underlying silicon
substrate by a complex plasma etch process yielding sub-15 nm silicon features.

Keywords: directed self-assembly; lamellar diblock copolymer; polyhedral oligomeric silsesquioxane
(POSS); nanoimprint lithography; pattern transfer

1. Introduction

To maintain historic improvements in the performance of semiconductor electronics (Moore’s Law),
the dimensions of critical circuit elements are shrinking towards 10 nm [1]. The most sophisticated
semiconductor devices, such as microprocessors and memory chips, are patterned with high-resolution
projection UV lithography [2]. However, sub-10 nm feature sizes are challenging and expensive to
produce [3]. Alternative “top-down” techniques including thermal [4], e-beam [5,6] and X-ray [7]
lithographies are largely unproven for manufacturing. Alternatively, the hierarchical self-assembly of
molecular building blocks through molecular recognition and molecule-surface interactions [8] may
have the potential for forming surface nanopatterns to create circuit elements. However, it is highly
challenging to achieve the required long-range translational order and pattern robustness needed for
manufacture with bottom-up approaches [9–12].

Long-range order of self-assembled systems can be achieved by directed self-assembly (DSA)
where an external potential “guides” the self-assembling materials [13–17]. One form of guiding
structure is well-defined surface topography (graphoepitaxy) and nanoimprint lithography (NIL)

Nanomaterials 2018, 8, 32; doi:10.3390/nano8010032 www.mdpi.com/journal/nanomaterials46
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is a technique of simple and cost-effective means for generating topographical patterns [18–20],
and can be used to generate substrate topography from a well-defined stamp [21]. Nanoimprinting
can guide the self-assembly of a diblock copolymer (DBCP), controlling alignment (to surface
direction) and orientation (relative to the surface plane), as was first reported by Li et al. on
polystyrene-b-poly(methylmethacrylate) (PS-b-PMMA) [22]. The polystyrene-b-poly(dimethylsiloxane)
(PS-b-PDMS) is a highly promising system and has been amenable to NIL based DSA [23,24].
PS-b-PDMS has a high Flory–Huggins parameter (χ = 68/T − 0.037) allowing formation of small
microdomain sizes [25].

Work on the PS-b-PDMS system has been very largely limited to cylinder forming systems, and the
lamellar forming compositions are expected to have a number of challenges, such as surface dewetting
due to high hydrophobicity, and the formation of wetting layers [26]. Low PDMS surface energy and
the possibility of forming bonds to surface silanol groups can lead to PDMS formation at the air and
substrate interface [27], and for lamellar systems, this is likely to result in parallel orientation and
2D sheet-like structures. To enable proper graphoepitaxy, it is necessary to not only control sidewall
chemistry, but also to produce appropriate surface chemistry to define pattern orientation.

In this work, we have attempted to define the required surface chemistry to demonstrate the
practicality of using lamellar PS-b-PDMS systems. Polyhedral oligomeric silsesquioxane (POSS)
materials can be tailored to allow definition of surface chemistry derivatives and three such POSS
materials were studied here. It is shown that POSS can facilitate vertical orientation of lamellar.
However, the neutral surfaces do not facilitate alignment of the patterns in graphoepitaxial structures,
but can be used to understand surface chemistry effects in these systems.

2. Results and Discussion

2.1. DBCP Self-Assembly on PDMS-OH Brush Coated Substrate

The details of the steps involved in the fabrication of POSS template and the subsequent DBCP
self-assembly and plasma etching are presented in Scheme 1. The lamellar-forming PS-b-PDMS DBCP
deposited on PDMS-OH brush (thickness ~4.3 nm as measured by ellipsometry) showed microphase
separation after solvent annealing in toluene, as is evident from the SEM image of samples after
ETCH1, Figure 1a. Note that no pattern was observed using Atomic Force Microscopy (AFM) studies
of unetched, solvent-annealed films, suggesting that a PDMS wetting layer is formed at the air–polymer
interface. The PDMS-OH brush favors PDMS (brush)–PDMS (DBCP) nteractions and a significantly
lower PDMS surface energy, compared to PS results in a wetting PDMS layer at the substrate–polymer
interface and at the polymer–air interface [24,26,27]. Note, however, that the SEM image shown in
Figure 1a is not representative of the whole surface, since the DBCP dewets (Figure 1b) during solvent
annealing (good coverage is observed after film casting). The films at the brush layers are generally
poor, exhibiting multilayer pattern formation, low lamellar correlation lengths and defects such as
disclinations, dislocations, etc. The SEM determined lamellae repeat distance or pitch (λL), and the
PDMS lamellae width (dL) are ~35 nm and ~17 nm.

 

Scheme 1. Schematic depicting the process flows of fabricating nanopatterned POSS template by the
soft UV-NIL process, PS-b-PDMS self-assembly and the ETCH1 process. Two processes are shown,
with and without residual resist removal.
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Figure 1. (a) Top-down SEM image (inset, cross-section image). Various defects noted in the micrograph
and (b) top-down SEM images showing the coverage of microphase separated PS-b-PDMS film
(as revealed by ETCH1 (CF4 and O2 etches)).

2.2. Effect of POSS Type on DBCP Self-Assembly on Planar POSS Coated Substrates

In an effort to improve the DBCP patterns, POSS materials were developed as an improved
alternative to polymer brush. The surface properties of the POSS films can be controlled by grafting
different ligands to the POSS cages, as is revealed from the data compiled in Table 1 for POSS-A,
POSS-G, and POSS-C6, where the POSS cage is functionalized with eight aliphatic acrylo, glycidyl,
and epoxide ligands, respectively. The structural formulae of the POSS derivatives are shown in
Scheme 2. As seen in Table 1, POSS-A is the material of highest hydrophilicity, whilst POSS-C6 is the
most hydrophobic. It is worthy to make a comparison of the surface free energies of POSSs with that of
PS and PDMS. The surface free energies of PS and PDMS are 29.9 and 19.8 mNm−1, respectively [28,29].
It is evident that the surface free energies of POSS derivatives are higher than both PS and PDMS.
It is understood that a polymer brush made of the minority block (PDMS here) that preferentially
wets the substrate, is likely to have little effect on ordering of the DBCP [30]. Apparently, the POSSs
substrates with higher surface free energy likely to provide the perfect energy barrier for the diffusion
of PS-b-PDMS DBCP into the resist surface.

Table 1. Contact angle (θ) and surface free energy (SFE) of POSS-A, POSS-G, and POSS-C6.

POSS Type θDI (◦) θDIM (◦) θEG (◦) SFE (mN/m)

POSS-A 59.3 42.7 33.9 47.5
POSS-G 68.1 43.0 44.9 42.7
POSS-C6 83.6 57.3 65.1 31.1
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Scheme 2. Structural details of the POSS resists used in the present study.

Self-assembly of the PS-b-PDMS DBCP was followed on POSS modified planar substrates,
and illustrative data presented in Figure 2. The surface coverage was much higher than on brush
modified surfaces, with greater than 80% coverage being obtained in all cases (Figure 2). As well
as the coverage advantages, it should be noted that POSS deposition is significantly simpler than
brush attachment procedures. Note, however, that POSSs being silicon based compounds, might have
a tendency to wet the PDMS block of the DBCP, forming a PDMS wetting layer at the DBCP–POSS
interface. However, it is very difficult to isolate the PDMS wetting layer from the POSS resist in the
cross-section SEM images (inset, Figure 2), because of the similar contrast. Figure 2 shows that the
DBCP forms lamellar patterns for POSS-G and POSS-C6, however, in POSS-A, the morphology is
more complex, showing well-defined regions of lamellar patterns and more irregular arrangements of
the domains. The less well-defined areas have domains of differing sizes and shapes, ranging from
pseudospherical to stripes. There are regions reminiscent of the phase transition between the lamellar
phase and cylindrical phase found in the hexagonal perforated lamellar (HPL) structure [31]. Since this
polymer composition is 60:40 for PS/PDMS, respectively, it is close to the phase region between the
lamellar and cylinder structures where the HPL and IA3 gyroid structures exist, and this may be
a complex mixture of these phases. The reason that this complex phase is only seen on the POSS-A film
may be attributed to the fact that the surface chemistry favors a PDMS wetting layer, which effectively
decreases the content of PDMS in the interior of the DBCP film and moves the composition towards
the hexagonal regions.
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Figure 2. Top-down SEM images of lamellar PS-b-PDMS patterns (left side) (inset, cross-section
images) and coverages of microphase separated PS-b-PDMS films (right side) following ETCH1 at
silicon substrates modified with various POSS thin films.

2.3. Effect of POSS Topography on DBCP Self-Assembly

The directed self-assembly (DSA) of PS-b-PDMS has been demonstrated for cylinder-forming
PS-b-PDMS in several articles [26,32–39], however, there are only a few reports of lamellar-forming
PS-b-PDMS systems [40,41]. In an effort to understand the effect of surface chemistries further,
the lamellar-forming PS-b-PDMS DBCP films were deposited on NIL patterned POSS substrates.
These topographical patterns are important because preferential interactions with blocks can be viewed
in top down images. These NIL defined POSS topographies have been discussed elsewhere [24,32,42].
Briefly, NIL produces well defined channel or trench like structures. The channels were 50 nm deep,
270 nm wide, and the channel spacing was 500 nm. Also present is a 15 nm POSS resist layer residue.
The deposition of DBCP was controlled using solution concentration and spin speed to just fill the
channels so that the thickness is similar to the L0 of the DBCP, favoring vertical alignment of the
domains. It should also be stated that the POSS structures are quite stable during the prolonged
solvent anneal procedures when the DBCP is present (Figure 3).

Preferential alignment of the lamellar to the channel side wall was not observed here. However,
the topography allowed further understanding of the effects of surface chemistry changes. Figure 3
shows the results of PS-b-PDMS self-assembly on POSS topography in the presence and absence of the
residual layer. With the resist layer present, all of the POSS structures provided lamellar arrangements.
It is clear from the data presented in Figures 2 and 3 that the POSS surfaces are essentially neutral,
and do not favor either block. This neutrality is quite clearly seen in Figure 3, because the sidewalls
favor an orthogonal arrangement of lamellar (i.e., across the trench), and both PS and PDMS lamellar
exist at the sidewall. This is somewhat unexpected for POSS-A, since planar substrates yielded the
HPL type arrangement. On this POSS, there is an obvious fine balance in energies that make both the
HPL and lamellar structure approximately equally likely. However, the presence of topography makes
the lamellar structure slightly more prevalent. When the POSS residual layer is removed, HPL type
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structures tend to dominate, suggesting the trench base is no longer neutral to both blocks, allowing
the formation of a wetting layer and effective compositional changes in the interior of the POSS films.
However, the sidewalls remain neutral, with both PS and PDMS present.

 

Figure 3. Top-down SEM images of lamellar-forming PS-b-PDMS at topographical POSS substrates
before and after residual resist layer removal and following ETCH1.

2.4. Pattern Transfer to Underlying Substrate for Nanopatterning

Pattern transfer both demonstrates the regularity of the polymer structure through the film
(i.e., there is no complex 3D morphology) but also that the structure has practicality for fabrication of
nanodimensioned substrate features. ETCH2 and ETCH3 were used to generate silicon features at
both planar and topographical substrates. Figure 4 shows the top-down and cross-section SEM images
of the silicon nanorod-type structures on a brush terminated planar silicon substrate and a POSS-C6
patterned silicon substrate. The pattern transfer is successful in both cases, and in all systems studied.
Note that on the patterned substrates, the channel mesas have been largely removed, as they are
clearly as etch resistant as the oxidized PDMS structures formed by ETCH1. The cross-section SEM
image from the planar substrate shows that the silicon nanorod-like structure that is produced via this
complex etch procedure has a feature size of ~14 nm, with a feature height of ~38 nm on the planar
substrate. The nanoscale silicon features are slightly narrower in width than that of the initial oxidized
PDMS features, due to a partly isotropic etch process. The PDMS patterns obtained on POSS-C6
patterned substrate without residual resist layer at the channel base upon pattern transfer, produced
silicon nanorod-like features of thickness ~13 nm and a height of ~38 nm.
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Figure 4. Top-down and high-resolution cross-section SEM images of PDMS patterns transferred to
brush modified planar substrates and POSS-C6 patterned silicon substrates.

3. Materials and Methods

3.1. Synthesis of Polymers and Molecular Characteristics

The lamellar-forming PS-b-PDMS DBCP was synthesized by sequential living anionic
polymerization of styrene and hexamethylcyclotrisiloxane (D3), as described in the Supplementary
Materials. The number average molecular weight (Mn) and polydispersity index (Mw/Mn) of
the DBCP were determined using size exclusion chromatography (SEC), and determined to be
Mn

PS = 23.0 kg mol−1, Mn
PDMS = 15.0 kg mol−1, and Mw/Mn = 1.06. The volume fraction (ϕps) of

PS in the DBCP was determined by 1H-nuclear magnetic resonance (NMR) spectroscopy at 0.60.
The hydroxyl-terminated PDMS (PDMS-OH) polymer brush was also synthesized via anionic
polymerization techniques, and end-capped with 1–2 monomeric units of ethylene oxide (EO) in
pyridine, and terminated with methanol (MeOH). Mn and Mw/Mn were 5.5 kg mol−1 and 1.06,
respectively. Full details of molecular characterization are available in Supporting Information.

3.2. POSS Materials and Synthesis of POSS-C6

OctaSilane POSS® (POSS), Acrylo POSS® (POSS-A) and Glycidyl POSS® (POSS-G) were
purchased from Hybrid Plastics (Hattiesburg, MS, USA). 1,2-epoxy-5-hexene, styrene, platinum(0)-1,3-
divinyl-1,1,3,3-tetramethyldisiloxane complex solution (Karstedt´s catalyst), toluene and ethyl-L-lactate
were purchased from Sigma Aldrich (Dublin, Ireland). The photoinitiators Irgacure® 250
(iodonium(4-methylphenyl)[4-(2-methylpropyl)phenyl]-hexafluorophosphonate, 75 wt % in propylene
carbonate), Irgacure® 819 (bis(2,4,6-trimethylbenzoyl)-phenylphosphineoxide) and the sensitizer
Genocure® ITX (isopropyl thioxanthone) were generously provided by, respectively, BASF Resins
(Berlin, Germany) and RAHN AG Energy Curing (Zurich, Switzerland). The epoxy-functionalized
POSS monomer POSS-C6 was prepared according to methodology detailed previously [43]. OctaSilane
POSS cages bearing eight dimethylsilyloxy groups were functionalized by a hydrosilylation reaction
carried out on the Si–H functions. Typically, 2 g (1.96 mmol) of OctaSilane POSS were dissolved in
10 mL of anhydrous toluene. Subsequently, 1.96*8 mmol (8 ligands) of 1,2-epoxy-5-hexene (+10% excess)
were added to the mixture with 2 drops of Karstedt’s catalyst. The reaction was carried out at 353 K
during 3 h under argon. Solvent, catalyst, and material were removed under vacuum. Characterization
details are available in Supporting Information.

3.3. Resist Preparation and Fabrication of POSS Templates by UV-NIL

Topographical substrates for graphoepitaxy experiments were fabricated using UV nanoimprint
lithography and a PDMS elastomeric mold (so-called “soft UV-NIL”). POSS monomers were diluted
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in propylene glycol methyl ether acetate (PGMEA). Two moles (relative to epoxy groups) of Irgacure®

250 photo-initiator and 0.5 wt % of Genocure® ITX photo sensitizer were added to provide UV
sensitivity. These solutions were spin-coated onto 4” silicon (B doped, p-type, thickness 650 μm, and
resistivity 6–14 ohm-cm) wafers of <100> orientation and a native oxide layer of ~2 nm, to form 50 nm
thick resist films. Some of the POSS coated substrates were not patterned for planar surface studies.
The PDMS mold (forming 50 nm deep, 270 nm wide trenches in the resist) was stamped into the resist
layer at a pressure of 200 kPa, and the stack was then exposed to UV radiation (365 nm wavelength) for
3 min. Prior to imprinting, molds were treated with a fluorosilane anti-sticking compound (Optool DSX,
Daikin Chemical, Dusseldorf, Germany) to allow even demolding. The resist residual layer at the bottom
of the imprinted trenches (approx. 15 nm thick) could be removed by a CF4 (15 sccm) inductively coupled
plasma (ICP) etch 4–8 s (varies with the resist type), which has been detailed before [21].

3.4. Deposition of PDMS-OH Brush on Silicon Substrates

Silicon substrates were ultrasonically degreased in acetone and IPA solutions for 5 min each, dried
in flowing N2 gas, and baked for 2 min at 393 K in an ambient atmosphere, to remove any residual IPA.
They were then cleaned in piranha solution (1:3 v/v 30% H2O2/H2SO4) at 363 K for 60 min, rinsed
with deionized water, acetone, and ethanol before drying under N2 flow. Piranha activation removes
contamination, and generates substrate surface hydroxyl groups. Hydroxyl-terminated PDMS brush
solutions (1.0 wt % in toluene) were spin-coated (P6700 Series spin-coater, Specialty Coating Systems,
Indianapolis, IN, USA) onto the wafers at 3000 rpm for 30 s. Samples were annealed in a vacuum
oven (Townson & Mercer EV018, Wolflabs, York, UK) at 443 K under vacuum (1.3 kPa of residual
pressure) for 6 h. This allows condensation of the brush hydroxyl end groups with surface silanol
groups, resulting in polymer chain brushes being chemically attached to the substrate. Unbound
polymers were removed by sonication (Cole-Palmer 8891 sonicator) and rinsing in toluene.

3.5. Deposition of PS-b-PDMS and Solvent Annealing

Thin films of PS-b-PDMS were prepared by depositing dilute solutions (e.g., 1.0 wt %) of the
DBCP in toluene onto polymer brush anchored and unpatterned/patterned POSS substrates by spin
coating (e.g., 3200 rpm and 30 s). As-cast thin films were solvent annealed in glass jars under saturated
toluene environment at room temperature (~288 K) for 3 h. After removal solvent was allowed to
evaporate at ambient conditions.

3.6. Plasma Etching of PS-b-PDMS Films and Pattern Transfer

All samples were plasma etched to allow easy imaging of the DBCP patterns and to transfer the
polymer pattern to the substrate. Details of the etch processes are given elsewhere [33,34]. Briefly, an etch
process (ETCH1) was used to convert the PS-b-PDMS pattern onto a silicon oxide-like pattern. A CF4 was
used to remove any PDMS wetting layer at the air–polymer interface. An O2 (30 sccm) plasma etch was
used to oxidize the PDMS into a silica-like structure. The steps used follow a similar methodology to
that developed by Ross et al. [26]. The process removes the PS component and forms an oxidized form
of PDMS on the substrate. These oxidized PDMS patterns were then used as an etch mask for pattern
transfer (i.e., ETCH2). This etch consists of a CHF3/Ar plasma, and removes any non-oxidized PDMS
from the surface. This process was followed by a selective silicon etch using CHF3 and SF6 to transfer
the patterns into the underlying substrate. Any remaining polymer derived material was removed by
ETCH3. The residual oxidized PDMS features were removed by a 10 s silica etch based on CHF3 and
Ar. This was followed by an O2 etch to remove any residual PS and polymer brush. All etching was
carried out in an OIPT Plasmalab System100 ICP180 (Oxford Instruments, Bristol, UK) etch tool.

3.7. Material Characterization

Contact angles and surface free energy measurements were carried out using a Krüss DSA
100 (Krüss Optronic, Hamburg, Germany) goniometer. Contact angles were measured by the static
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sessile drop method and surface free energy was calculated from the measured contact angles of
deionized water (DI), diiodomethane (DIM), and ethylene glycol (EG) using the Owens–Wendt
model [44]. Film thickness (an average of five readings from different sample areas) was determined by
ellipsometry (Plasmos SD2000 Ellipsometer, Filmetrics, Surrey, UK) at an incidence angle of 70◦.
A Varian IR660 (Agilent Technologies, Cheshire, UK) infrared spectrometer was used to record
FTIR data. The measurements were performed in the spectral range of 4000–500 cm−1, with a resolution
of 4 cm−1 and data averaged over 32 scans. Surface morphology and silicon nanostructures were
investigated by scanning electron microscope (SEM) images, and were obtained by a high resolution
(<1 nm) Field Emission Zeiss Ultra Plus-SEM (Carl Zeiss AG, Oberkochen, Germany) with a Gemini®

column operating at an accelerating voltage of 5 kV. The profile images of the surfaces were also used
to measure the film thicknesses which agreed well with ellipsometer data.

4. Conclusions

We have demonstrated in this work the self-assembly and directed self-assembly (DSA) of
a lamellar-forming PS-b-PDMS diblock copolymer (DBCP) system on substrates coated with PDMS-OH
brush and POSS materials. The behavior of POSS materials in terms of wetting the DBCP domains can
be obtained from DSA of the DBCP on patterned POSS substrates fabricated by soft UV nanoimprint
lithography. The functionalization of the POSS materials have shown advantages of tuning the
surface properties to improve the wetting property of the DBCP, direct self-assembly and pattern
orientation/alignment. The lamellar DBCP forms oxidized PDMS patterns that can be successfully
pattern transferred to underlying silicon to fabricate silicon nanoscale features with sub-15 nm
feature size.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-4991/8/1/32/s1,
Details of the synthesis and characterization of PS-b-PDMS DBCP, PDMS-OH polymer brush and characterization
of synthesized POSS-C6.
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Abstract: The condensation of DNA helices has been regularly found in cell nucleus, bacterial nucleoids,
and viral capsids, and during its relevant biodetections the attractive interactions between DNA helices
could not be neglected. In this letter, we theoretically characterize the elastic properties of double-stranded
DNA (dsDNA) self-assembled 2D films and their multiscale correlations with the dynamic detection
signals of DNA-microbeams. The comparison of attraction- and repulsion-dominated DNA films
shows that the competition between attractive and repulsive micro-interactions endows dsDNA films in
multivalent salt solutions with anomalous elastic properties such as tensile surface stresses and negative
moduli; the occurrence of the tensile surface stress for the attraction-dominated DNA self-assembled film
reveals the possible physical mechanism of the condensation found in organism. Furthermore, dynamic
analyses of a hinged–hinged DNA-microbeam reveal non-monotonous frequency shifts due to attraction-
or repulsion-dominated dsDNA adsorptions and dynamic instability occurrence during the detections of
repulsion-dominated DNA films. This dynamic instability implies the existence of a sensitive interval of
material parameters in which DNA adsorptions will induce a drastic natural frequency shift or a jump of
vibration mode even with a tiny variation of the detection conditions. These new insights might provide
us some potential guidance to achieve an ultra-highly sensitive biodetection method in the future.

Keywords: DNA film; micromechanical biosensor; elastic property; natural frequency; multiscale method

1. Introduction

Unlike the wormlike genomic DNA in dilute solutions, DNA condensation has been regularly found
in cell nucleus, bacterial nucleoids, and viral capsids [1–3]. In the condensed state, despite the strong
electrostatic repulsion that exists between negatively charged molecules, DNA double helices are locally
aligned and separated by just one or two layers of water [1,4], and this indicates the emergence of
the attractive interactions induced by multivalent cations, lipids, or polymers [1,3]. Several theoretical
works such as attractive electrostatic forces, screened Debye–Hückel interactions, and water-structuring
or hydration forces, have tried to explain the physical origin of the attractive interactions [4].
However, the lack of experimental measurements prevented further development and discrimination
among these alternative theories [4]. Recently, by the single-molecule experiments using biochemical,
osmotic stress, X-ray scattering, optical techniques, and silicon nanotweezers integrating with
a microfluidic device, the three-dimensional condensation of DNA in solution has been studied [5,6].
Also, Langevin dynamics simulations have been used to study the DNA condensation in single-molecule
experiments [2]. Furthermore, experiments have shown that the structures of Mg cation with
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deep-ion-binding sites and phosphoester sites make it capable of bridging features, not only along
the helix, but also across helix binding [7].

Surface-effect-based nanomechanical biosensor is a unique tool for measuring biomolecular
interactions and molecular conformational changes without molecular labeling [8–10]. For instance,
as a promotion of the general observation of three-dimensional aggregation of DNA in solution,
Mertens et al. provided an alternative method to obtain the direct information about the forces involved
in a two-dimensional condensation of DNA by using functionalized DNA- microcantilever sensors [5].
Experiment results give direct evidence that trivalent ions turn the repulsive electrostatic forces
between short strands of single-stranded DNA into attractive as a previous step to condensation [5].
Other works also show that different kinds of buffer salt solutions [5], salt concentrations [11],
DNA packing densities [11], and environment temperatures [12] will trigger the change of surface
stress and the resultant transition of bending direction. Eom et al. revealed that the resonant frequency
shift for a microcantilever resonator due to biomolecular adsorption depends on, not only the mass of
adsorbed biomolecules, but also the biomolecular interactions [13]. Lee et al. observed an anomalous
increase in the resonant frequency during the Au adsorption on the microcantilever, and speculated
that the positive frequency shift was ascribed to the variation in the spring constant related to
the surface stress [14]. Tamayo et al. also showed that the adsorption position and the thickness
ratio between the adsorbed layer and the microbeam induced an anomalous resonant frequency
shift [15]. However, the quantified assessment description of the relationship between the anomalous
signals and the experiment conditions, especially for the attraction cases, still remains an open question.

Different from the previous analysis of piezoelectric properties of double-stranded DNA (dsDNA)
films and its effect on the static detection signals of microcantilevers [16], this paper is devoted
to the establishment of a multiscale model to characterize the macroscale elastic properties of
dsDNA films and their correlations with the anomalous dynamic detection signals of hinged–hinged
microbeams induced by micro-interactions. First, two mesoscopic potentials of free energy
for a repulsion-dominated dsDNA film in NaCl solution or attraction-dominated dsDNA films in
multivalent salt solutions are used to predict their elastic properties, including surface stress and elastic
modulus. The comparative study of attraction- and repulsion-dominated DNA films shows that
the competition between attractive and repulsive micro-interactions endows the attraction-dominated
dsDNA films with anomalous elastic properties such as tensile surface stress and negative modulus,
and the predicted tensile surface stress reveals the possible physical mechanism of the condensation
found in organism. Next, the first-order natural frequency shifts of a hinged–hinged microbeam with
a repulsion- or attraction-dominated DNA film are discussed. Numerical results show a non-monotonic
variation in frequency shifts due to dsDNA adsorptions and totally different responses between
detections of attraction-dominated films and that of repulsion-dominated films, and the dynamic
instability occurs during the detections of repulsion-dominated DNA films. This instability indicates
that there is a sensitive interval of material parameters in which DNA adsorptions will induce
a drastic natural frequency shift or a jump of vibration mode from stability to instability even
with a tiny variation of the detection conditions. At last, the physical mechanism underlying these
non-monotonous variations in detection signals of dsDNA films at different experiment conditions
is discussed.

2. Multiscale Analytical Model

In this paper, through the energy method, we are looking forward to establishing a multiscale
analytical model to describe the relationship between the surface elastic properties of adsorbed
DNA films and the detection signals of DNA-microbeam systems.

Figure 1a shows the scheme of the Atomic Force Microscope (AFM) measurement
for biodetections [17], in which a laser is used to capture the adsorption induced deflection of
the microcantilever and its reflection is collected by a quadrant photodetector or by a position
sensitive detector (PSD). The structure and the relevant coordinate of the microbeam are shown in
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Figure 1b. We will investigate a symmetric adsorption with advantages of minimizing both the effects
of thermal drift and non-specific binding interactions with the backside of the microcantilever [18,19].
The structure consists of three layers: The two symmetric adsorbed DNA films and the SiNx/Si
substrate with the length of l and the width of b. And Ep and Es, and hp and hs represent the elastic
moduli and thicknesses of the self- or directed-assembled DNA film and substrate, respectively.
The x-axis is established at the geometric midplane of the substrate, and the positive direction of
the z-axis points to the bottom film.

Figure 1. (a) Scheme of the Atomic Force Microscope (AFM) measurement; (b) schematic showing
a microbeam and its coordinate system.

2.1. Elastic Properties of Adsorbed DNA Films

In this section, the adsorbed DNA film is treated as an elastomer. According to continuum
mechanics, if the free energy of the self- or directed-assembled DNA film is derived, its elastic
properties in a uniaxial compressive/tensile state can be easily obtained as [20]

Ep = 3η∂2Wb/∂ε2
∣∣∣
ε = 0

, σp = 3η∂Wb/∂ε
∣∣
ε = 0 (1)

where Ep is the elastic modulus, σp is the surface stress, ε is the axial strain, η is the DNA packing

density, and η = 2/(
√

3d2
0) for the hexagonal packing pattern, in which d0 is the initial interaxial

distance [21,22]; Wb is the free energy per unit length between two parallel DNA cylinders.
However, there is no a unified formula for the free energy of DNA solutions. In the following section,
two mesoscopic free energy potentials will be, respectively, introduced for a repulsion-dominated
dsDNA film in NaCl solution or attraction-dominated dsDNA films in multivalent salt solutions.

As for the mesoscopic free energy of dsDNA in multivalent salt solutions, such as spermine
[H2N(CH2)3NH(CH2)4NH(CH2)3NH2] (valence +4), Co(NH3)6Cl3 (valence +3) and sp6+

[H2N(CH2)3NH(CH2)3NH(CH2)3NH(CH2)3NH(CH2)3 NH2] (valence +6), by combining
the single-molecule magnetic tweezers and osmotic stress experiments, Todd et al. separated
the attractive and repulsive components from the total intermolecular interactions, and proposed
an alternative interaction potential of free energy [4]. The free energy per length is given as

Wb1 = ΔGrep + ΔGatt =
√

3λ(d + λ/2)CRe−2d/λ/2 −
√

3λ(d + λ)CAe−d/λ, (2)

where ΔGrep and ΔGatt represent the repulsive and attractive interaction potentials, respectively.
By convention, the repulsive interaction potential is defined as positive, and the attractive potential
is negative. λ = 4.6 Å is the decay length, CR and CA are the corresponding prefactors related to
the specific salt conditions, and d is the interaxial distance. According to our previous models [21],
the interaxial distance, d, between parallel DNA cylinders after microbeam bending, is given
as d = (1+ ε)d0, in which d0 is the initial interaxial distance, and ε is the bending strain. The thickness
of the adsorbed film is approximately taken as the contour length of DNA chain [21,23], namely,
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hp ≈ Na, N is the DNA nucleotide number, a is the nucleotide length directly obtained from STM
experiment, and a = 0.34 nm for dsDNA [24].

As for the mesoscopic free energy of dsDNA in NaCl solution, based on a liquid-crystal model
and osmotic pressure experiments, Strey et al. [25] presented a repulsion-dominated interaction
potential which has been used to effectively predict the deflection and surface stress of DNA-microbeam
systems. The repulsive interaction energy per unit length between two parallel DNA cylinders is
given as

Wb2 = We + Wh + Wc, (3)

where We, Wh, and Wc, are, respectively, electrostatic energy, hydration energy, and configurational
entropy, and

We(z, d) = a0 exp(−d/λD)/
√

d/λD, Wh = b0 exp(−d/λH)/
√

d/λH,

Wc = c0kBTk−1/4
c

4
√

∂2(We + Wh)/∂d2 − (1/d)∂(We + Wh)/∂d,

where λD is the Debye screening length, λH is the correlation length of water [25], a0, b0, and c0

are the fitting parameters for DNA interactions; kB is the Boltzmann constant, T is the temperature,

kc = kBTlds
p is the bending stiffness of a single-molecule dsDNA chain, lds

p is the persistence length of

dsDNA, lds
p = (50 + 0.0324/I) nm, and I is the buffer salt concentration [26].

Finally, substituting Wb1 in Equation (2) or Wb2 in Equation (3) into Equation (1) yields the elastic
modulus and surface stress of the adsorbed dsDNA film in multivalent or monovalent NaCl solutions.

2.2. Natural Frequency of DNA-Microbeam System

This section is dedicated to investigating the influence of DNA elastic properties on the natural
frequency of microbeam. The governing equation of the DNA-microbeam system will be established
by using the energy method, and the first-order variation of the relevant generalized Hamiltonian
function is written as

δ
∫ t2

t1

∫ l

0
(T − Π)dxdt +

∫ t2

t1

∫ l

0
δVdxdt = 0 (4)

where T, ∏, and V, respectively, represent the kinetic energy per unit axial length, total elastic potential
energy of the DNA-microbeam system, and external work per unit axial length; t1 and t2 are different
moments.

As for the dynamic response of a hinged–hinged beam, the kinetic energy per unit axial length, T,
can be written as

T = (m + Δm)(∂w/∂t)2/2, (5)

where m and Δm represent the linear mass density of the substrate and the DNA film, respectively.
Considering the surface stress σp as a symmetric external load along the surface of the substrate,

the external work per unit axial length can be written as

V = σphpb(∂w/∂x)2. (6)

The total elastic potential energy of the DNA-microbeam system, ∏, includes three parts:
The elastic potential energy stored in the substrate, Ws, the effective elastic potential energy of the top
DNA film, Wp,top, and that of the bottom DNA film, Wp,bot, i.e.,

Π = Ws + Wp,bot + Wp,top, (7)
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in which
Ws = bl

∫ hs/2
−hs/2 Esε2dz/2

Wp,bot = bl
∫ hs/2+hp

hs/2 (σpε + Esε2/2)dz

Wp,top = bl
∫ −hs/2
−hs/2−hp

(σpε + Esε2/2)dz

where the bending strain ε can be described by Zhang’s two variable method [27], i.e., ε = ε0 − κz,
where κ is the curvature of the neutral axis and ε0 is the normal strain along the x-direction
at z = 0. The effective elastic potential energies of the adsorbed DNA films are estimated by using
Equations (1)–(3).

Substituting Equations (5)–(7) into Equation (4), the vibrational differential equation is obtained as

(Es Is + ΔEI)∂4w/∂x4 + 2σphpb∂2w/∂x2 = (m + Δm)∂2w/∂t2 (8)

where m = ρbhs, ρ, and EsIs are, respectively, the effective linear mass density, the mass density,
and the stiffness of the substrate; b is the beam width; Δm ≈ 2ηbN × 1.6 × 10−21/1600 kg is
the effective mass of the DNA film per unit axial length of the beam [28]; ΔEI = EpbIu,bot2 + EpbIu,top2 is

the additional stiffness induced by DNA adsorptions, and Iu,bot2 = Iu,top2 =
∫ hs/2+hp

hs/2 z2dz. Note that

the effective stiffness could reduce to that of Eom et al. [13], Wang and Feng [29], and Lu et al. [30] in
the case of tiny film thickness.

The separation variable method is used to solve Equation (8). Assume w(x, t) = Φ(x)q(t), where Φ(x)
is the modal function and q(t) is the time domain function. To illustrate the surface effects, here only
the hinged–hinged microbeam is considered. Substituting the above solution form into Equation (8)
yields the following i-th mode natural frequency of the beam after DNA adsorptions, i.e.,

pi = p0
i
√

α1α2α3

α1 = 1 + ΔEI/Es Is,
α2 = 1 + 2σphpbl2/[i2π2(Es Is + ΔEI)],
α3 = 1 − ΔmDNA/(ρahs + ΔmDNA),

(9)

where p0
i is the i-th mode natural frequency without surface effect; α1, α2, and α3 are the dimensionless

parameters standing for the effects of surface stiffness, stress–stiffness coupling, and additional mass,
respectively. Obviously, the above three effects are closely related to the geometric and elastic properties
of adsorbed DNA films and the substrate.

To summarize, different microscopic interactions of surface molecules may endow DNA films
with totally different mechanical properties, which are closely relevant to the complex detection signals
of DNA-microbeams. With the above analytical model, we can quantify these multiscale correlations
between macroscopic detection signals and surface elastic properties of the adsorbed film induced by
microscopic molecular interactions.

3. Results and Discussion

In computation, dsDNA nucleotide number is taken as N = 25, the substrate size l = 9 μm,
and b = 0.4 μm for dynamic analyses of a hinged–hinged microbeam. Due to the length-to-width
ratio of the substrate, the biaxial modulus is taken as Es/(1−μs), where elastic modulus Es = 180 GPa,
and Poisson’s ratio μs = 0.27. The parameters in Equation (3) for dsDNA in 0.1 M NaCl solution

is taken as: a0 = 0.41 × 10−9 J/m, b0 = 1.1 × 10−7 J/m, c0 = 0.8, λD = 0.974 nm, and λH = 0.288

nm [25]. Substituting the experimental data on ΔGrep and ΔGatt = Wb2 − ΔGrep of Todd et al. [4] into

Equation (2), we could obtain the prefactors CR and CA of ΔGrep and ΔGatt for dsDNA, and the related

parameters in different salt solutions are shown in Table 1. Here, 12.3 pN = 1kBT/a, in which
the nucleotide length a = 0.34 nm. According to the previous osmotic pressure experiments [31],
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the interaxial spacing of dsDNA inside virus is about 2.6 nm, so the packing density can approximately
reach 1.7 × 1017 chains/m2 for the hexagonal packing pattern.

Table 1. Experimental data of double-stranded DNA (dsDNA) at different salt solutions [4]
and the solved prefactors.

d, Å aWb2, kBT/a aΔGrep, kBT/a CA, MPa CR, MPa

Co(NH3)6Cl3 27.75 −0.21 0.17 755.83 303, 444
Spermine 28.15 −0.33 0.29 945.89 508, 714
sp6+ 27.65 −0.38 0.39 1503.26 668, 743

First, we will study the variation of surface elastic properties of adsorbed dsDNA films and its
mechanism induced by micro-interactions. By using Equation (1), the variation tendencies of surface
stress with the packing density in several salt solutions are compared in Figure 2a. By convention,
the positive value represents the compressive stress while the negative value represents the tensile
one. In NaCl solution, the surface stress always behaved compressive and its value increased with
the enhancement of the packing density. In addition, Figure 2b shows that the collected contributions
of electrostatic energy, hydration energy, and configurational entropy led to the variation of surface
stress, which was also the deformation mechanism of micro-beam sensor in NaCl solution.

Whereas in multivalent solutions (sp6+ and spermine), the surface stress exhibited different trends
with nonmonotonic variations, as shown in Figure 2a. Taking sp6+ as an example, when the packing
density η < 1.45 × 1017 chain/m2, the surface stress behaved tensile and this revealed the possible
physical mechanism of the condensation found in organism induced by the attractive interactions
between DNA helices; when η ≈ 1.2 × 1017 chain/m2, the tensile surface stress reached its maximum
value, which provided us an opportunity to prepare a more sensitive sensor by the directed-assembled
technique; when η ≈ 1.45 × 1017 chain/m2, the surface stress turned to be zero and the sensor might
have lost any signals, and this is the most miserable situation in biodetections; when η > 1.45 × 1017

chain/m2, the surface stress behaved compressive inversely and this indicates the dominance of
the repulsive interactions between DNA helices. Physically speaking, the competition between
repulsive and attractive part of free energy make the surface stress changing from tensile to
compressive, and this also interprets the mechanism of microbeam sensor deformation in sp6+

solution. As shown in Figure 2c, at a relatively low packing density, the dominance of contribution of
the attractive part of the free energy resulted in tensile surface stresses; with the increase in the packing
density, the repulsive part of the free energy gradually became more critical and eventually resulted
in compressive surface stresses. However, the discrepancy in Co(NH3)6Cl3 came into sight. While in
Co(NH3)6Cl3 solution, the surface stress will always be tensile. In addition, given the parameters
exactly the same as in the experiment, the magnitude of the tensile surface stress was about 1 MPa,
and it has the same order with Todd’s experimental result of osmotic pressure among DNA molecules,
i.e., Π ∈ (0.1 MPa, 10 MPa) [4].

Also, by using Equation (1), the variation tendencies of elastic modulus with the packing density
have been studied. Figure 3a shows the elastic moduli of dsDNA films in various salt solutions.
As we can see, with the similar tendency of the surface stress, the elastic modulus of the DNA film
in NaCl solution always behaved positive and it increased with the enhancement of the packing
density. As shown in Figure 3b, in NaCl solution, the collected contributions of electrostatic energy,
hydration energy, and configurational entropy to the surface stress lead to the variation of elastic
modulus at different packing densities. Nevertheless, the elastic modulus in a multivalent solution
(sp6+, spermine, and Co(NH3)6Cl3) was negative at a relatively low DNA packing density, whereas it
turned positive at a relatively high density. In addition, the elastic moduli in multivalent solutions
were about one order of magnitude lower than that in NaCl solution. However, the critical packing
densities in Figure 2a and 3a are different. For example, in sp6+ solutions, the DNA elastic modulus was
negative when the packing density η < 1.14 × 1017 chain/m2, and became almost zero when η reached
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1.14 × 1017 chain/m2, then turned positive when η > 1.14 × 1017 chain/m2. Also, there was a critical
packing density for the negative modulus at η ≈ 0.95 × 1017 chain/m2. Furthermore, Figure 3c
shows that the competition between the repulsive part and attractive part of free energy lead to
the non-monotonic variation of elastic modulus. In addition, the magnitude of the elastic modulus
of the DNA film in 0.1 M NaCl solution was about 0.1~100 MPa, which is similar to Zhang’s
theoretical prediction [22], and slightly smaller than Legay’s (50 mM NaCl solution) [32], due to
different salt concentrations and packing conditions as well as the inherent deficiency of AFM-based
nano-indentation detection. What is more, our simulation showed a consistent monotonic trend
with that of Domínguez’s theoretical predictions and approaches the order of their AFM experiment
results [17]. It should be mentioned that negative elastic modulus is unstable in nature, however can
be stabilized by lateral constraint [33,34]. As for the DNA film in the microbeam-based biosensor,
it was actually pre-stretched during the immobilization process, namely restrained by the substrate.
Figuratively speaking, imagining the DNA film as a pre-stretched spring, it is surely unstable without
lateral constraint. When we dismiss the constraint and apply a tiny lateral tensile stress far less
than the residual stress induced by pre-stretching, which is insufficient to remain the stable state,
the pre-stretched spring will obviously be compressed and consequently behaves a negative modulus.

 

 

 

 
 
 
 

 

 

 

 

 

 

Figure 2. (a) Surface stress variation of dsDNA films with packing density in sp6+, spermine,
Co(NH3)6Cl3, and NaCl solutions. The left longitudinal axis is related to DNA in multivalent
solutions and the right one is related to DNA in NaCl solution. By convention, the positive value
represents the compressive stress while the negative value means the tensile one. (b) Contributions of
electrostatic energy, hydration energy, and configurational entropy to the surface stress in NaCl solution.
(c) Contributions of the repulsive and attractive parts of free energy to the surface stress in sp6+ solution.

Next, by using Equation (9), we will study the variation of the natural frequency shift
of a hinged–hinged microbeam induced by dsDNA adsorptions and its mechanism related to
surface properties. As we can see from Equation (9), the natural frequency shift was the result
of the competition between effects of surface stiffness, stress–stiffness coupling, and additional
mass (α1, α2, α3), which is closely related to the elastic properties of adsorbed films induced by
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micro-interactions as well as the elastic and geometric properties of the substrate. It can be learned
from the above discussions that, given the packing density η = 1.2 × 1017 chain/m2, the surface
stress of dsDNA film will always behave compressive in NaCl solution or tensile in sp6+ solution,
respectively. Considering the boundary constraints, obviously the substrate will be compressed in
NaCl solution and stretched in sp6+ solution, respectively. Once the elastic moduli and surface stress
of the adsorbed dsDNA film are known, the dynamic detection signals of dsDNA-microbeam could be
easily obtained.

 

 

 

 

 

 

 

Figure 3. (a) Theoretical elastic modulus variation (lines) of dsDNA films with packing density in
sp6+, spermine, Co(NH3)6Cl3, NaCl solutions, and Domínguez’s AFM experiment results [17] (circles)
in NaCl solution. The left longitudinal axis is related to DNA in multivalent solutions and the right
one is related to DNA in NaCl solution. (b) Contributions of electrostatic energy, hydration energy,
and configurational entropy to the elastic modulus in NaCl solution. (c) Contributions of the repulsive
and attractive part of free energy to the elastic modulus in sp6+ solution.

Figure 4 shows the first-order natural frequency shift of the hinged–hinged microbeam with
the variation in the absolute value of film-to-substrate thickness ratio (i.e., r = |hp/hs|) and modulus
ratio (i.e., g = |Ep/Es|). First, as shown in Figure 4, the first-order natural frequency shift
due to dsDNA adsorptions was mostly negative in NaCl solution and positive in sp6+ solution.
Similar behavior has been discovered in Karabalin’s surface stress loaded beam experiments
(beam length: 6 to 10 μm; width: 0.6 to 1 μm; thickness: 0.015 to 0.028 μm; Poisson’s ratio: 0 to 0.49) [35])
and Lachut’s analytical predictions [36]. Second, the amplitudes of the natural frequency shift in both
solutions showed the similar tendency, namely, enhancing with the increase of the absolute value of
film-to-substrate thickness ratio or modulus ratio. Actually, as shown in Figure 4, when the parameter
values were relatively large, the stress–stiffness coupling effect α2 dominated the value of natural
frequency shift. Taking sp6+ solution as example, given r = g = 0.04, the contributions of α1, α2, α3 to
the first-order natural frequency shift were, respectively, −0.52%, 44.5%, and −0.6%, so the positive
effect of the stress–stiffness coupling determined the upward trend of natural frequency shift.
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Third, an anomalous invalid region is observed in Figure 4. Note that the DNA film in NaCl
solution is in a repulsion-dominated state, and the microbeam vibrates in different modes depending
on the specific experiment conditions:

(i) When the relation between the modulus ratio and the thickness ratio satisfies the following
relation, g ≤ 9.016 × 10−6/(6.22r3 − 1.08 × 10−4r2 − 5.41 × 10−5r), the microbeam vibrates in
a linear phase, in which the frequency shift of a periodic vibration could be taken as an indication
of DNA adsorptions;

(ii) When their relation satisfies the following relation, g > 9.016 × 10−6/(6.22r3−1.08 ×
10−4r2 − 5.41 × 10−5r), the microbeam vibrates in a non-periodic way, which means a dynamic
instability region (i.e., the anomalous blank area in Figure 4 appears.

It can be seen from the linear analytical solution to Equation (8) that, when the parameters
locate at the condition (ii), the additional mass-relevant coefficient α3 is always greater than zero,
the competition between the surface stress effect and the stiffness effect makes the signs of α1 and α2

opposite, and this means p2
i < 0, so its corresponding temporal-domain equation,

..
q(t) + p2

i q(t) = 0,
has a nonperiodic solution with q1(t) = −c1 p−2

i e−p2
i t + c2; here, c1 and c2 are determined by the initial

conditions. In other words, the motion increases exponentially. This is totally different from the linear
periodic motion with q2(t) = c sin(pit + θ) when p2

i > 0, where c is also determined by the initial
conditions. The restriction on the linear periodic motion endows the linear vibration natural frequency
shift only with an upper limit of 100% in NaCl solution. The instability indicates the occurrence of
a sensitive interval in which DNA adsorptions induce a drastic natural frequency shift even with a tiny
variation of the detection conditions. Whereas the appearance of dynamic instability at condition (ii)
will cause a sudden jump of vibration mode from stability to instability at the critical condition, and this
means a relatively large deformation for the beam. In these cases, this dynamic instability might
provide us a potential method to develop a ultra-highly sensitive detection method through the linear
vibration-based material parameter controlling or a new nonlinear vibration-based technology in
the future [37].

Figure 4. The first-order natural frequency shift of a hinged–hinged dsDNA-microbeam with
the variation in the absolute value of film-to-substrate thickness ratio (i.e., r = |hp/hs|) and modulus
ratio (i.e., g = |Ep/Es|) in sp6+ and NaCl solutions when the packing density η = 1.2 × 1017 chain/m2.

However, unlike the seemingly monotonicity observed in the global view as shown in Figure 4,
when the parameter value was taken relatively small, the non-monotonic behavior came into sight
in the local zoom view, as shown in Figure 5. Taking the detection of attraction-dominated films
in sp6+ solution as an example, given the modulus ratio g = 0.04 in Figure 5a, when the thickness
ratio r < 0.00572, the frequency shift was negative, and became almost zero when r reached 0.00572,
then turned positive when r > 0.00572. Also, there was a critical value for the negative frequency
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shift at r ≈ 0.00347. However, given the modulus ratio g = 0.1, the frequency shift tendency in
the detection of repulsion-dominated films as shown in Figure 5b was totally different from that of
attraction-dominated films, and with the increase in thickness ratio the shift turned from positive
to negative. In addition, the non-monotonic behavior observed in Figure 5b was negligible when
the modulus ratio was relatively small (e.g., g = 0.04). The variation between positive and negative
frequency shift has been found in DNA hybridization experiments by Zheng et al. [38], and similar
anomalous non-monotonic tendencies have been found in the study of alkanethiol adsorption by
Tamayo et al. (beam material: Si; critical thickness ratio hp/hs approximates to 0.15) [15] and Au
adsorption by Lee et al. (beam material: lead zirconate titanate (PZT); critical thickness ratio hp/hs

approximates to 0.000445) [14] when the adsorption layer is relatively thin compared with the substrate.

 

 

 

 
 

 

 

 

Figure 5. The first-order natural frequency shift of a hinged–hinged dsDNA-microbeam
and contributions of surface stiffness (α1), stress–stiffness coupling (α2), and additional mass (α3)
effects with the variation in the absolute value of film-to-substrate thickness ratio (i.e., r = |hp/hs|)
in sp6+ and NaCl solutions when the packing density η = 1.2 × 1017 chain/m2. (a) sp6+ solution,
film-to-substrate modulus ratio g = |Ep/Es| = 0.04; (b) NaCl solution, g = |Ep/Es| = 0.1.

The physical mechanism underlying these non-monotonic responses of the microbeam to different
detection conditions can be interpreted by the present multiscale analytical model. As we can see
from Figure 5a, during the detection of the attraction-dominated films in sp6+ solution, the effects
of additional mass α3 and surface stiffness α1 always behaved negatively whereas the effect of
stress–stiffness coupling α2 behaved positively, which means that the stress–stiffness coupling effect
dominated when the thickness ratio r > 0.00572, whereas both additional mass and surface stiffness
effect played an essential role when r < 0.00572. In a word, the frequency shift of the microbeam
is the result of the competition of the above-mentioned three effects closely related to the elastic
and geometric properties of the adsorbed film and the substrate. Different surface elastic properties of
repulsion-dominated films in NaCl solution leads to a totally different tendency in the frequency shift.
These conclusions further verified the previous conclusion based on experimental observations that
the stress–stiffness coupling effect becomes more dominant with the increase in the absolute value of
film-to-substrate thickness ratio [14]. In addition, these non-monotonic variations and totally different
responses in frequency shifts during the detections of attraction- or repulsion-dominated dsDNA films
provide us an alternative perspective to promote the sensitivity of surface-effect-based biosensors.

It should be mentioned that, in the case of detecting the adsorbed DNA film with an anomalous
negative elastic modulus, if we mistake it as a general material with a positive modulus, this might
induce a large prediction error. Taking the dynamic signals of DNA films with hp/hs = 0.003
in sp6+ solution as example, the elastic modulus of DNA film is about −1 MPa. As shown in
Figure 5a, the original prediction of the frequency shift considering the negative elastic modulus
was about −0.059%. However, if we take the elastic modulus as 1 MPa inversely, the frequency shift
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will be mistakenly estimated as 0.01%, and the relative prediction error between these two predictions is
about 100%. In a word, this unneglectable prediction error indicates that the anomalous negative elastic
modulus of the adsorbed DNA film has great influence on microbeam-based biodetection signals.

4. Conclusions

In this paper, we characterized the elastic properties of dsDNA films and established
a multiscale analytical model to describe the relationship between the surface mechanical properties
of DNA self-assembled 2D films and the detection signals of DNA-microbeam systems. The related
predictions agree well with the AFM indentation experiment [17] and microbeam vibration
experiment [14,35]. Analytical results show that the microscale attractive interactions between DNA chains
will lead to anomalous negative elastic moduli and tensile surface stresses, and the occurrence of this
tensile surface stress for the attraction-dominated DNA film reveals the possible physical mechanism of
the condensation found in organism. In addition, the dynamic analysis of a hinged–hinged microbeam in
multivalent salt solutions suggests that, despite the non-monotonic tendency of frequency shift when
the absolute value of film-to-substrate thickness ratio is relatively small, above a critical film-to-substrate
thickness ratio, an attraction-dominated film could always induce a positive natural frequency shift,
totally different from the detection signal for a repulsion-dominated DNA film. These insights emphasize
the importance of the stress–stiffness coupling effect in dynamic responses and provide us an alternative
perspective to promote the sensitivity of surface-effect-based biosensor. What is more important,
during the detection of a repulsion-dominated DNA film, dynamic instability appears after the critical
conditions, which brings about a jump of vibration mode from stable to instable states with a relatively
large displacement of a microbeam, and this indicates the existence of a sensitive interval in which
DNA adsorptions will induce a drastic natural frequency shift even with a tiny variation of the detection
conditions. In these cases, this dynamic instability might provide us a potential method to develop
an ultra-highly sensitive detection method through the linear vibration-based material parameter
controlling or a new nonlinear vibration-based technology in the future.
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Abstract: We report self-assembled novel triphenylphosphonium-conjugated dicyanostilbene- based
as selective fluorescence turn-on probes for 1O2 and ClO−. Mono- or di-triphenylphosphonium-
conjugated dicyanostilbene derivatives 1 and 2 formed spherical structures with diameters of ca. 27
and 56.5 nm, respectively, through π-π interaction between dicyanostilbene groups. Self-assembled 1

showed strong fluorescent emission upon the addition of 1O2 and ClO− compared to other ROS (O2
−,

•OH, NO, TBHP, H2O2, GSH), metal ions (K+, Na+), and amino acids (cysteine and histidine). Upon
addition of 1O2 and ClO−, the spherical structure of 1 changed to a fiber structure (8-nm wide; 300-nm
long). Upon addition of 1O2 and ClO−, the chemical structural conversion of 1 was determined by
FAB-Mass, NMR, IR and Zeta potential analysis, and the strong emission of the self-assembled 1 was
due to an aggregation-induced emission enhancement. This self-assembled material was the first
for selective ROS as a fluorescence turn-on probe. Thus, a nanostructure change-derived turn-on
sensing strategy for 1O2 or ClO− may offer a new approach to developing methods for specific guest
molecules in biological and environmental subjects.

Keywords: dicyanostilbene; triphenylphosphonium; self-assembly; ROS detection

1. Introduction

Generally, self-assembly of aggregation-induced emission (AIE)-active molecules in aqueous
solution depends on intermolecular hydrogen bonding, π-π stacking, and hydrophobic interactions that
form nanoscale architectures, such as spheres, rods, and fibers, with fluorescence enhancement [1,2].
Nanostructures formed via molecular self-assembly involving stimuli-responsive properties have
great potential for biological and environmental applications [3–6]. Despite the utilization of dual
effects on fluorescence turn-on originating from intramolecular electron transfer and intermolecular
self-assembly [7], fluorogenic or chromogenic sensing of biologic or environmental species with
selective turn-on detection have rarely been reported due to the difficulty associated with the
design and synthesis of fluorescence probes. Strong interactions between acidic protons and solvent
molecules cause act as a fluorescence quenching factor by photoelectron transfer (PET). Therefore,
the self-assembled AIE fluorescence probes with hydrophobic positive charge are useful as sensing
materials in biological field [8–10].

Studies related to optical detection using chromogenic or fluorogenic chemoprobes have been
performed for biological and environmental applications of singlet oxygen (1O2) and hypochlorite
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(ClO−), such as the main component of a cleaning agent for industrial wastewater and cancer
treatments that destroy tumor cells [11–13]. Fluorescent probes that demonstrate rapid response, high
sensitivity, and technical simplicity are attractive tools for analyte monitoring [14], and fluorescent
probes with a reaction-induced signal have been designed to detect a specific signal for singlet
oxygen or hypochlorite [15]. In addition, a variety of fluorescent probes for ROS detection have been
reported [11,16]. For example, a probe for singlet oxygen primarily produced detection signals by the
addition reaction of singlet oxygen to anthracene or the rhodamine backbone [17,18]. In addition, an Ir
(III) complex-linked coumarin 314 derivative has been used to identify a ratiometric signal through
1O2-mediated abstraction of the α-H from the tertiary amine [19]. In a probe for hypochlorite detection,
fluorescent probe reactions with hypochlorite, such as oxidative cleavage reaction of double bonds
(C=C, C=S, C=N, and N=N) or oxidative–hydrolysis reaction of amide, diphenyl ether, and thioether,
produced detection signals from the reaction product [20].

In particular, depending on the self-assembly conditions, amphiphilic molecules with AIE have
attracted significant attention due to the ease of controlling the fluorescence of an aggregate, which
facilitates the construction of fluorescent turn off-on systems [21]. To obtain fluorescence turn-on
signals by the reaction of a probe with an analyte, AIE molecules, such as tetraphenylethylene (TPE),
are typically applied for ROS detection [22]. Dicyanodistyrylbenzenes are p-conjugated molecules with
various optical properties, such as AIE in emission properties and tunable luminescence emission [23].
Compared to homologous a-cyanostilbenes, emission spectra occur at higher wavelengths due to
their longer conjugation length [24]. Therefore, dicyanostilbene-linked amphiphilic molecules are
a promising turn-on fluorescent sensor for singlet oxygen (1O2) and hypochlorite (ClO−). Thus,
we designed triphenylphosphonium (TPP)-conjugated dicyanostilbene derivatives as amphiphilic
molecules for turn-on detection of singlet oxygen (1O2) and hypochlorite (ClO−). TPP lipophilic
cations were linked to dicyanostilbene to construct more rigid nanostructures in aqueous solution
(i.e., the lipophilic cations enhance the stability of organic nanostructures by preventing solvent
hydration and providing temperature or pH resistance) [25]. Here, we report the self-assembly
properties of mono- or di-TPP-conjugated dicyanostilbene derivatives (1 and 2) and their behaviors
as selective turn-on fluorescence probes toward singlet oxygen (1O2) and hypochlorite (Figure 1).
In Scheme 1, we represented the detection strategies of ROS with turn-on fluorescence of self-assembled
probe 1. The self-assembled probe 1 with turn-off changed to turn-on through morphological
transformation from sphere to continuously networked fibrous structures.

Figure 1. Chemical structures of probes 1 and 2.

Scheme 1. Morphological change-based turn-on system for ROS detection: (a) formation of
self-assembled spherical structure (gray sphere) and (b) morphological change into the fiber structure
(gray ribbon) by ROS recognition.
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2. Materials and Methods

2.1. Reagents and Instruments

All reagents were purchased from Sigma-Aldrich (Yongin, South Korea). The solvent was
purchased from Samchun Pure Chemicals (Pyeongtaek, South Korea) and used with further
purification. 1H and 13C NMR spectra were measured using a Bruker DRX 300 spectrometer (Bruker).
Furthermore, the mass spectra were measured using a JEOL JMS-700 mass spectrometer (JEOL Ltd.,
Tokyo, Japan). In addition, a Thermo Evolution 600 UV-vis spectrophotometer (Thermo Fisher
Scientific, Waltham, MA, USA) was used to obtain the absorption spectra in the solution, and
the fluorescence spectra were recorded using a RF-5301PC spectrophotometer (Shimadzu Corp.,
Kyoto, Japan).

2.2. Synthesis of Compound 3

Compound 3 was synthesized using a previously reported method. Here 1,3-dibromopropane
(2.5 mL, 24.57 mmol), p-hydroxybenzaldehyde (2.0 g, 16.38 mmol), and K2CO3 (3.39 g, 24.57 mmol)
were dissolved in acetone (75 mL). The reaction mixture was heated to 50 ◦C for 12 h. Then, the
reaction mixture was cooled to room temperature, filtered, and concentrated under reduced pressure.
The crude product was purified using silica gel and eluted with ethyl acetate and hexane of compound
3: 1H NMR (300 MHz, DMSO-d6) δ 9.88 (s, 1H), 7.90–7.86 (d, 2H), 7.17–7.14 (d, 2H), 4.23–4.19 (t, 2H),
3.70–3.66 (t, 2H), 2.32–2.24 (m, 2H); 13C NMR (75 MHz, DMSO-d6) δ 190.89, 163.89, 132.18, 130.38,
118.48, 114.99, 69.20, 65.91, 32.27, 29.78.

2.3. Synthesis of Compound 2

Compound 3 (1.71 g, 7.03 mmol) and p-xylene dicyanide (0.5 g, 3.2 mmol) were dissolved in
ethanol (30 mL). Sodium methoxide (0.35 g, 6.4 mmol) was added, and the solution was heated at
reflux under N2 atmosphere. After 12, the reaction mixture was then cooled to room temperature,
and the solid was filtered and washed with methanol: (yellow solid, 55% yield); 1H NMR (300 MHz,
DMSO-d6), δ (ppm): 8.07 (s, 2H), 8.00–7.97 (d, 4H), 7.86 (s, 4 H), 7.17–7.14 (d, 4H), 4.22–4.18 (t, 4H),
3.70–3.68 (t, 4H), 2.34–2.25 (m, 4H); 13C NMR (75 MHz, DMSO-d6), δ (ppm): 160.3, 143.2, 134.4, 131.7,
126.0, 124.8, 118.5, 116.0, 105.1.

2.4. Synthesis of Probe 1

Compound 2 (0.5 g, 0.82 mmol) was dissolved in acetonitrile (100 mL) with triphenylphosphine
(1.3 g, 4.92 mmol). The mixture was heated to 85 ◦C for 48 h. Acetonitrile was removed under vacuum,
and the precipitated yellow solid was collected by recrystallization. Then, the product was purified
by flash chromatography using dichloromethane: (yellow solid, 61% yield); 1H NMR (300 MHz,
DMSO-d6), δ (ppm): 8.10 (s, 2H), 8.00–7.76 (m, 42H), 7.14–7.12 (t, 4H), 4.25–4.18 (t, 4H), 3.81–3.71 (t, 4H),
2.02(s, 4H); 13C NMR (75 MHz, DMSO-d6), δ (ppm): 160.6, 143.4, 165.5, 134.8, 134.2, 134.1, 131.8, 130.9,
130.7, 127.0, 126.6, 119.4, 118.7, 118.2, 115.6, 106.9; FT-IR (cm−1): 2209, 1599, 1510, 1434, 1245, 1183,
1110; ESI-MS (m/z): 485.42 [1 + H]2+, 1052.00 [1 + Br]+.

2.5. Synthesis of Probe 2

Compound 2 (0.5 g, 0.82 mmol) was dissolved in acetonitrile (100 mL) with triphenylphosphine
(0.43 g, 1.64 mmol). The mixture was heated to 85 ◦C for 48 h. Acetonitrile was removed under vacuum,
and the precipitated yellow solid was collected by recrystallization. Then, the product was purified by
flash chromatography using dichloromethane/methanol (10:1). (yellow solid, 22.3% yield); 1H NMR
(300 MHz, DMSO-d6), δ (ppm): 8.09 (s, 2H), 8.01–7.76 (m, 23H), 7.14–7.11 (s, 4H), 4.25–4.19 (s, 4H),
3.84–3.67 (s, 4H), 2.23–2.21 (s, 2H), 2.05 (s, 2H); 13C NMR (75 MHz, DMSO-d6), δ (ppm): 161.5, 143.9,

72



Nanomaterials 2018, 8, 1034

136.1, 135.9, 130.8, 130.1, 126.2, 119.2, 117.6, 107.7, 68.2, 33.8, 31.2; FT-IR (cm−1): 2214, 1594, 1508, 1434,
1508, 1434, 1259, 1176, 1109, 687; ESI-MS (m/z): 789.17 [2 + H] +.

2.6. Synthesis of 1-Ref

1-Ref was synthesized by the reported method [S1].; 1H NMR (300 MHz, DMSO-d6), δ (ppm):
10.33 (s, 2H), 7.98 (s, 2H), 7.92–7.87 (d, 4H), 7.82 (s, 4H), 6.95 (s, 2H), 2); 13C NMR (75 MHz, DMSO-d6),
δ (ppm): 160.4, 143.0, 133.4, 132.7, 126.5, 125.9, 117.4, 117.0, 105.2; FT-IR (cm−1): 3200, 2222, 1609, 1592,
1514, 1440, 1300, 1173.

2.7. Fluorescence Spectroscopy

A 1-cm long cuvette was used in the fluorescence assay. The sample was excited at 367 nm,
and the emission was collected from 500 nm. ROS detection experiments were performed three
times. To detect the ROS by probe 1, 1 mL of standard solution (pH = 7.4) was first added to the
cuvette. Then, the hydroxyl radical was generated via Fenton reaction with different amounts of
Fe2+ and H2O2 (Fe2+/H2O2 = 1:10). After incubation with the probe for 15 min. For the selectivity
experiment, hydroxyl radical (•OH) was generated via Fenton reaction (Fe2+/H2O2 = 200 μM, 2000
μM). Superoxide anion (O2

•−) was derived from dissolved KO2 (200 μM) in the DMSO solution.
Hypochlorite anion (ClO−) was provided by NaClO (200 μM). Nitric oxide (NO) and nitroxyl (HNO)
were derived from a solution of S-nitroso-N-acetyl-DL-penicillamine and Angeli’s salt, respectively.
1O2 was generated by the reaction of H2O2 (200 μM) with NaClO (200 μM). Other species (10 equiv.)
were prepared by dissolving in aqueous solutions at pH 7.4. All experiments were performed after
incubation with the appropriate ROS/RNS for 10 min at room temperature.

2.8. Determination of Limit of Detection

The limit of detection (LOD) of probe 1 for ClO− and 1O2 was determined as 33 μM and 56 μM,
respectively. The LOD was calculated using the following equation, where σ is the standard deviation
of the blank measurements and s is the slope of the calibration plot.

LOD = 3 × σ/s (1)

3. Results and Discussion

3.1. Characterization of Self-Assembled Probes 1 and 2

Probes 1 and 2 were synthesized by a reaction of bromine-modified dicyanostilbene with TPP
in acetonitrile following a previously reported method. Compounds 1 and 2 were confirmed by 1H
and 13C NMR, ESI-MS, and FT-IR spectroscopy (Figure S1). 1H NMR data indicate that probes 1 and 2

demonstrated only a (Z)-form originating from the alkene peak at 8.04 in the dicyanostilbene moiety.
Since TPP-appended dicyanostilbene derivatives often demonstrate amphiphilic properties [26].

we observed the self-assembling behaviors in aqueous solution. In the aqueous solution (1% DMSO)
at 25 ◦C, the UV-Vis absorption bands of 1 (25 μM) and 2 (6.25 μM) appeared at 360 nm
and 371 nm, respectively. The UV-Vis absorption bands originated from π-π transitions of the
dicyanostilbene moiety and shifted to a longer wavelength by increasing the temperatures of the
aqueous solution (1% DMSO) (Figure 2). These red shifts were due to the formation of self-assembly
via J-aggregation [27]. Note that the λmax shift of probe 2 was smaller than that of probe 1, which
indicates that, compared to probe 2, probe 1 formed more stable self-assembly in aqueous solution.
The fluorescence spectra of probes 1 and 2 (excitation wavelength: 1 at 360 nm and 2 at 371 nm) were
obtained by change of temperature (Figure S2). Weak fluorescence bands for probes 1 and 2 were
observed at 512 nm due to the PET from fluorophore to TPP [28]. Due to the change from self-assembly
to de-assembly, the fluorescence intensities decreased as the temperature increased. The fluorescence
intensity of probe 1 decreased at 35–45 ◦C, whereas the fluorescence intensity of probe 2 decreased
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at 25–35 ◦C. We also measured the temperature-dependent 1H NMR spectra of probes 1 and 2 to
obtain the key factor in the formation of self-assembly in DMSO-d6/D2O (99/1, v/v%) (Figure S3).
The tendency of the chemical shift of an alkene peak in probe 1 was similar to that of probe 2; however,
the shift of probe 1 was greater than that of probe 2. In addition, the interaction between alkene groups
may affect enhancement of self-assembly stability. However, compared to probe 2, the stabilization
enhancement of self-assembled probe 1 led to intrinsic fluorescence quenching due to the reduced
distance between dicyanostilbene and TPP via J-aggregation, as well as the effect of TPP groups
inducing PET from dicyanostilbene.

 

Figure 2. Temperature dependent UV–VIS spectra of probes (a) 1 (25 μM) and (c) 2 (6.25 μM) in
DMSO/H2O (1/99, v/v%). AFM images of probes (b) 1 (100 μM) and (d) 2 (100 μM).

We also observed morphologies of self-assembled 1 and 2 using atomic force microscopy (AFM)
(Figures 2 and S9). The AFM image of probe 1 showed a spherical structure with a diameter of ca. 22–32
nm (Figures 2b and S9a). The spherical nanoparticle should form by intermolecular dipole-dipole
interaction and π-π stacking [29]. Similarly, probe 2 showed a spherical structure with a diameter of
ca. 53–63 nm (Figures 2d and S9b). The size difference of self-assembled spheres 1 and 2 was due to
the TPP group and the binding strength of the π-π interaction between the alkene groups, as shown
by the 1H NMR data. Thus, we recognize that the size of the self-assembled spherical nanoparticles
was determined by the strength of the intermolecular interactions. Based on UV-Vis, PL, and 1H NMR
experiments, we conclude that 1 and 2 formed self-assembled spherical nanoparticles by J-aggregation
with dipole-dipole interaction between the alkene groups in the dicyanostilbene moiety. The stability
of self-assembled 1 was greater than that of self-assembled probe 2 (i.e., the TPP substitution effect
accompanied fluorescence turn-off). We inserted a table involving summarized characteristics of the
probes 1 and 2 (Table S1).
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3.2. ROS-Sensing Ability of Self-Assembled Probes 1 and 2 in Aqueous Solution

Self-assembled probes 1 and 2 with negligible fluorescence emission bands were used in aqueous
solution to apply a turn-on fluorescence probe to highly ROS. The fluorescence spectral changes of
self-assembled probe 1 were observed upon addition of several species related to ROS, such as singlet
oxygen (10 equiv. of 1O2) and other ROS (10 equiv. of O2

−, H2O2, NO, TBHP, ClO−, •OH, GSH,
cysteine, histidine, K+, and Na+) in water at pH 7.4 (Figure 3). Upon treatment with 10 equiv. of 1O2

and ClO−, a marked strong green emission at 520 nm was observed in under 5 min, indicating that 1O2

and ClO− reacted with self-assembled 1 rapidly at room temperature. In addition, the fluorescence
intensity of self-assembled 1 in the presence of 1O2 and ClO− was enhanced by 2.3 and 2.7 times,
respectively, compared to self-assembled 1 in the absence of 1O2 and ClO−. In contrast, significant
selective changes in the emission were not observed upon addition of O2

−, H2O2, NO, TBHP, ClO−,
•OH, GSH, cysteine, histidine, K+, and Na+ (Figure 3), indicating that these ROS species, amino
acids, and metal ions did not react to 1. The large difference in the fluorescence images between 1O2,
ClO−, and other ROS was observed after treatment of 1 (Figure 3). Their fluorescence enhancement of
self-assembled 1 in the presence of 1O2 or ClO− indicated that the complex between 1 and 1O2 or ClO−

hinders PET [18]. The non-emission of self-assembled 1 upon addition of other oxide species, such as
O2

− and NO, may be less reactive with 1 than that when 1O2 or ClO− are added [30]. The sensing
ability of self-assembled 2 was also evaluated under the same conditions. Self-assembled 2 exhibited
fluorescence enhancement upon addition of O2

−, •OH, and ClO−. A hydrolysis reaction of the bromide
group in self-assembled 2 with O2

− or •OH did occur. The hydroxyl group in self-assembled 2 might
induce fluorescence turn-off through the electron transfer mechanism [31]. Therefore, the fluorescence
enhancement effect of self-assembled 2 was weaker than that of 1. The slight turn-on effects of 2 in the
presence of O2

−, •OH, and ClO− may be caused by the reaction of a –Br group with ROS (O2
−, •OH,

and ClO−), as indicated by the IR data (Figure S4).

Figure 3. Cont.
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Figure 3. Photographs of (a) 1 (25 μM) and (b) 2 (6.25 μM) with ROS (10 equiv.), metal ions (10 equiv.), or
amino acids (10 equiv.) in DMSO/H2O (1/99, v/v%) under UV lamp. Fluorescence spectra (Excitation
wavelength: 360 nm for probe 1 and 371 nm for probe 2) of (c) 1 and (e) 2 with ROS (10 equiv.), metal
ions (10 equiv.), or amino acids (10 equiv.) in DMSO/H2O (1/99, v/v%). Fluorescence intensity of
probes (d) 1 and (f) 2 in the presence of ROS, metal ions, and amino acids in DMSO/H2O (1/99, v/v%).

To quantitatively investigate the reactivity and spectral changes of 1 (25 μM) upon addition
of 1O2 and ClO−, fluorescence titrations were performed by adding 1O2 and ClO− (0–375 μM) in
water (containing 1% DMSO) at room temperature (Figure 4). The fluorescence intensity of 1 at
520 nm, which originates from dicyanostilbene moiety, was enhanced drastically during the titration
process. In addition, at less than 2 equiv. of 1O2 and ClO−, an excellent nonlinear correction between
fluorescence intensity and the concentration of 1O2 and ClO− was obtained with R2 = 0.9923 for 1O2

and R2 = 0.9633 for ClO−, indicating that the ratio of fluorescence intensity at 520 nm was enhanced
as a nonlinear function of 1O2 and ClO− concentration. This turn-on mechanism can be attributed to
the cooperative effects of AIEE of dicyanostilbene and blocking of the photoinduced electron transfer
process. The detection limits of self-assembled 1 for ClO− and 1O2 were 33 μM and 56 μM, respectively
(Figure S5) [S2].

To further evaluate the utility of 1 as a selective fluorescence probe for 1O2 and ClO−, the
competition-based fluorescence emission changes of self-assembled 1 upon addition of various
biologically relevant species and ROS (i.e., ClO−, 1O2, O2

−, H2O2, NO, TBHP, ClO−, •OH, GSH,
cysteine, histidine, K+, and Na+) were investigated in aqueous solution (Figure S6). In binary system,
probe 1 showed a strong green emission with 1O2 or ClO− except for cysteine, histidine and NO.
The emission change with cysteine was due to that the phenoxy oxygen of 1 may be interacted with
-SH group in cysteine [32,33]. In addition, histidine molecules were due to their bioactive properties
inducing the reaction of histidine with 1O2 or ClO− prior to probe 1 [33]. Low turn-on emission of
probe 1 in presence of K+ and Na+ ions can be caused by the charge interaction of cation with 1O2 or
ClO− prior to react with probe 1. As expected, the fluorescence intensities of self-assembled 1 in the
presence of 1O2 and ClO− were unchanged by treatment of other species, such as O2

−, H2O2, NO,
TBHP, •OH, GSH, K+, and Na+, indicating that self-assembled 1 is a new selective turn-on fluorescence
probe of 1O2 and ClO− in a mixture of other species.
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Figure 4. Fluorescence spectra (Excitation wavelength: 360 nm for probe 1) of 1 (25 μM) in the presence
of various concentrations of (a) ClO− (0–375 μM) and (c) 1O2 (0–300 μM) in DMSO/H2O (1/99, v/v%).
Plot for fluorescence intensity of 1 upon addition of (b) ClO− and (d) 1O2.

3.3. ROS-Mediated Fluorescence Turn-On Mechanism of Self-Assembled Probe 1 in Aqueous Solution

The mechanism of the reaction between self-assembled 1 and 1O2 or ClO− was further studied.
First, the bonding cleavage of 1 upon addition of 1O2 or ClO− was confirmed at the molecular level.
The mechanism of the reaction between self-assembled 1 and 1O2 or ClO− was further studied.
First, the bonding cleavage of 1 upon addition of 1O2 or ClO− was confirmed at the molecular level.
The shape of the UV-Vis spectra of self-assembled probe 1 treated with 1O2 or ClO− was almost same
to that without 1O2 or ClO− (Figure S7). On the other hand, the molecular structure of dicyanostilbene
was conserved when 1O2 or ClO− was added to self-assembled 1. We observed FAB-Mass and IR
spectral changes of 1 with 1O2 or ClO− (Figure S7). After treatment with 1O2 or ClO−, a mass value
of 667.3 was obtained. This value indicates that the oxygen atom adjacent at dicyanostilbene reacted
with 1O2 or ClO− and then formed a phenol moiety (Figure S7). Furthermore, the IR spectra of 1 upon
addition of 1O2 or ClO− showed new peaks at 900–1100 cm−1 (OH bending vibration), and peaks in the
range of 3100–3700 cm−1 were widened due to the formation of the phenolic OH group in 1 (Figure S7).
In addition, by comparing the IR data (1000–2400 cm−1) of self-assembled 1 with or without analyte,
we confirmed that the structure of the dicyanostilbene moiety was conserved while self-assembled 1

reacted to 1O2 or ClO−. A dicyanostilbene derivative possessing OH group (1-Ref) was synthesized to
assign OH groups on IR and NMR data (Figures S7A and S8). In Figures S7 and S8, the OH groups
the product obtained from probe 1 in the presence of 1O2 or ClO− correspond with the OH peaks
compound 1-Ref. However, the product obtained from probe 1 with 1O2 or ClO− was produced one
−OH as shown in Figure S8, but not two −OH groups. We measured zeta potential of probe 1 and
probe 1 treated with 1O2 or ClO− to further confirm about its structure change (Figure S10). The zeta
potential of the probe 1 was determined to be 32.46 mV; however, the zeta potential of the probe 1

treated with 1O2 or ClO− was 21.43 mV and 23.16 mV respectively; this was due to the formation of
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OH group. These results strongly indicated that the OH group originated from the reaction of probe 1

with 1O2 or ClO− had been successfully formed.
Furthermore, the morphological change of self-assembled 1 was observed by treatment with

1O2 or ClO− by AFM. After treatment with 1O2 or ClO−, the spherical nanoparticle formed via
self-assembly of 1 changed to a fiber structure (Figures 5 and S9c).

Figure 5. (a) AFM image of 1 (100 μM) in DMSO/H2O (1/99, v/v%) after adding ClO− or 1O2.
(b) Height and width of nanofiber (a). (c) Mechanism of 1 after adding ClO− or 1O2. (ClO−-treated
probe 1 and 1O2-treated probe 1 were shown similar morphologies).

Therefore, we propose a schematic illustration of the reaction-based morphological change of
self-assembled 1 during the reaction that progressed upon adding 1O2 or ClO− (Figure 5). To the
best of our knowledge, the selectivity of probe 1 for 1O2 could be described by two-step reactions.
First, an aliphatic carbon adjacent to the oxygen atom was attacked by 1O2 [34]. Then, water reacted
with the 1O2-derived activated group to form a hydroxyl end group in the dicyanostilbene moiety.
Due to the structural stabilization effect of the fully-conjugated dicyanostilbene moiety, alkene groups
in dicyanostilbene may be less reactive than the carbon atoms adjacent to the oxygen atom of probe 1.

4. Conclusions

We have synthesized novel triphenylphosphonium-strapped dicyanostilbene derivatives
(probes 1 and 2) and characterized their self-assembly properties by using spectroscopic analysis.
Owing to the TPP substitution effects, probe 1 were formed more stable self-assembly than that of
probe 2. The spherical structure of self-assembled probe 1 were shown selectively turn-on fluorescence
upon addition of 1O2 or ClO−. Moreover, the morphology of self-assembled probe 1 was changed
from sphere to fibrous structures in the presence of 1O2 or ClO−. We also proved that the generation
of OH group-substituted TPP-dicyanostilbene caused by the reaction between oxygen atoms adjacent
dicyanostilbene of probe 1 and 1O2 or ClO−. Thus, we could propose continuous fibrous-mediated
AIEE effect-based turn-on sensing mechanism of probe 1 for 1O2 or ClO− by using molecular and
nanometer level analysis. Based on our results, it is expected that a nanostructure change-derived
turn-on sensing strategy for 1O2 or ClO− may offer a new approach to develop methods in biological
and environmental subjects.

Supplementary Materials: The supplementary materials are available online at http://www.mdpi.com/2079-
4991/8/12/1034/s1.
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Abstract: Synergistic combination therapy by integrating chemotherapeutics and chemosensitizers
into nanoparticles has demonstrated great potential to reduce side effects, overcome multidrug
resistance (MDR), and thus improve therapeutic efficacy. However, with regard to the nanocarriers
for multidrug codelivery, it remains a strong challenge to maintain design simplicity, while
incorporating the desirable multifunctionalities, such as coloaded high payloads, targeted delivery,
hemodynamic stability, and also to ensure low drug leakage before reaching the tumor site,
but simultaneously the corelease of drugs in the same cancer cell. Herein, we developed a
facile modular coassembly approach to construct an all-in-one multifunctional multidrug delivery
system for the synergistic codelivery of doxorubicin (DOX, chemotherapeutic agent) and curcumin
(CUR, MDR modulator). The acid-cleavable PEGylated polymeric prodrug (DOX-h-PCEC),
tumor cell-specific targeting peptide (CRGDK-PEG-PCL), and natural chemosensitizer (CUR)
were ratiometrically assembled into in one single nanocarrier (CUR/DOX-h-PCEC@CRGDK NPs).
The resulting CUR/DOX-h-PCEC@CRGDK NPs exhibited several desirable characteristics, such as
efficient and ratiometric drug loading, high hemodynamic stability and low drug leakage, tumor
intracellular acid-triggered cleavage, and subsequent intracellular simultaneous drug corelease,
which are expected to maximize a synergistic effect of chemotherapy and chemosensitization.
Collectively, the multifunctional nanocarrier is feasible for the creation of a robust nanoplatform for
targeted multidrug codelivery and efficient MDR modulation.

Keywords: modular coassemble; synergistic codelivery; polymeric prodrug; stimulisensitive
release; biocompatibility

1. Introduction

Cancer is a leading death cause worldwide, and thus an urgent need constantly exists to
improve its therapeutic outcomes [1]. Currently, chemotherapy with the advantages of minimal
invasion and convenient administration is still regarded to be one of the most appropriate strategies
to treat cancer patients [2,3]. However, the chemotherapeutic efficacy, especially the single-agent
chemotherapy, is still far from satisfactory. In addition of the complicated pathogenesis and diversified
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pathologies of cancers, the major reason for treatment failure can be ascribed to the intrinsic drawbacks
of chemotherapeutics [3–7]. For example, most anti-cancer drugs often suffer from poor water
solubility and low stability, causing low bioavailability and poor pharmacokinetics. In addition,
chemotherapeutic agents are unable to discriminate between cancerous and normal cells, resulting
in non-specific distribution, and thus severe systemic toxicity. Moreover, the development of
multidrug resistance (MDR) that is associated with the overexpression of P-glycoproteins (P-gp)
poses a tremendous challenge to effective cancer therapy [5,8]. Therefore, numerous efforts are still
required to address these challenges and improve chemotherapeutic efficacy.

During the past decades, in view of the complexity of cancer and thus the limited clinical
efficacy of monotherapy, the administration of two or more drugs with complementary anticancer
mechanisms, i.e., combination chemotherapy, has become increasingly important to enhance anticancer
efficacy [9–13]. In particular, the nanoparticulate combination therapy, i.e., codelivery of multiple drugs
by nanoparticles (NPs), merged the beneficial features of both nanoformulations and combination
therapy, which have demonstrated to be an effective strategy to treat cancer [12,14–17]. When compared
with the conventional cocktail chemotherapy, the codelivery of multiple drugs in one NP system can
realize the definitive delivery of a correct ratio of each drug and enable the controlled release in
target site, prolong drug circulation half-life, accumulate at the tumors through enhanced permeation
and retention (EPR) effect, and thus optimize the pharmacokinetics and biodistribution of drugs,
achieving a more significant synergistic anticancer effect [14–17]. For example, the concurrent delivery
of doxorubicin (DOX, one of the most active chemotherapeutics for cancer) and curcumin (CUR,
a natural chemosensitizer with distinguishing abilities to inhibit P-gp overexpression and nuclear
transcription factor NF-κB activation that are both closely linked to MDR) in one nanocarrier has
been widely explored as an effective way to improve DOX treatment efficiency [18–21]. A variety of
nanoparticulate delivery systems, such as liposomes or lipid NPs [21–24], polymeric micelles [25–27],
prodrug NPs [28–30], as well as inorganic NPs [31–33], have been developed as codelivery vesicles for
DOX/CUR. The codelivery of DOX/CUR with nanotechnology has achieved significant success in
improving the therapeutic efficacy of DOX [18–21]. However, the nanoparticle-assisted combination
therapies are still far from fulfilling their potential and problems still exist in many aspects [14–16,18,34].

Firstly, due to the different physicochemical profiles and distinct solubility characteristics, it remains
a great challenge to coencapsulate high payloads of chemotherapeutic agents and chemosensitizers into a
single NP to unify their pharmacokinetics and biodistribution, and also to ensure no drug leakage and
no rapid clearance into reticuloendothelial organs during in vivo transportation [14,15,18]. For example,
the liposomes and polymeric micelles for multidrug codelivery often suffer from their low encapsulation
capacity, instability, and premature drug leakage, meanwhile the applications of inorganic NPs frequently
lead to their low biocompatibility and clearance of the immune system [3,4,35]. Another major challenge
of the multidrug codelivery is the ability to improve the specificity to the disease site. Currently, most of
the existing nanocarriers for combination therapy lack selectivity and targeting ability. Thus, their delivery
into cancer tissues mostly relies on the EPR effect by the leaky tumor vasculatures varying among patients
and their tumor types [36,37]. The active targeting, i.e., ligand-mediated targeting, involves using affinity
ligands on the NPs surface for specific retention and uptake by tumor cells, which has been proven to
be a promising complementary strategy for EPR in order to further improve the efficiency of cancer
nanomedicines [36,38–40]. Apparently, the actively targeted NPs for combination drug delivery, without
tedious steps for preparing to assure future scale-up, are in urgent need for enhanced therapeutic activity
and reduced damage to healthy tissue. Finally, the nanocarriers should be able to effectively corelease the
encapsulated chemotherapeutic drug and chemosensitizer into the same cancer cell at the same time after
systemic drug administration, as the simultaneous intracellular corelease is the prerequisite for generation
of synergistic responses [7,14,18]. Summarily, due to the different physicochemical and pharmacokinetic
profiles, the synergistic codelivery of a chemotherapeutic agent and chemosensitizer will necessarily
require further development of multifunctional nanocarriers with the capability of efficient encapsulation,
targeted delivery, and intracellular controlled corelease.
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In this study, a modular coassembly of acid-cleavable PEGylated polymeric prodrug, tumor
cell-specific targeting peptide and natural chemosensitizer was designed and developed to construct
multifunctional multidrug delivery system, as shown in Scheme 1. The chemotherapeutic agent
DOX was conjugated to both ends of a biocompatible and biodegradable poly(ε-caprolactone)-b-
poly(ethylene glycol)-b-poly(ε-caprolactone) (PCEC) via acid-cleavable hydrazone linkages, generating
acid-cleavable PEGylated polymeric prodrug (DOX-h-PCEC) as drug vector model. To further
introduce a tumor targeting capacity, cell-penetrating peptide (Cys−Arg−Gly−Asp−Lys, CRGDK)
decorated poly(ethylene glycol)-b-poly(ε-caprolactone) (CRGDK-PEG-PCL, as active targeting model)
was prepared via a maleimide-thiol reaction between CRGDK and maleimide-terminated PEG-PCL.
CRGDK-mediated targeting can actively recognize the corresponding receptors (neuropilin-1 receptor,
a transmembrane receptor glycoprotein overexpressed on the surface of a wide variety of tumor
cells), which has been widely demonstrated to be able to increase the affinity for tumor cells
and facilitate the drug-loaded NPs to efficiently enter the cells through ligand-receptor mediated
endocytosis [41–45]. The DOX-h-PCEC and CRGDK-PEG-PCL are amphiphilic, and thus can
coassemble in water, together with hydrophobic natural chemosensitizer (CUR, as MDR modulator
model), forming a DOX/CUR coencapsulated, tumor-targeted, and intracellular acid-responsive
nanoparticulate combination therapy system (CUR/DOX-h-PCEC@CRGDK NPs). With such unique
structure, composition, and fabrication method, the CUR/DOX-h-PCEC@CRGDK NPs are expected
to possess several desired functions: (1) high and tunable loading capacity derived from the PCL
hydrophobic core and DOX hydrophobic phase, allowing for hydrophobic interaction and strong
intermolecular π–π stacking action between DOX and CUR; (2) high stability and low leakage at
physiological pH due to the combination of chemical conjugation and physical interactions; (3) cancer
targeted delivery by the EPR effect and the active targeting of CRGDK; (4) stealth-shielding and
long circulation from PEG shell; and, (5) intracellular simultaneous corelease of DOX and CUR
through acid-triggered degradation of prodrug and subsequent disassembly of NPs to maximize a
synergistic effect. Notably, the modular coassembly strategy to these all-in-one multifunctional NPs for
DOX/CUR codelivery is cost-effective, as the complicated reactions and tedious synthesis processes
for incorporating the desired multifunctionalities were minimized. Collectively, the design presented
here provides a facile and robust nanoplatform for the targeted multidrug codelivery to maximize
synergistic effects, holding great promises for the combinatory cancer therapy.

Scheme 1. Schematic illustrations of the modular coassembly to construct an all-in-one
multifunctional multidrug delivery system (curcumin (CUR)/acid-cleavable PEGylated polymeric
prodrug (DOX-h-PCEC) @Cys−Arg−Gly−Asp−Lys (CRGDK) nanoparticles (NPs)) with the capability
of efficient encapsulation, targeted delivery, and intracellular controlled corelease.
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2. Materials and Methods

2.1. Materials

Poly (ethylene glycol) (PEG, Mn = 1500 Da), ε-caprolactone (CL, 99%) and tert-butyl carbazate
(Boc-NHNH2, 99%) were purchased from Aladdin Industrial Co., Ltd. (Shanghai, China).
Stannous octoate (Sn(Oct)2, 99%) was obtained from Sigma-Aldrich China (Shanghai, China).
4-Nitrophenyl chloroformate (NPC, 99%), trimethylamine (TEA, 99%), and trifluoroacetic acid (TFA,
99%) was purchased from J&K chemical Co. Ltd. (Beijing, China). Doxorubicin (DOX, 99%) and
curcumin (CUR, 99%) were purchased from Dalian Meilun biotechnology Co., Ltd. (Dalian, China).
Maleimide-poly(ethylene glycol)- hydroxy (Mal-PEG-OH) with the molecular weight of 2000 was
purchased from JenKem Technology Co., Ltd. (Beijing, China). Cys–Arg–Gly–Asp–Lys (CRGDK,
99%) peptide was provided by GL Biochem. Ltd. (Shanghai, China). Dichloromethane (DCM, 99%),
dimethyl sulfoxide (DMSO, 99%), tetrahydrofuran (THF, 99%), and other reagents were commercially
available from Damao Chemical Co., Ltd. (Tianjin, China). N,N-dimethylformamide (DMF, 99%) for
HPLC Analysis was purchased form Merck (Darmstadt, Germany).

The Neuropilin-1 overexpressed human umbilical vein endothelial cells (HUVEC) and
Adriamycin resistant breast cancer cells (MCF-7/ADR) were obtained from Procell life science and
technology Co., Ltd. (Wuhan, China).

2.2. Synthesis and Characterization of DOX-h-PCEC and CRGDK-PEG-PCL

The hydrazone-linked DOX polymeric prodrug DOX-hydrazone-poly(ε-caprolactone)-b-
poly(ethyleneglycol)-b-poly(ε-caprolactone)-hydrazone-DOX (DOX-h-PCEC) was prepared in
three steps, according to a modified procedure [46], including (I) ring-opening polymerization of
CL with HO-PEG-OH to prepare PCEC based on our group’s previous work [47]; (II) introduction
of the hydrazide group to both ends of PCEC; and, (III) conjugation of DOX to both ends of PCEC.
After preparing PCEC (PCL17-PEG34-PCL17, Mn ≈ 5.3 kDa), the hydrazide-functionalized PCEC was
prepared, as follows. Firstly, PCEC (1.05 g, 0.2 mmol) and TEA (83.4 μL, 0.6 mmol) were dissolved in
flask with appropriate THF (10 mL). After incubation in the ice-water bath, NPC (96.7 mg, 0.48 mmol)
dissolved in THF (5 mL) was dropwise added into the flask and the reaction lasted for 8 h. The resultant
salts were removed by filtration and then the NPC-activated PCEC was precipitated from cold ether
and dried in vacuum. Subsequently, the NPC-activated PCEC (about 1.13 g, 0.2 mmol) was dissolved in
DMF and reacted with Boc-NHNH2 (66.1 mg, 0.5 mmol) for 12 h. The resultant mixture was treated by
TFA (2.5 mL) for 4 h at room temperature to remove -COOC(CH3)3 to obtain hydrazide-functionalized
PCEC. After removing DMF by dialysis in water using a dialysis membrane with a molecular weight
cutoff (MWCO) of 3.5 kDa, the hydrazide-functionalized PCEC was obtained by lyophilization.
Finally, hydrazide-functionalized PCEC (1.08 g, 0.2 mmol) and excess DOX (0.272 g, 0.5 mmol) were
dissolved in DMSO (20 mL) and reacted for 24 h at 30 ◦C in the presence of acetic acid as catalyst
(0.5 mL). Unreacted DOX were removed using dialysis for 24 h against DMSO. Then, DMSO was
removed by dialyzing for 24 h against PBS buffer (pH 7.4). After lyophilization, DOX-h-PCEC was
obtained at a yield of 89%. All of the reactions were performed in a dark room.

CRGDK-conjugated poly (ethylene glycol)-b-poly (ε-caprolactone) (CRGDK-PEG-PCL,
as active targeting model) was prepared via a maleimide-thiol reaction between CRGDK and
maleimide-terminated PEG-PCL. Firstly, Mal-PEG41-PCL17 was synthesized by ring opening
polymerization of ε-caprolactone using Mal-PEG41-OH as the initiator and Sn(Oct)2 as the catalyst.
Briefly, Mal-PEG41-OH (0.4 g, 0.2 mmol), ε-caprolactone (0.387 g, 3.4 mmol) and Sn(Oct)2 (0.091 mL)
were placed in the dry flask. All of the reactants were dissolved in toluene (5 mL) and the reaction
was placed in 100 ◦C oil bath. The reaction was carried out for 8 h under nitrogen atmosphere.
The synthesized polymer was obtained by precipitation in ice-cooled diethyl ether. The resultant
Mal-PEG41-PCL17 was obtained after filtration and drying at 35 ◦C in vacuum. Subsequently, CRGDK
(57.8 mg, 0.1 mmol) and Mal-PEG41-PCL17 (0.39 g, 0.1 mmol) were directly dissolved in DMF and
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were then stirred for 24 h at room temperature. The product was purified by dialysis method for 24 h.
CRGDK-PEG-PCL was obtained after lyophilization in a 93% yield.

The obtained DOX-h-PCEC and CRGDK-PEG-PCL were confirmed by using nuclear magnetic
resonance (1H NMR) using NMR spectrometer (VARIAN INOVA 500MHz NMR spectrometer, Varian,
Palo Alto, CA, USA). DOX-h-PCEC and CRGDK-PEG-PCL were dissolved in dimethyl sulfoxide-d6.
The content of conjugated DOX in DOX-h-PCEC was quantified by UV-Vis spectrophotometer at
485 nm using WFZ-26A UV-vis spectrophotometer (Tianjin Science Instrument Plant, Tianjin, China)
after hydrolyzing the hydrazone bond between DOX and PCEC under acidic conditions, according to
a previous work [46]. The successful preparation of CRGDK-PEG-PCL was further confirmed by an
Agilent 1100 series gel permeation chromatography (GPC) analyses (Agilent Technologies, Palo Alto,
CA, USA), using Shodex GPC KF-803L column with molecular weight range 500–42,000 Da. Pure DMF
was used as eluent at a flow rate of 1.0 mL/min at 30 ◦C.

2.3. Preparation and Characterization of CUR/DOX-h-PCEC@CRGDK NPs

The CUR/DOX codelivery nanomedicine CUR/DOX-h-PCEC@CRGDK NPs were prepared by
solvent displacement method. Briefly, DOX-h-PCEC (9 mg), CRGDK-PEG-PCL (1 mg), and appropriate
amount of CUR was completely dissolved in DMSO (1 mL). Then, the solution was added
dropwise to 10 mL deionized water under magnetic stirring. The solution was placed in a
dialysis bag (MWCO = 3.5 kDa) and dialyzed against water to remove DMSO and free substance
at room temperature. With similar procedure, DOX-h-PCEC NPs, CUR/DOX-h-PCEC NPs,
DOX-h-PCEC@CRGDK NPs, and CUR loaded CRGDK-PEG-PCL NPs were prepared by using
DOX-h-PCEC, DOX-h-PCEC, together with CUR, DOX-h-PCEC, together with CRGDK-PEG-PCL,
CRGDK-PEG-PCL, together with CUR, respectively. In addition, CUR/DOX coloaded PCEC NPs
were also prepared with similar procedure by using PCEC together with different amount of CUR and
DOX (PCEC:DOX:CUR in feed solution = 100:10:10, w/w/w).

The amount of DOX in the several NPs was determined by UV–vis spectrophotometer (Tianjin
Science Instrument Plant, Tianjin, China) (absorption at 550 nm, minimizing the effect of CUR on UV
measurement) using a standard curve method, according to a previous work [48]. The amount of CUR
in a variety of NPs prepared as mentioned above was determined by HPLC (Agilent Technologies
1200 Series, Santa Clara, CA, USA) on a Kromasil-C18 column (4.6 mm × 250 mm, 5 μm) with a UV-vis
detector at wavelength of 425 nm. 1 mg of lyophilized CUR encapsulated NPs was dissolved in 10 mL
acetonitrile. It was analyzed by a mobile phase of acetonitrile and 3% acetic acid aqueous solution in
the ratio of 70:30 (v/v) at a flow rate of 1 mL/min at 25 ◦C. Then, the amount of CUR can be achieved
by the integral area of HPLC using a standard curve method. Drug loading content (DLC) and drug
loading efficiency (DLE) were calculated from the following equations:

DLC% =
weight of loaded drug

weight of drug − loaded NPs
×100% (1)

DLE% =
weight of loaded drug
weight of drug in feed

×100% (2)

The size and size distribution as well as zeta potential of the NPs were measured by dynamic
light scattering (DLS) (Malvern Zetasizer Nano ZS, Malvern, UK). The stability of NPs with different
pH value was measured through sizes by DLS too. Transmission electron microscopy (TEM) was
used to observe the morphology of NPs, using a JEM-100CX II instrument (JEOL LTD, Tokyo, Japan).
The samples were prepared by adding few drops of the nanoparticle dispersion on the TEM copper
grid. To examine the hemodynamic stability of the obtained CUR/DOX-h-PCEC@CRGDK NPs, we
suspended CUR/DOX-h-PCEC@CRGDK NPs in PBS (pH 7.4) containing 5% bovine serum albumin
(BSA) at 37 ◦C, and then the particle size change was monitored by DLS.
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The encapsulation stability of CUR in CUR/DOX-h-PCEC@CRGDK NPs and CUR loaded PCEC
NPs was comparatively studied by an ultrafiltration centrifugal tube. The CUR encapsulated NPs
were diluted in PBS pH 7.4 and 5.0 containing 10% methanol as solubilizer, and then stored for 0 h,
24 h, and 48 h. After being filtered using a Millipore Amicon Ultra-0.5 centrifugal filter (MWCO
≈ 10 kDa, Millipore Corp., Bedford, MA, USA), the UV absorption curves of the filtrate that were
collected at a different time were measured by UV-vis spectrophotometer. The changes in size of
CUR/DOX-h-PCEC@CRGDK NPs due to acid-triggered hydrolysis of hydrazone bonds were followed
by DLS. The NPs solutions in PBS pH 7.4 and 5.0 were prepared, and then the changes in NPs size at
37 ◦C were monitored in time by DLS.

2.4. In Vitro Drug Release

The release of drugs from the above NPs was studied using the dialysis method. 2 mL NPs
solution was added into a dialysis bag (MWCO = 3.5 kDa) and then placed in a glass tube containing
25 mL of PBS solution. Either DOX or CUR release from NPs (dual drug loaded formulation) was
investigated in PBS with different pH (pH = 6.5 and 7.4) or acetate buffer (pH = 5.0) containing 1%
v/v of Tween 80. The in vitro release was placed in incubator shaker under shaking (70 rpm) at 37
◦C. At the appropriate time intervals, 5 mL of the release medium was removed and replaced with
equivalent fresh medium. The amount of DOX (Retention time ≈ 5.6 min) and CUR (Retention time
≈ 11.2 min) was determined by HPLC as a gradient elution method. The cumulative drug release
percentage was calculated using the following equation:

Cr( %) =
Vt ∑n−1

1 Ci+V0Cn

mdrug
×100% (3)

where Cr is the cumulative release amount; mdrug was the amount of drug in the formations; V0

represented the whole volume of the release medium (V0 = 25 mL); Vt was the volume of the replaced
medium (Vt = 5.0 mL); and, Cn was the concentration of drug in the sample.

2.5. In Vitro Cell Uptake

The HUVEC cells and MCF-7/ADR cells were seeded into a 12-well plate at a density of 1.0 × 105

cells per well and were incubated at 37 ◦C for 24 h. After that, the cells were incubated with 50 nM
Lyso-Tracker Green and DAPI for 30 min and 60 min, respectively (MCF-7/ADR cells were only
incubated with DAPI). After washing three times with PBS, the cells were incubated with fresh
medium containing of several formulations: (A) free DOX; (B) free CUR; (C) physical mixture of DOX
and CUR; (D) DOX-h-PCEC NPs; and, (E) CUR/DOX-h-PCEC@CRGDK NPs. The concentration of
different NPs was at an equivalent DOX dosage of 10 μg/mL. After incubation for 4 h at 37 ◦C, the cells
were washed with PBS. The cellular uptake was visualized by confocal laser scanning microscope
(Leica Microsystems, Heidelberg, Germany). The gray value was used to achieve semi-quantitative
analyses by software Image-Pro Plus 6.0 (Media Cybernetics, Inc., Silver Spring, MA, USA).

2.6. In Vitro Cytotoxicity Study

MTT assay was performed to compare the cytotoxicity of free DOX, physical mixture of DOX
and CUR, and CUR/DOX-h-PCEC@CRGDK NPs against MCF-7/ADR cells. MCF-7/ADR cells were
seeded into the 96-well plates at 8000 cells per well, cultured in 100 μL complete dulbecco’s modified
eagle medium (DMEM) with the addition of DOX (1 μg/mL), and incubated at 37 ◦C with 5% CO2.
The supernatants were discarded, and the cells were washed twice with PBS (pH 7.4) after 24 h.
Free DOX, physical mixture of DOX and CUR, and CUR/DOX-h-PCEC@CRGDK NPs were put in the
wells for 24 h at a DOX concentration of 0.125, 1.25, 2.5, 5, 10, 20, 40 μg/mL, respectively. The culture
medium without DOX (PBS) was put in the wells for control groups. Then, 20 μL MTT dye (5 mg/mL)
was added. Then, the cells were incubated for 4 h at 37 ◦C and the medium was replaced by 150 μL
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DMSO to dissolve the resulting formazan crystals. The absorption was recorded at 570 nm using a
microplate reader (Thermo Scientific Varioskan Flash, Waltham, MA, USA). The experiments were
conducted in triplicate and the results were presented as the average ± standard deviation.

Cell viability rate (%) was calculated as the following Equation (4):

Cell Viability(%) =
I0−I1

I0
×100% (4)

I0 was the absorbance of the cells incubated with the culture medium. I1 was the absorbance
of the cells incubated with different formulations. The median inhibitory concentration (IC50) was
calculated using the software GraphPad Prism 5 (GraphPad software Inc., San Diego, CA, USA).

3. Results and Discussion

3.1. Preparation and Characterization of DOX-h-PCEC and CRGDK-PEG-PCL

The lyso/endosomal pH-sensitive macromolecular prodrug NPs derived from drug molecules
covalently conjugated to the polymer chains via a cleavable hydrazone can exhibit a variety of
superiorities over physical drug entrapment, such as improving total drug loading, minimizing drug
leakage during circulation, and intracellular rapid drug release, which have received tremendous
attention for cancer chemotherapy [46,49,50]. The block copolymers composed of PEG and PCL as
building block, in our opinion, should be one of the best choices for the construction of prodrug
and codelivery system, due to their adjustable amphiphilicity for self-assembly into NPs, excellent
biocompatibility and biodegradability, as well as stealth-shielding property of PEG [46,51,52].
Triblock copolymers PCL-PEG-PCL, i.e., PCEC, were selected in this study, offering one more
terminal group for conjugation of DOX, and thus increasing total drug payload. For preparing
hydrazone-linked DOX prodrug, the terminal hydroxyl groups of PCEC should be converted to
hydrazide moieties, and reacted with the ketonic groups of DOX to produce DOX-h-PCEC. In some
previous studies [46,53,54], hydrazine monohydrate was often used to activate the end groups of
polymer precursor. However, we found that the partial hydrolysis of PCEC will occur when hydrazine
monohydrate was used to activate PCEC. Thus, the hydrazide-functionalized PCEC was prepared
by the combinational activation of NPC and tert-butyl carbazate (Boc-NHNH2) and subsequent
deprotection by TFA (CF3COOH), as shown in Scheme 2. Finally, DOX-h-PCEC were obtained after
the reaction between the hydrazide groups of PCEC and the ketonic groups of DOX. The obtained
NPC-activated PCEC and hydrazide-functionalized PCEC as well as DOX-h-PCEC were characterized
by 1HNMR, as shown in Figure 1A. When compared with the 1HNMR spectrum of original PCEC,
no significant changes in the characteristic peaks corresponding to the PEG at about 3.6 ppm and
PCL moieties at about 1.0–2.2 ppm in the 1HNMR spectra of functionalized PCEC were observed.
Meanwhile, the characteristic NPC peaks at about 8.1–8.3 in the spectrum of NPC-activated PCEC
and the characteristic phenyl peaks of DOX at about 7.5–8.0 in the spectrum of DOX-h-PCEC can
be observed. These results indicated that the terminal functionalized PCEC and DOX-h-PCEC were
successfully obtained, simultaneously minimizing the PCEC hydrolysis. The peak intensities of
ethylene protons (at about 3.6 ppm) of the PEG and the phenyl hydrogen protons of DOX (at about
8.0 ppm) can be used to evaluate the conjugated DOX content in DOX-h-PCEC. The DOX content in
DOX-h-PCEC is about 15.2 wt % (the molar conjugation efficacy of DOX to PCEC chain is about 90%).
In addition, the appearance of a strong DOX absorption peak at about 490 nm in the UV spectrum of
DOX-h-PCEC indicated the successful conjugation of DOX to PCEC (Figure 1B). The UV peak intensity
also indicated that the conjugation efficacy of DOX on PCEC was about 90%, which was well consistent
with the result of 1HNMR data.

CRGDK-PEG-PCL was prepared by an efficient maleimide-thiol reaction between thiol group of
CRGDK and maleimide group of Mal-PEG-PCL at room temperature. To confirm the coupling between
CRGDK and Mal-PEG-PCL, 1HNMR was first used to analyze the product. As shown in Figure 2A,
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in addition of the characteristic peaks corresponding to the PEG at about 3.6 ppm and PCL moieties
at about 1.0–2.2 ppm, the 1HNMR spectrum of CRGDK-PEG-PCL shows the characteristic peaks
corresponding to the CRGDK segment in the range of 6.5–9.0 ppm, indicating the coupling between
PEG-PCL polymer chain and the CRGDK moiety. To further confirm the conjugation reaction, GPC
was used to analyze the product. Both Mal-PEG-PCL and CRGDK-PEG-PCL possess a monomodal
molecular weight distribution and low polydispersity. When compared to Mal-PEG-PCL, the curve of
the conjugated product shifted to a lower retention time, indicating an increase in molecular weight,
and thus demonstrating the successful conjugation of CRGDK to Mal-PEG-PCL.

Scheme 2. Synthetic route of DOX-h-PCEC.

Figure 1. Characterization of DOX-h-PCEC. (A) 1HNMR spectra of PCEC in CDCl3 (I), NPC-activated
PCEC in CDCl3 (II), Hydrazide-functionalized PCEC in CDCl3 (III) and DOX-h-PCEC in DMSO-d6 (IV);
(B) UV spectra of PCEC (0.3 mg/mL), DOX (50 μg/mL), and DOX-h-PCEC (0.3 mg/mL) in DMSO.
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Figure 2. Characterization of CRGDK-PEG-PCL. (A) 1HNMR spectra of Mal-PEG (I), Mal-PEG-PCL
(II) and CRGDK-PEG-PCL (III) in DMSO-d6; (B) gel permeation chromatography (GPC) curves of
Mal-PEG-PCL and CRGDK-PEG-PCL in DMF.

3.2. Preparation and Characterization of CUR/DOX-h-PCEC@CRGDK NPs

The coassembly of two or more components has demonstrated to be a simple and efficient
method to construct well-defined nanostructures with diverse structures, morphologies, and functions
towards applications in drug delivery [26,55–58]. In addition, this strategy was also considered to
be effective approach to ratiometrically control multidrug loading [19,26,56,57]. The amphiphilic
DOX-h-PCEC and CRGDK-PEG-PCL cannot only self-assemble into NPs, but also coassemble into
nanoformulations together with or without additional hydrophobic drugs. Apparently, the integration
of DOX-h-PCEC as drug vector model, CRGDK-PEG-PCL as active targeting model and appropriate
amount of hydrophobic CUR as MDR modulator model, via coassembly approach, will generate
CUR/DOX-coloaded, CRGDK-targeted, and MDR-inhibited combinational drug delivery. A series
of DOX, CUR, and CUR/DOX loaded NPs were successfully prepared by ratiometric coassembly
of a different model. Their physicochemical properties were characterized in detail, as shown in
Table 1. In our experimental condition, the results showed that all CUR/DOX-h-PCEC@CRGDK
NPs showed remarkably higher encapsulation efficiencies toward CUR, especially at a relatively
low CUR dose in feed solution. Even in the case of high CUR dose in feed solution (about 20%),
the DLE of CUR/DOX-h-PCEC@CRGDK NPs is about 71.4%, which is much higher than that of CUR
loaded CRGDK-PEG-PCL. These phenomena should be ascribed to the combination of hydrophobic
interaction between PCL and CUR with strong intermolecular π−π stacking action of DOX benzene
in DOX-h-PCEC and CUR [34,59,60]. Moreover, as shown in the Table 1, the DLC of CUR in
CUR/DOX-h-PCEC@CRGDK NPs can be ratiometrically controlled in a dose-depended manner.
In addition, the results indicated that all of the DOX, CUR, and CUR/DOX loaded NPs by modular
coassembly had low PDI of 0.11−0.23 and particle sizes ranging from 95 ± 6 to 135 ± 11 nm, depending
on the NPs composition and CUR loading levels.
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Table 1. Characterizations of DOX, CUR, and CUR/DOX loaded NPs by modular coassembly.

Samples
Weight Ratio in Feed Solution

(DOX-h-PCEC:CRGDK-PEG-PCL:CUR)
Size a (nm) PDI a DLC of

CUR (%)
DLE of

CUR (%)

DOX
Content b

(wt %)

CUR
Content c

(wt %)

I d 90:10:0 115 ± 3 0.16 - - 13.7 0

II 90:10:1 114 ± 5 0.11 0.93 92.7 13.7 0.92
III 90:10:2 108 ± 3 0.12 1.82 91.1 13.7 1.79
IV 90:10:5 110 ± 5 0.10 4.45 88.9 13.7 4.26
V 90:10:10 98 ± 3 0.11 8.07 80.7 13.7 7.45
VI 90:10:20 105 ± 7 0.17 14.28 71.4 13.7 12.50

VII e 100:0:0 118 ± 5 0.19 - - 15.2 0

VIII f 100:0:10 95 ± 6 0.15 8.23 82.3 15.2 7.61

IX g 0:100:10 135 ± 11 0.23 3.76 37.6 0 3.62

a Determined by DLS; b Calculated by the ratio of the weight of conjugated DOX to the total weight of DOX-h-PCEC
and CRGDK-PEG-PCL in feed; c Calculated by the ratio of the weight of encapsulated CUR to the weight of NPs;
d Sample I is DOX-h-PCEC@CRGDK NPs; e Sample VII is DOX-h-PCEC NPs; f Sample VIII is CUR/DOX-h-PCEC
NPs; g Sample IX is CUR loaded CRGDK-PEG-PCL NPs.

Typically, the CUR/DOX-h-PCEC@CRGDK NPs prepared by ratiometric coassembly of
DOX-h-PCEC, CRGDK-PEG-PCL and CUR at a predetermined dose ratio (90:10:10, w/w/w), unless
specifically indicated, were further characterized for their properties and performances. As shown in
Figure 3A,B, CUR/DOX-h-PCEC@CRGDK NPs exhibited spherical morphology with a uniform
size distribution. Figure 3C indicated that the CUR/DOX-h-PCEC@CRGDK NPs displayed a
neutral zeta potential of 0.41 ± 0.12 mV, which should be conductive to avoid NPs being cleared
by kidneys infiltration. The variation of particle size in BSA-containing PBS was often used to
reflect the hemodynamic stability of nanocarriers. The size change as a function of incubation
time for CUR/DOX-h-PCEC@CRGDK NPs in PBS of pH 7.4 with 5% BSA at 37 ◦C is shown in
Figure 3D. No significant variation was observed during the entire time of observation. It indicated
no occurrence of particle aggregation, and thus high colloidal stability. The good stability can be
ascribed to that the steric stabilization of PEG shell. Figure 3E further indicated the physical stability
of CUR/DOX-h-PCEC@CRGDK NPs at pH 7.4, as no any significant variation of particle size was
observed over 24 h at pH 7.4. However, under otherwise the same conditions, the considerable
expansion of NPs at pH 5.0 was observed. The hydrazone bonds between PCEC and DOX could be
specifically hydrolyzed in the acidic environment, which would lead to the disassembly of NPs and
the acceleration of the drug release. In addition, the conjugation of drug molecules to the PCL chain
has been proven to be able to disturb the PCL chain regularity, hereby decreasing the crystallization of
the PCL segments and enhancing the acid-triggered disassembly of NPs with PCL as the core-forming
block [46,47]. The CUR/DOX-h-PCEC@CRGDK NPs were incubated in different pH media for a
predetermined time, followed by filtration through an Amicon ultrafilter to collect the released CUR.
The corresponding CUR loaded CRGDK-PEG-PCL NPs were tested in parallel as a control group. It was
found that a significantly lower amount of CUR was leaked out of the CUR/DOX-h-PCEC@CRGDK
NPs as compared to the CUR loaded CRGDK-PEG-PCL NPs at pH 7.4 (Figure 3F). Their higher
capability to effectively retain encapsulated CUR indicated the greater stabilization due to the formation
of stronger interaction, i.e., intermolecular π−π stacking action between DOX and CUR in inner
hydrophobic core of CUR/DOX-h-PCEC@CRGDK NPs. However, under acidic condition (pH 5.0),
higher UV intensity assigned to the leakage of CUR (440 nm), and DOX (>500 nm) were observed,
further demonstrating the pH-sensitiveness of CUR/DOX-h-PCEC@CRGDK NPs. The results also
confirmed that the acid-enhanced hydrolysis of the hydrazone linkage could cause rapid and
simultaneous release of DOX and CUR. Apparently, the simultaneous corelease of DOX and CUR
in response to the tumor intracellular acidic microenvironment is highly desirable for the effective
treatment of cancer.
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Figure 3. Characterizations of CUR/DOX-h-PCEC@CRGDK NPs. (A) TEM image; (B) size histogram;
(C) Zeta potential at pH 7.4; (D) Hemodynamic stability in pH 7.4 PBS containing 5% BSA at
37 ◦C; (E) Size changes of NPs incubated in PBS of pH 7.4 and pH 5.0; (F) CUR leakage from
CUR/DOX-h-PCEC@CRGDK NPs (solid line) and CUR loaded CRGDK-PEG-PCL NPs (dashed line)
incubated in PBS of pH 7.4 and pH 5.0 containing 10% methanol as solubilizer; The leaked CUR
samples were diluted 10 times by same incubation solution.

3.3. In Vitro Drug Release

The in vitro release profiles of DOX and CUR from CUR/DOX-h-PCEC@CRGDK NPs and
CUR/DOX coloaded PCEC NPs as control were comparatively studied at 37 ◦C at pH 7.4
(the extracellular pH of normal tissue), 6.5 (the extracellular environment of tumor tissues), and 5.0
(lyso/endosomal environment of tumor cells) using a dialysis method, as shown in Figure 4. Both the
release rate of DOX and CUR from CUR/DOX coloaded PCEC NPs at pH 7.4 was relatively low,
parallel to each other throughout the study (Figure 4A,C). Only approximately 15% of drug was
released from PCEC NPs within 24 h. With the decrease of the pH values, no marked change for CUR
release from PCEC NPs (Figure 4C). However, when compared with the CUR release from PCEC NPs,
the release of DOX from PCEC NPs was slightly accelerated at pH 6.5 and pH 5.0, which may be due
to the improved solubility of DOX because of DOX protonation in acidic media. The effects of pH
values on the in vitro release behaviors of DOX from CUR/DOX-h-PCEC@CRGDK NPs are shown in
Figure 4B. A significantly pH-dependent release profile was observed. The release of conjugated DOX
from CUR/DOX-h-PCEC@CRGDK NPs was very low, at pH 7.4. Only approximately 6% of DOX was
released at 24 h, which was much lower than DOX release from PCEC NPs (about 15%). These results
can be due to the high stability of hydrazone bonds between DOX and polymers under physiological
conditions (pH 7.4). However, the release rate of DOX was significantly increased at acidic pH
values. The DOX was released about 58.6% at pH 6.5 and 78.2% at pH 5.0 within 24 h, respectively.
The significant increase in DOX release can be attributed to the combination of acid-induced hydrolysis
of hydrazone bond, accelerated disassembly of NPs, and enhanced solubility of DOX in acidic media.
Similarly, a pH-controlled release profile of CUR from CUR/DOX-h-PCEC@CRGDK NPs was observed
(Figure 4D). The CUR release rate was significantly faster at pH 6.5 and 5.0. About 70% of the CUR
was released from CUR/DOX-h-PCEC@CRGDK NPs within 24 h. The significant increase in CUR
release under acidic conditions can be ascribed to that the pH-induced hydrolysis of hydrazone bond
can cause the swelling and disassembly of CUR/DOX-h-PCEC@CRGDK NPs, as demonstrated in
Figure 3E,F, facilitating the diffusion and release of CUR. These results further indicated that the
simultaneous corelease of DOX and CUR by acid-triggered degradation of prodrug and subsequent
disassembly of NPs occurred, which will be desirable to maximize the synergistic effect of DOX and
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CUR within the tumor cells. In sum, CUR/DOX-h-PCEC@CRGDK NPs presented pH-dependent
DOX and CUR corelease behaviors, which should be beneficial for tumor treatment. Most of DOX and
CUR will remain in NPs for a considerable length of time at normal physiological conditions (pH 7.4).
However, both the loaded DOX and CUR will be rapidly and simultaneously released due to the acidic
environment in lyso/endocytic compartments (pH 5.0−6.5) after uptake by tumor cells.

Figure 4. In vitro drug release profiles. (A) DOX release from CUR/DOX coloaded PCEC NPs; (B) DOX
release from CUR/DOX-h-PCEC@CRGDK NPs; (C) CUR release from CUR/DOX coloaded PCEC NPs;
(D) CUR release from CUR/DOX-h-PCEC@CRGDK NPs;.

3.4. In Vitro Cell Uptake

Efficient and selective cellular uptake of therapeutic drugs plays a key role in improving
chemotherapy efficacy and decreasing side effects. Neuropilin-1 is overexpressed in many human
cancer cells, providing a useful targeting site for tumor-specific drug delivery [41–45]. In this
study, the cellular uptake of free DOX, DOX-h-PCEC NPs, and CUR/DOX-h-PCEC@CRGDK NPs
was monitored by confocal laser scanning microscope in Neuropilin-1 overexpressed HUVEC cells.
DAPI was used to label nucleus (blue) and Lyso-Tracker was applied to label lysosomes (green).
As shown in Figure 5A, the red signals, due to the intrinsic fluorescence of DOX, were clearly
observed in the cytoplasm and nuclei of the treated HUVEC cells, indicating the rapid passive
diffusion of free DOX and effective endocytosis of DOX-loaded NPs. Further inspection of Figure 5A
shows that, for the cells after 4 h of incubation with free DOX, the relative weak fluorescence was
observed in the cytoplasm of cells, indicating that the DOX molecules successfully entered the
cells, but mainly accumulated in the cytoplasm. By contrast, when the cells were incubated with
DOX-loaded NPs, the fluorescence mainly appeared in the proximity of cellular nuclei. When compared
with fluorescence intensity in the cells that were treated with DOX-h-PCEC NPs, the detected
fluorescence in the cells treated with CUR/DOX-h-PCEC@CRGDK NPs was much higher in the
nuclei. Apparently, significantly enhanced cellular uptake and considerably increased nucleus
localization were confirmed in HUVEC cells that were incubated with CUR/DOX-h-PCEC@CRGDK
NPs. Moreover, as a measurement of fluorescence intensity of DOX, the gray value for images, as a
gross approximation, was determined using the image analysis software (Figure 5B). The results of
measuring fluorescence intensity based on average gray value also demonstrated that both the cell
uptake and nucleus localization of CUR/DOX-h-PCEC@CRGDK NPs were much higher than that
of free DOX and DOX-h-PCEC NPs without CRGDK. These results definitely revealed that CRGDK
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surface decorated CUR/DOX-h-PCEC@CRGDK NPs possess significantly improved binding activity
with Neuropilin-1 overexpressing cancer cells, and thus can exploit the efficient receptor-mediated
endocytosis to achieve cell-specific drug delivery.

Figure 5. Selective cellular uptake. (A) Representative fluorescence microscopy images of Neuropilin-1
overexpressed human umbilical vein endothelial cells (HUVEC) cells incubated with free DOX,
DOX-h-PCEC NPs, and CUR/DOX-h-PCEC@CRGDK NPs at equivalent DOX concentration of
10 μg/mL for 4 h; (B) Average gray value as a criterion to compare the red fluorescent intensity
in different images.

3.5. Intracellular Synergistic Corelease and Cytotoxicity

As is well known, the MDR cells possess drug efflux abilities by overexpressing P-gp, presenting
a critical challenge to effective cancer therapy [5,8]. In the present study, to verify whether
CUR/DOX-h-PCEC@CRGDK NPs enabled cells to overcome MDR by synergistic corelease of DOX and
CUR to inhibit P-gp overexpression, we applied the intrinsic fluorescence of DOX and CUR to carry
out a comparative analysis of intracellular drug localization in the drug-resistant MCF-7/ADR cells
treated with free DOX, free CUR, DOX+CUR (1.0:1.0, w/w), and CUR/DOX-h-PCEC@CRGDK NPs.
As shown in Figure 6A, no obvious intracellular accumulation of DOX within the MCF-7/ADR cells
treated with free DOX was observed, presumably due to a powerful MDR effect. It can be seen that the
DOX + CUR group exhibited higher intracellular DOX accumulation than free DOX group, confirming
that CUR can facilitate DOX uptake into MCF-7/ADR cells. More importantly, the results in Figure 6A
clearly showed that, in comparison with free DOX and DOX+CUR group, significantly stronger
DOX and CUR fluorescence appeared within the cells treated by CUR/DOX-h-PCEC@CRGDK NPs.
Notably, CUR/DOX-h-PCEC@CRGDK NPs can significantly increase the cellular uptake of both DOX
and CUR in MCF-7/ADR cells, which can be attributed to the effective internalization because of the
active targeting effect of CRGDK and efficient intracellular corelease due to the acid-triggered cleavage
of hydrazone. In addition, these results not only suggested that the CUR/DOX-h-PCEC@CRGDK
NPs can synergistically and simultaneously corelease DOX and CUR, but also confirmed that the
nanoparticulate codelivery of DOX and CUR can more effectively inhibit the overexpression of P-gp
and thus reverse the MDR, finally increasing the intracellular accumulation and retention of DOX.

To demonstrate the in vitro anticancer activity of CUR/DOX-h-PCEC@CRGDK NPs, we tested
the cell cytotoxicity of free DOX, DOX+CUR (1.0:1.0, w/w), and CUR/DOX-h-PCEC@CRGDK NPs
against MCF-7/ADR cells. All of the formulations gradually increased their cell cytotoxicity with
the increase of concentrations. However, MCF-7/ADR cells showed the lowest sensitivity to the
treatment with free DOX. The half-maximal inhibitory concentration (IC50) value of free DOX was
measured to be about 34.7 μg/mL. The relatively high IC50 should be due to that MCF-7/ADR
cells were highly resistant to DOX. However, DOX+CUR group had a much higher cytotoxicity to
MCF-7/ADR cells (IC50 = 12.1 ± 0.7 μg/mL) than free DOX, due to the chmosensitization effect on
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MDR reversal of CUR, as mentioned above. In particular, the CUR/DOX-h-PCEC@CRGDK NPs
presented remarkably high cytotoxicity against MCF-7/ADR cells, as their IC50 value was considerably
decreased to 4.1 ± 0.2 μg/mL.

The CUR/DOX-h-PCEC@CRGDK NPs effectively corelease the encapsulated chemotherapeutic
drug and chemosensitizer, thus achieving an enhanced cytotoxicity against MCF-7/ADR cells.
These results further confirmed the excellent capability of CUR/DOX-h-PCEC@CRGDK NPs
for efficient tumor targeting delivery and intracellular synergistic corelease to modulate the
drug resistance.

Figure 6. Intracellular synergistic corelease and cytotoxicity. (A) Representative fluorescence
microscopy images of Adriamycin resistant MCF-7/ADR cells with free DOX, free CUR, physical
mixture of DOX and CUR (1.0:1.0, w/w), and CUR/DOX-h-PCEC@CRGDK NPs at equivalent DOX
concentration of 10 μg/mL for 4 h; (B) Cytotoxicity of free DOX, physical mixture of DOX and CUR
(1.0:1.0, w/w), and CUR/DOX-h-PCEC@CRGDK NPs to MCF-7/ADR cells.

4. Conclusions

In this work, we applied a modular coassembly of acid-cleavable PEGylated polymeric
prodrug, tumor cell-specific targeting peptide, and natural chemosensitizer to construct an all-in-one
multifunctional multidrug delivery system (CUR/DOX-h-PCEC@CRGDK NPs) for the synergistic
codelivery of DOX and CUR. The CUR/DOX-h-PCEC@CRGDK NPs were demonstrated to be able
to ratiometrically load DOX and CUR, allow for long circulation, enter the cells via CRGDK-receptor
mediated tumor targeting, as well as realize tumor intracellular responsive and simultaneous corelease
of DOX and CUR, thus effectively reversing the MDR through inhibiting P-gp expression. We believe
that the design presented here can provide a facile and robust nanoplatform for targeted multidrug
codelivery to maximize synergistic effects, thus exhibiting great potential for future applications in the
combinatory cancer therapy.
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Abstract: Southern root-knot nematode (Meloidogyne incognita) is a biotrophic parasite, causing
enormous loss in global crop production annually. Abamectin (Abm) is a biological and high-efficiency
pesticide against Meloidogyne incognita. In this study, a powerful method, flash nanoprecipitation (FNP),
was adopted to successfully produce Abm-loaded nanoparticle suspensions with high drug loading
capacity (>40%) and encapsulation efficiency (>95%), where amphiphilic block copolymers (BCPs)
poly(lactic-co-glycolic acid)-b-poly(ethylene glycol) (PLGA-b-PEG), poly(D,L-lactide)-b-poly(ethylene
glycol) (PLA-b-PEG), or poly(caprolactone)-b-poly(ethylene glycol) (PCL-b-PEG) were used as the
stabilizer to prevent the nanoparticles from aggregation. The effect of the drug-to-stabilizer feed
ratio on the particle stability were investigated. Moreover, the effect of the BCP composition on the
morphology of Abm-loaded nanoparticles for controlling Meloidogyne incognita were discussed. Notably,
spindle-like nanoparticles were obtained with PCL-b-PEG as the stabilizer and found significantly
more efficient (98.4% mortality at 1 ppm particle concentration) than spherical nanoparticles using
PLGA-b-PEG or PLA-b-PEG as the stabilizer. This work provides a more rapid and powerful method
to prepare stable Abm-loaded nanoparticles with tunable morphologies and improved effectiveness for
controlling Meloidogyne incognita.

Keywords: Meloidogyne incognita; Abamectin; flash nanoprecipitation; amphiphilic block copolymers;
spindle-like nanoparticles

1. Introduction

Plant-parasitic nematodes are one of the major agricultural pests worldwide, which have caused
in excess of $157 billion in global crops damage annually [1]. Nematodes show a wide variety of
interactions with their hosts, among which parasitic worms never enter the host and simply migrate
through the soil, using roots as an ephemeral food source [2]. In particular, the root-knot nematodes
(Meloidogyne incognita) are biotrophic parasite that draw nutrition from the root of hosts with a rich
food source for several weeks, causing premature death of the host and reducing crop yields [3].

Nanomaterials 2018, 8, 449; doi:10.3390/nano8060449 www.mdpi.com/journal/nanomaterials99
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Traditionally, plants are grown in the soil in which Meloidogyne incognita have been controlled through
the use of synthetic nematicides, such as fumigant nematicides [4]. Nevertheless, the use of these types
of pesticides is undesirable due to problems of residual toxicity, environmental pollution, and public
health hazards, etc. Alternative non-fumigant nematicides have been used [5], but they are inefficient
in the control of root-knot nematodes because of their rapid degradation by soil microorganisms after
repetitive use [6]. One biological and high-efficiency non-fumigant nematicide, Abamectin (Abm),
has been widely used to control Meloidogyne incognita since the early 1980s [7]. However, one basic
and formidable problem of Abm is its low solubility in water. In many cases, it is applied in the form
of oil in water emulsion [8], which shows limited steady shelf time and binds to organic contents in
crops. Another drawback of Abm is its degradation by photo-oxidation [9]. As a result, in practical
application, most of the applied Abm is lost because of degradation under UV irradiation. Hence,
Abm’s dose is always increased to ensure efficacy, which results in increased costs and environmental
pollution [10,11].

Nowadays, the rapid development of nanotechnology presents a new way to improve the
performances of conventional pesticide formulations through the construction of nanotechnology-
based agricultural systems such as the drug-carrier and a controllable drug targeting and releasing
system [12–20]. Recently, there have been many types of nanomaterials for these nanotechnology-based
systems, such as Ag-based nanocomposite structure for antibacterial [21], MoS2 nanosheets
nanostructures for targeted chemotherapy [22], and amphiphilic block copolymers (BCPs) for
stabilizing drugs. Generally, drug molecules can be encapsulated inside the formed nanoparticles by
using biocompatible nanomaterial BCPs as the carrier and stabilizer to enhance the drug stability and
bioavailability. The resulted drug-loaded nanoparticles are able to protect the Abm against degradation,
control the release rate, and prolong the duration of efficacy of Abm pesticide formulations [23–25].

Flash nanoprecipitation (FNP) is a simple and generic method to rapidly construct nanosized
drug-loaded particles by copolymer-directed assembly [26,27]. FNP involves rapid micromixing of
organic solutions of the hydrophobic drug and BCP with water (anti-solvent) in a multi-inlet vortex
mixer (MIVM) to create high supersaturations of the drug in milliseconds, and then rapidly form the
hydrophobic core (drug) in the mixed solvent. These hydrophobic cores are subsequently stabilized
and protected from aggregation by the BCP [28–31], as illustrated in Figure 1a. The FNP method
has been demonstrated to be powerful for the preparation of drug-loaded nanoparticles with high
drug-loading capacity, relatively narrow size distribution, and tunable nanometer particle size [32–34].
In FNP, the drug-loaded nanoparticles with spherical morphology using BCP as the stabilizer have
been extensively studied both experimentally and theoretically. However, drug-loaded particles
with non-spherical nanostructure obtained by FNP methods are seldom reported, although these
particles have attracted increasing attention in biological field thanks to their unique features and
properties, including longer blood circulation time, better motions under flow conditions, and stronger
adhesiveness to the biological substrate [35,36]. Therefore, further study into FNP for a preparation
method capable of controlling the morphology of drug-loaded nanoparticles is still needed.

In this study, Abm-loaded nanoparticles suspensions with excellent stability were generated via
FNP. Three biocompatible BCPs, poly(lactic-co-glycolic acid)-b-poly(ethylene glycol) (PLGA-b-PEG),
poly(D,L-lactide)-b-poly(ethylene glycol) (PLA-b-PEG), and poly(caprolactone)-b-poly(ethylene glycol)
(PCL-b-PEG) with a molecular weight of 10k-b-5k were chosen as the stabilizers. The Abm-to-stabilizer
feed ratio was optimized, and Abamectin loading capacity and encapsulation efficiency were evaluated.
Spherical and spindle-like morphologies were observed for the obtained Abm-loaded nanoparticles
(NPs) by FNP (FNP-NPs). The toxicity of Abm-loaded nanoparticles with these two morphologies on
Meloidogyne incognita was investigated.
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Figure 1. (a) Illustration of the preparation of Abamectin (Abm)-loaded nanoparticles by flash
nanoprecipitation. (b–d) Morphology of Abm-loaded nanoparticles with different stabilizers: poly(lactic-
co-glycolic acid)-b-poly(ethylene glycol) (PLGA-b-PEG) (b), poly(D,L-lactide)-b-poly(ethylene glycol)
(PLA-b-PEG) (c), and poly(caprolactone)-b-poly(ethylene glycol) (PCL-b-PEG) (d). (e) Biological assay of
Abm-loaded nanoparticles to Meloidogyne incognita. THF = tetrahydrofuran.

2. Materials and Methods

2.1. Materials

Abamectin (95.5%) was supplied by Hebei Veyong Bio-Chemical Co., Ltd. (Shijiazhuang, China).
Poly(lactic-co-glycolic acid)-b-poly(ethylene glycol) (PLGA-b-PEG, 10k-b-5k) and poly(D,L-lactide)-b-
poly(ethylene glycol) (PLA-b-PEG, 10k-b-5k) were purchased from Jinan Daigang Biomaterial Co.,
Ltd. (Jinan, China); ε-Caprolactone (ε-CL), stannous octoate, anhydrous toluene, and monomethoxy
poly(ethylene glycol) (MW = 5000) were purchased from Sigma-Aldrich; diethyl ether was purchased
from Shanghai Tianlian Fine Chemical Co., Ltd. (Shanghai, China), and tetrahydrofuran (THF) was
purchased from Beijing Chemical Reagents Company (Beijing, China). Poly(caprolactone)-b-poly(ethylene
glycol) (PCL-b-PEG, 10k-b-5k) was synthesized according to a previously reported method [32].

A population of root-knot nematodes (Meloidogyne incognita) was originally obtained from a
greenhouse in the Beijing Academy of Agriculture and Forestry, Beijing, China.

2.2. Preparation of Abm-Loaded Nanoparticles

Abm-loaded nanoparticles were prepared by FNP method using a four-stream MIVM (Figure 1a).
The amphiphilic block copolymer (PLGA-b-PEG, PLA-b-PEG, or PCL-b-PEG; 10k-b-5k) and Abamectin
were dissolved in THF. Different drug-to-stabilizer feed ratios (weight) were used: 1:10, 2.5:10, 7.5:10,
and 10:10. Solutions of Abm and BCP in THF (streams 1 and 2, 25 ◦C) were fed at the same flow
rate (12 mL/min) along with two other deionized water streams (streams 3 and 4, 25 ◦C) both at a
flow rate of 24 mL/min into the MIVM. The corresponding Reynolds number (Re) was calculated to
be 5962, which is within the turbulent flow region with better mixing. The concentrations of Abm
were 1, 2.5, 7.5, or 10 mg/mL, and the BCP concentration was fixed at 10 mg/mL. It is important
to note that the concentrations of Abm and BCP in final nanoparticle solution was decreased due to
the merging of the four streams. In addition, the morphology of FNP-NPs was strongly influenced
by the glass transition temperature (Tg) of the BCP used, which affects the assembly of BCP on
the hydrophobic core (drug) during FNP, and a low Tg could result in non-spherical nanoparticles
under the millisecond mixing conditions of FNP [33]. In order to investigate the potential of FNP to
form Abm-loaded nanoparticles with non-spherical morphologies, we used different BCPs with an
appropriate hydrophilic to hydrophobic block molecular weight ratio.
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2.3. Characterization

Particle size and size distribution were measured by dynamic light scattering (DLS) with a
ZetasizerNano ZS90 (Malvern Instruments, Malvern, UK). The light intensity correlation function
was collected at 25 ◦C with a scattering angle of 90◦. The values obtained were averaged from three
duplicates. Nanoparticle morphology was observed by transmission electron microscopy (TEM)
(Hitachi HT7700, Hitachi Ltd., Chiyoda-ku, Japan) with an acceleration voltage of 80 kV. The samples
were prepared by dripping the fresh solution onto carbon-coated copper grids and then dried overnight
at room temperature. The amount of drug loaded in nanoparticles was determined by drug absorption
at 245 nm using high performance liquid chromatography (HPLC) (Aglient 1260, Santa Clara, CA,
USA) with a C18 column (5 μm, 4.6 mm × 150 mm, Aglient, Santa Clara, CA, USA) and a 245-nm
UV detector.

2.4. Drug Loading Capacity (DLC) and Encapsulation Efficiency (EE)

To determine the DLC and EE of Abm in Abm-loaded nanoparticles, the nanoparticle solutions
with a known volume (~5 mL) were dialyzed for 24 h using a dialysis bag (molecular weight cut off:
8-14 kDa), and the Milli-Q water was changed six times to remove the organic solvent down to a barely
detectable level (i.e., <0.008 v/v %). For each change of Milli-Q water, the volume of water in the
dialysis bag was slightly increased. After removal of the free Abm and residual organic solvent by
dialysis, Abm concentration was examined by HPLC at 245 nm. The solution was diluted by methanol
and filtered through a 0.2-μm filter prior to HPLC analysis. Then, the DLC and EE of Abm-loaded
nanoparticles were calculated according to the following equations:

DLC(%) =
Total mass of loaded Abamectin

Total mass of nanoparticles
× 100

EE(%) =
Total amount of loaded Abamectin
Total amount of Abamectin added

× 100

The samples after dialysis were packed in glass tubes which were then stored at 0 ◦C for 7 days or
54 ◦C for 14 days, and the changes in DLC in the Abm-loaded nanoparticles were studied.

2.5. Biological Assay

All juveniles were hatched in a sieve (mesh number 500) at 28 ◦C for 3 days, and then juveniles
were collected and used in the following experiments.

The nematicidal efficacy of Abamectin against Meloidogyne incognita was determined in aqueous
tests. Abamectin nanoparticle suspensions formulations (1, 0.5, 0.25, 0.125, and 0.0625 mg/L) were
prepared by diluting the nanoparticle solution directly obtained from FNP with sterile water, and pure
sterile water was used as the control. Then, 0.5 mL of the resulting solution and 0.5 mL of root-knot
nematodes juveniles (containing an average of 50 juveniles) were added to each well of a 24-well
plate, respectively. Well plates were wrapped and kept at 28 ◦C. After 24 h, the relative percentages
of the motile and immotile juveniles were evaluated by observation under a microscope (Olympus,
Tokyo, Japan) three times. Each experiment had four duplicates and the final results were obtained
by averaging.

3. Results and Discussion

3.1. Effect of BCP on Size and Morphology of Abm-Loaded Particles

An important finding associated with BCP is that they have the potential to control the particle
morphology and size when they assemble on the particle core (drug). Most of the Abm-loaded particles
reported have spherical morphology, which is most likely to occur [23,37,38]. For many applications,
however, non-spherical structures are desired, making it important to control the particle morphology.
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Focusing on preparing non-spherical particles, we found that the particle morphology can be
controlled by using different BCPs as the stabilizer in FNP. Figure 2a,b show the typical TEM images
of the prepared Abm-loaded nanoparticles using PLGA-b-PEG and PLA-b-PEG as stabilizers by FNP,
respectively. The morphology of these particles is perfectly spherical and the particle size distribution
is narrow, which is favorable for improving the dispersion, adhesion, and permeability of pesticides
to target crops as a pesticide carrier [39]. Interestingly, as the BCP was changed to PCL-b-PEG,
spindle-like particles were obtained (Figure 2c). The resulting nanoparticles have a long axis length
ranging in 190–210 nm and a short axis length ranging in 70–80 nm instead of a normal spherical
structure. Our observation of spindle-like Abm-loaded particles is an important finding because it
is the first demonstration that the non-spherical drug-loaded particles are produced through FNP
method. This finding also confirms that the spindle-like shape of PCL-b-PEG stabilized Abm-loaded
nanoparticles due to the lower Tg of the hydrophobic PCL block, which causes the larger degree of
stretching of the poly(caprolactone) (PCL) block. Meanwhile, the degree of stretching of the PCL
block is too high to support the spherical morphology [40], leading to spindle-like morphology of the
FNP-NPs. In addition, it is noteworthy that the edges of the nanoparticles were not smooth. This may
be due to the presence of poly(ethylene glycol) (PEG) blocks which could affect the folding of the PCL
chain [41]. Changes in drug-loaded particle shape could significantly change the drug release behavior,
as suggested in the literature [42]. Thus, the relevance of spherical and non-spherical morphologies of
Abm-loaded FNP-NPs and their nematicidal activity will be discussed in detail in a later section.

Figure 2. TEM photographs of Abm-loaded nanoparticles prepared using (a) PLGA-b-PEG,
(b) PLA-b-PEG, and (c) PCL-b-PEG as the stabilizer, respectively. The insets are the corresponding
schematic diagrams.

Figure 3 displays the average size (diameter) and size distribution of the prepared Abm-loaded
particles when different BCPs were used as the stabilizer. It can be seen that the three kinds of FNP-NPs
all had relatively narrow size distribution, validating the superiority of FNP. Meanwhile, it can be
seen that PCL-b-PEG stabilized nanoparticles have smaller average sizes (72 nm) than those stabilized
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by PLGA-b-PEG or PLA-b-PEG (with an average size 414 or 314 nm). The most likely reason is that
PCL, the hydrophobic block, has a much lower Tg (about −60 ◦C), making the BCP chain softer.
Consequently, the drug is wrapped very rapidly, hindering the further growth of the drug nuclei
and resulting in a smaller particle size. In contrast, PLGA-b-PEG and PLA-b-PEG have hydrophobic
blocks with much higher Tg values (about 39 ◦C and 34 ◦C for poly(lactic-co-glycolic acid) (PLGA) and
poly(D,L-lactide) (PLA), respectively) [43,44]. Thus the chains of these two BCPs are not flexible enough
to encapsulate the drug nuclei in time before it grows larger, leading to much larger particle sizes.

Meanwhile, as suggested in the literature, smaller sizes (with large surface-volume ratios) could
provide better performance, such as easy attachment and unique optical properties [45]. Therefore,
the small spindle-like Abm-loaded nanoparticles obtained in our work could have higher potential in
the control of Meloidogyne incognita (which will be validated in a later section).

Figure 3. Particle size and size distribution of Abm-loaded nanoparticles prepared using PLGA-b-PEG
(black), PLA-b-PEG (blue), and PCL-b-PEG (red) as the stabilizer, respectively. The mean diameters
derived from the Gaussian fits (solid lines) are 414, 314, and 72 nm, respectively.

3.2. Effect of Abm-to-Stabilizer Feed Ratio on Particle Stability

The dependence of particle size on feed ratio (weight) of Abm-to-stabilizer was exploited to
optimize the particle stability which could be indicated by the change of particle size over time
(the change of drug loading capacity along with time will be discussed in a later section). Abm-loaded
nanoparticles prepared with different Abm-to-stabilizer feed ratios and with PLGA-b-PEG, PLA-b-PEG,
or PCL-b-PEG as the stabilizer were stored at room temperature, and their particle size was monitored
at defined time intervals. As shown in Figure 4 (with PLGA-b-PEG as the stabilizer), a feature that we
saw for all the nanoparticles in the first three days was the “anti-Ostwald” phenomenon, which may
be related to polar hydroxyl of Abm in nanoparticles. This polar moiety slowly rearranges towards the
particle interface over time to minimize the energy of the system by increasing the surface to volume
area, resulting in a decrease in particle size [46].
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Figure 4. Effect of various Abm-to-stabilizer ratios on particle stability for flash nanoprecipitation-
nanoparticles (FNP-NPs) prepared with 10 mg/mL PLGA-b-PEG as the stabilizer. Stream 1 was 1, 2.5,
7.5, or 10 mg/mL of Abamectin dissolved in THF. Stream 2 was 10 mg/mL of PLGA-b-PEG dissolved
in THF. The other two streams were both water.

After the first three days, a normal feature that we saw for nanoparticles with a feed ratio (weight)
of 10:10 (Abm/PLGA-b-PEG) was “Ostwald ripening” [46,47]. This is because the amount of stabilizer
was not enough to encapsulate the drug nuclei in time to prevent their further growth with the
high drug-to-stabilizer feed ratio 10:10, leading to the relatively wide size distribution of the initially
obtained particles (polydispersity index (PDI) = 0.53, Table 1). Consequently, small nanoparticles
would continuously dissolve to precipitate again on the surface of larger nanoparticles, and the average
particle size increased gradually as shown in Figure 4. In contrast, particle stability was considerably
enhanced when the Abm-to-stabilizer ratio was reduced to 7.5:10, 2.5:10, or 1:10, and the particle size
remained essentially unchanged 10 days later. In addition, Abm loading increased with an increase
in Abm-to-stabilizer feed ratio. This means the two lower Abm-to-stabilizer ratios (2.5:10 and 1:10)
were inefficient at encapsulating Abm in nanoparticles. Hence, exhibiting remarkable stability and
excellent drug loading capacity, the nanoparticles prepared with an Abm-to-stabilizer feed ratio of
7.5:10 (weight) were taken as the optimized formulation.

Table 1. Nanoparticle average size and size distribution with different Abm-to-stabilizer ratios (using
PLGA-b-PEG as the stabilizer and the stabilizer concentration in THF before mixing was 10 mg/mL).
PDI = polydispersity index.

Ratio of Abamectin to Stabilizer Particle Diameter (nm) PDI

1:10 252 ± 1 0.25 ± 0.01
2.5:10 355 ± 3 0.14 ± 0.04
7.5:10 414 ± 5 0.19 ± 0.07
10:10 898 ± 30 0.53 ± 0.20

3.3. The Amount of Abamectin Encapsulated in FNP-NPs

The solubility of Abamectin in water is extremely low, which results in precipitation of Abamectin.
During FNP, almost all of the Abamectin (>99.9%) could be encapsulated and stabilized by the stabilizer,
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which means Abamectin molecules could be wrapped in nanoparticles efficiently with nearly no loss
during dialysis [48].

Thus, high drug loading capacity is one of the advantages of FNP. The amounts of
Abamectin in the FNP-NPs (DLC and EE) using different stabilizers, are summarized in Table 2.
The concentration of Abamectin in the final nanoparticle solution reached around 0.8 mg/mL after
dialysis. The encapsulation efficiency was all higher than 95% using the three different stabilizers
(Table 2). The slight loss may be caused by imperfect operation in the mixer MIVM, in which fluids may
have hold-up volume. The values of DLC of different particles stabilized by PLGA-b-PEG, PLA-b-PEG,
and PCL-b-PEG were determined to be 41.46%, 40.97%, and 40.76%, respectively. Overall, high drug
loading capacity and encapsulation efficiency were achieved by the FNP method for all stabilizers at
room temperature.

Table 2. The amount of Abamectin encapsulated in Abm-NPs (Abm-to-stabilizer feed ratio 7.5:10).
DLC = Drug Loading Capacity; EE = Encapsulation Efficiency.

Stabilizer DLC (%) EE (%)

Abm-NPs-1 PLGA-b-PEG 41.46 ± 0.05 96.74 ± 0.12
Abm-NPs-2 PLA-b-PEG 40.97 ± 0.05 95.60 ± 0.11
Abm-NPs-3 PCL-b-PEG 40.76 ± 0.03 95.10 ± 0.07

3.4. Effect of Temperature on Particle Stability

The storage stability of Abm-loaded nanoparticles was studied by measuring Abm loading
capacity at two different temperatures (0 ◦C and 54 ◦C). The results are shown in Figure 5 (with
PLGA-b-PEG as the stabilizer). Pleasingly, the Abm-loaded nanoparticles remained stable with no
major changes in the loading capacity during storage at 0 ◦C, although the loss of Abm (9.09%) was
found after storage for 14 days at 54 ◦C. The reason is that Abamectin degrades much faster at higher
temperatures. These results show that the Abm-loaded nanoparticles can be kept in a very stable state
during long-time storage at relatively low temperatures.

Figure 5. Abm loading capacity of the nanoparticles prepared using PLGA-b-PEG as the stabilizer
before and after storage at 0 ◦C for 7 days and 54 ◦C for 14 days.

3.5. Toxicity of Abm-Loaded Particles to Meloidogyne incognita

As shown in Figure 6, all Abm-loaded nanoparticles still cause high mortality (87.2%, 97.7%,
and 98.4% with PLGA-b-PEG, PLA-b-PEG, and PCL-b-PEG as the stabilizer, respectively) of
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Meloidogyne incognita even after being diluted 800 times (800 ppm to 1 ppm). The lethal concentrations
required to kill 50% (LC50) (after 24 h) for Meloidogyne incognita were calculated and are shown in Table 3.
The values of LC50 were 0.42, 0.37, and 0.28 ppm with PLGA-b-PEG, PLA-b-PEG, and PCL-b-PEG as the
stabilizer, respectively (Table 3). The mean diameters of the three nanoparticles are 414, 314, and 72 nm,
respectively (Figure 3), and they have the same Abm concentrations (0.8 mg/mL), but different LC50

values. One possible reason is that nanoparticles formed from BCPs containing a hydrophobic block
(PLGA or PLA) with a high Tg tend to disassemble more slowly than those formed from BCPs with a
low Tg hydrophobic block (PCL) [49]. Another possible reason is that the spindle-like nanoparticles
obtained from PCL-b-PEG with smaller sizes have better adhesion and permeability.

Overall, the lethal concentration assays indicate that spindle-like Abm-loaded nanoparticles
prepared using PCL-b-PEG as the stabilizer by FNP have higher nematicidal efficiency than spherical
Abm-loaded nanoparticles using PLGA-b-PEG or PLA-b-PEG as the stabilizer. In addition, Figure 6
shows that the Abm-loaded nanoparticles caused irreversible paralysis in Meloidogyne incognita,
and the nematode mortality increased with the increasing concentration of Abm-loaded nanoparticles.
Thus, the nematode control effectiveness can be improved by using increased concentration of
Abm-loaded nanoparticles [50].

Table 3. Bioassay results of the three Abamectin formulations. LC50 = lethal concentrations required to
kill 50%. CL = confidence limit. DF = degree freedom. P = probability. n = number.

Population Insecticide Stabilizer
LC50 (95% CL a)

(ppm)

Fit of Probit Line

Slope ± SE χ2 DF P n b

Lab Abm-NPs-1 PLGA-b-PEG 0.42 (0.32–0.62) 5.76 ± 0.33 5.95 3 0.11 252
Lab Abm-NPs-2 PLA-b-PEG 0.37 (0.32–0.48) 6.72 ± 0.59 0.79 3 0.84 320
Lab Abm-NPs-3 PCL-b-PEG 0.28 (0.23–0.33) 6.57 ± 0.33 3.45 3 0.32 352

a 95% confidence limit. b Number of larvae used in the bioassay.

Figure 6. Mortality of Meloidogyne incognita as a function of concentration of Abm-loaded nanoparticles
prepared using different block copolymers (BCPs) as the stabilizer.
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Abstract: Here we report the fabrication of graphene oxide (GO)-based membranes covalently
combined with bovine serum albumin (BSA) for metal ions detection. In this system, BSA acts as a
transporter protein in the membrane and endows the membrane with selective recognition of Co2+,
Cu2+, AuCl4−, and Fe2+. Combining the metal-binding ability of BSA and the large surface area of GO,
the hybrid membrane can be used as a water purification strategy to selectively absorb a large amount
of AuCl4− from HAuCl4 solution. Moreover, BSA could reduce the membrane-immobilized AuCl4−

by adding sodium borohydride (NaBH4). Interestingly, adsorption experiments on three kinds of
metal ions showed that the GO–BSA membrane had good selective adsorption of Co2+ compared
with Cu2+ and Fe2+. The morphology and composition changes of the membrane were observed
with atomic force microscopy (AFM) and Raman spectroscopy, respectively. It is expected that this
facile strategy for fabricating large-scale graphene-biomolecule membranes will spark inspirations in
the development of functional nanomaterials and wastewater purification.

Keywords: protein; self-assembly; graphene oxide; membrane; water purification

1. Introduction

Purification of wastewater is always the focus of industry, pharmaceutical enterprises, and
environmental protection departments [1]. Wastewater contains not only dyes but also metal ions,
such as Co2+, Cu2+, and Fe2+ [2]. In addition, the wastewater from gold purification contains residual
AuCl4−, which causes severe healthcare problems for human beings [3]. Therefore, the separation of
precious metal ions from wastewater is of great significance for wastewater purification, and to some
extent, for metal recovery. Among various biomolecules, proteins have been suggested as a potential
candidate for removing heavy metal ions from water [4–6]. For instance, Mezzenga et al. [7,8] reported
that β-lactoglobulin amyloid fibril could be combined with activated carbon and used for the efficient
removal of heavy metal ion from water. Their findings indicated that these protein fibrils allowed
the reduction of membrane-immobilized metal ions into valuable metal nanoparticles. Another work
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showed that bovines serum albumin (BSA) can reduce Au(III) ions into Au clusters in the presence of
NaOH [9].

As a typical single atomic two-dimensional nanomaterial, graphene exhibits a large specific
surface area and high charge mobility, which endows it with applications in material science [10,11],
nanotechnology [12], analytical science [13,14], biomedicine [15–17], wastewater purification [18–20],
and other fields [21]. In particular, chemically-modified graphene nanomaterials, such as graphene
oxide (GO) [22–24], reduced graphene oxide (RGO) [25–27], and graphene quantum dots (GQDs) [28,
29], can improve water dispersion [30–32]. Graphene oxide and RGO were reported to be capable of
effective water restoration and adsorption of toxic gases [33]. On the one hand, the oxygen-containing
functional groups on the surface of GO, such as carboxyl and hydroxyl groups, can adsorb metal
cations to achieve water purification. On the other hand, the products left can be easily separated from
water [34]. In order to selectively adsorb the pollutants in water [35], many GO hybrid nanomaterials
have been prepared with molecules such as polymers [36], peptides [37], proteins [38], and other small
molecules [39]. Superior to other molecules, proteins become excellent biomolecules to bind with GO
because of their low cost and rich functional groups. Most recently, Lu et al. [10] applied β-lactoglobulin
on the surface of RGO sheets. The composite was used as a template for gold nanoparticle (AuNP)
assembly. These AuNPs assembled on the β-lactoglobulin–RGO composites yielded an improved
surface-enhanced Raman scattering (SERS) for Rhodamine 6G (Rd6G). In other cases, BSA can also
be combined with GO to efficiently detect and extract Hg2+ [40]. Therefore, fabricating GO-protein
composite membranes is of great value for reducing metal ions to metal nanoparticles and further
achieving the biomimetic membrane in sewage treatment [35].

Inspired by the above studies, we provide a facile method to fabricate the GO–BSA membrane for
removing heavy metal ions from water. Firstly, the GO prepared by the Hammers method was mixed
with ClCH2COONa and NaOH to transform the esters, hydroxyl groups, and epoxies into carboxyl
groups on the surface of GO. Then we fabricated the GO–BSA membrane by incorporating BSA on
GO–COOH via vacuum filter (Figure 1). The GO–BSA membrane was used to remove metal ions, i.e.,
AuCl4−, Co2+, Fe2+, and Cu2+ ions from water.

Figure 1. Schematic illustration of the fabrication of graphene oxide (GO)–bovines serum albumin
(BSA) hybrid membrane for absorbing metal ions and reduction of metal ions.
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2. Materials and Methods

2.1. Chemicals and Materials

Natural graphite flake (99.8% purity) was purchased from Sigma–Aldrich. Chloroauric acid
(HAuCl4·3H2O, ≥49.0% Au basis), disodium hydrogen phosphate (Na2HPO4), sodium dihydrogen
phosphate (NaH2PO4), phosphoric acid (H3PO4), sulfuric acid (H2SO4), HCl, NaBH4, potassium
permanganate (KMnO4), BSA, ClCH2COONa, N-ethyl-N’-(3-dimethylaminopropyl) carbodiimide
hydrochloride (EDC), and N-hydroxysuccinimide (NHS) were purchased from J&K company (Beijing,
China). Ethanol was purchased from Beijing Chemicals Co., Ltd. (Beijing, China). All the chemicals
used are at least of analytical grade and directly used without additional purification. The water
purified through a Millipore system (18.2 MΩ·cm) was used throughout.

2.2. Synthesis of GO–BSA Nanohybrids

Graphene oxide was prepared from natural graphite flake by a modified Hummers method as
described in our previous reports [22]. At first, in order to convert the ester group, hydroxyl group and
epoxy group on the surface of GO to carboxyl group, GO was blended with ClCH2COONa and HCl.
Briefly, 2 g NaOH and 2 g ClCH2COONa were added to 50 mL GO solution of 2 mg/mL concentration
simultaneously. After sonication for 2 h, the product was neutralized by 1M HCl, followed by repeated
centrifugation and rinsing to obtain GO–COOH products. The precipitation was again dispersed to
100 mL PBS (phosphate buffer saline) buffer (pH = 6.1). The second step is to make BSA react with
GO–COOH, mainly by using –NH2 of BSA and –COOH of GO–COOH. The specific operation was as
follows, 50 mL GO–COOH (1 mg/mL) was dissolved in the PBS buffer solution. Then 20 mM EDC
and 5 mM NHS were added and kept stirring for 1 h at room temperature. After that, 100 mg BSA in
10 mL PBS buffer solution (pH = 6.1) was added in the solution. Finally, the product was centrifuged
and rinsed for three times, and then dialyzed for three days. The water was replaced three times a day
to remove the inorganic ions. All the steps were conducted under room temperature to remove the
unreacted BSA, EDC, NHS, and the ions in the buffer solution.

2.3. Fabrication of GO–BSA Membranes

The GO and GO–BSA membranes were fabricated by the well-introduced vacuum filtration
method previously described [7,8]. In brief, GO and GO–BSA solutions were diluted to 1 mg/mL
before filtrating. The as-prepared solutions were filtered through a 0.22 μm polyethersulfone (PES)
membrane and then dried under 60 ◦C. The GO membrane and GO–BSA membrane were obtained
with a load of about 5 mg/cm2.

2.4. Removing Metallic Ions with Membranes

The absorbance of the solution before and after the membrane filtration was measured by using an
ultraviolet spectrophotometer (PerkinElmer, America). 5 mM HAuCl4, 0.1 M CoCl2, NiCl2, and CuCl2
were configured, respectively. Metal ionic solutions were extracted with a 5-mL syringe containing
the GO–BSA membranes. The filtrate was collected with a 2-mL centrifuge tube. The absorbance of
the solution before and after filtration was measured several times. The GO–BSA membranes should
maintain the same concentration and volume during the experiment to reduce experimental errors.

2.5. Characterization Techniques

A scanning electron microscope (SEM, JSM-6700F, JEOL) and a transmission electron microscope
(TEM) were used to characterize the surface morphology changes before and after GO and BSA
hybridization. The preparation procedures of the SEM samples were: dry GO powder, attach it to
conductive adhesive, and then tape the GO–BSA hybrid membrane onto the conductive adhesive.
The TEM images were acquired on a JEM-2100F field transmission electron microscopy (Hitachi
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Limited, Japan) at an acceleration voltage of 200 kV. To prepare the TEM samples, the GO and GO–BSA
were dispersed in deionized water by ultrasound for 1 h, and then a 5 μL solution was dripped
on the copper grid with natural drying. The cpper grids for TEM characterization were purchased
from the Plano GmbH (Wetzlar, Germany). Atom force microscopy (AFM) images were acquired on
Bruker MultiMode 8 (Bruker, Beijing, China) in tapping mode. The type of AFM probe was a standard
silicon tips (RTESP, Bruker, Beijing, China) with a spring constant of 40 N/m. The silicon wafer used
for AFM was cleaned and dried with acetone and deionized water. The samples were diluted to a
certain concentration and dripped on the silicon wafer with naturally drying. A Raman spectrometer
(HORIBA Scientific, France) was used to characterize the sample using a laser source with a center
wavelength of 780 nm. In the Raman spectroscopy measurement, the solid sample was placed directly
on the quartz glass. The absorbance of the solution before and after the membrane filtration was
measured using an ultraviolet spectrophotometer (PerkinElmer, America). X-ray diffraction (XRD)
was taken on a Rigaku D/max-2500 VB+/PC equipment (BRUKER AXS GMBH, Germany) with a
scanning 2θ angle of 5◦ to 90◦ at a voltage of 40 kV and a current of 40 MA.

3. Results and Discussion

3.1. Morphological Characterization of GO–BSA Membranes

To increase the efficiency of the conjugation between GO and BSA, we increased the content of the
carboxyl group on the GO surface according to a previous work [35]. The oxygen-containing functional
groups such as epoxy, ester, and hydroxyl on the surface of GO were effectively converted to –COOH
by adding ClCH2COONa under alkaline conditions, as shown in Figure 2. It was reported that the
–NH2 contained in His, Arg, and Lys groups as well as the N-terminal of BSA can bind to –COOH of
GO–COOH in the presence of EDC/NHS [41].

Figure 2. Schematic illustration of the functionalization of GO and the formation of GO–BSA
nanohybrids by covalent interaction-mediated biomolecular self-assembly on GO surface.

The morphology and thickness of the fabricated GO–BSA membranes were first characterized
by SEM, and the images are shown in Figure 3a,b. It can be found that the surface of the thin
membranes presented some irregular holes, indicating that the fabricated membranes were not packed
tightly. The cross-section of the GO–BSA membranes indicated the typical wrinkled lamellar structure.
The thickness of the membranes was measured to be around 3 ± 1 μm. Due to the addition of protein
molecules into the interlayer of GO, the loose structure inside the GO–BSA could be seen from the
section diagram.
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Figure 3. Morphological analysis of GO–BSA membranes: (a) SEM image of surface morphology
of the GO–BSA film. (b) SEM image of the cross-section of the GO–BSA. (c) TEM image of surface
morphology of the GO. (d) TEM image of surface morphology of the GO–BSA.

For comparison, the GO membrane was prepared with the same technique. The TEM image in
Figure 3c showed that the GO, prepared by the modified Hummers method, displayed a thin lamellar
structure with an area of hundreds of nanometers. When combined with BSA, the atoms on the surface
caused a change of light and shade contrast. It can be clearly seen in Figure 3d that the surface of GO
was transformed from the original smooth state into a rough surface structure. It indicates that a thin
layer of protein was adsorbed onto the GO surface, which confirmed the successful functionalization
of GO with BSA.

3.2. Structural and Property Characterizations of GO–BSA Membranes

The Raman spectrum was further used to characterize the change of the functional groups before
and after the GO hybridization with BSA, as shown in Figure 4a. The Raman spectrums were measured
by using a laser source with the center wavelength of 780 nm. Two peaks at 1315 cm−1 and 1585 cm−1

can be assigned to the D and G bands, respectively. The D band is related to the vibrations of sp3

carbon atoms of disordered GO nanosheets, and the G band corresponded to the vibrations of sp2

carbon atom domains of graphite. The GO–COOH Raman spectra exhibited that there was enhanced
D peak at 1380 cm−1 (Figure 4a) and G-peak at 1576 cm−1 (Figure 4a), as well as no 2D peak at
2700 cm−1 (not shown) in the Raman spectrum, indicating that all GO nanosheets were functionalized
as GO–COOH [42]. Furthermore, the intensity ratio between D and G bands (ID/IG) of GO was 0.95
and further increased to 1.01 for GO–COOH. This trend indicated the presence of disordered structures
and defect sites on GO–COOH sheets, most likely resulting from the carboxylation of GO [43]. After the
combination with BSA, the peak of the D at 1315 cm−1 and the G at 1585 cm−1 decreased compared
with GO–COOH. The ID/IG increased from 1.01 to 1.11, indicating the defect density increases as a
result of exfoliation and chemical modification [44,45]. Therefore, we suggested that BSA could not
only be inserted into the GO nanosheets but can also interconnect GO monolayers together to form
condensed GO–BSA hybrid membranes.
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Figure 4. Structural and property characterizations of GO–BSA membranes: (a) Raman spectra of GO
and GO–BSA hybrid membrane. (b) XRD patterns of the GO and GO–BSA hybrid membrane.

The atomic and molecular structures of GO, GO–COOH, and GO–BSA hybrid membranes were
determined by XRD, shown in Figure 4b. The characteristic diffraction peak at 9.6◦ represents the (001)
planes of GO [46]. A diffraction peak located at approximately 9.6◦ in XRD pattern of GO–COOH
was also observed, corresponding to the crystal plane (001) of exfoliated GO [43]. After the formation
of GO–BSA composite, the (001) planes still existed but seemed to be weaker compared with GO,
illustrating the change of oxygen-containing groups. The broad peak of (002) planes located at 24.1◦

indicated the disordered stacking structure of the GO layers. The same peak located at 22.3◦ in the
GO–BSA composites demonstrated that the GO–BSA composite had much more disordered stacking
structures than GO and GO–COOH.

3.3. Separation of Metal Ions by GO–BSA Membranes

The BSA contained more than ten types of amino acids and was rich in lots of functional groups,
such as imidazolyl and thiol groups (–SH), making it easy to adsorb heavy metal ions [40]. It had
been reported that there was an interaction between BSA and gold ions involving biomineralization or
biomimetic mineralization [9,37]. Since BSA contained 21 Tyr residues and possibly other residues with
reduction functionality, it can reduce Au3+ through their phenolic groups, and their reducing power
can be improved by adjusting the pH. For example, AuCl4− can be reduced to Au(0) by biomolecules
under alkaline conditions or in the presence of NaBH4. Therefore, the prepared GO–BSA membranes
are assumed to adsorb AuCl4− in water and can reduce it to AuNPs.

As shown in Figure 5a, the UV profiles were performed based on different concentrations of
HAuCl4 solution. It can be seen that HAuCl4 exhibited obvious absorption peaks at 310 nm, mainly
due to the electron transition of Cl atoms to Au. The relationship between the absorbance and the
concentration was fitted in Figure 5b. The linear correlation coefficient was about 0.99476, showing
a good linear relationship. After the first and second rounds of the HAuCl4 filtration (Figure 5c),
there was almost no absorption intensity at 310 nm. This indicated that the GO–BSA membrane
can effectively adsorb AuCl4−. But a weak absorption peak appears at 310 nm after the third cycle.
Due to the partial detachment of AuCl4− from the membrane and the increased concentration of
AuCl4−, leading to the occurrence of characteristic peaks. According to the standard curve in Figure 5b,
it can be calculated that the concentration of AuCl4− after each filtration was 0.71 mM of the first
filtration, 1.07 mM of the second filtration, and 1.43 mM of the third filtration, respectively. Particularly,
for the first filtration, the efficiency was measured to up to 85 ± 1%. For the third filtration, part
of the AuCl4− fell off from the membrane, resulting in the increase of AuCl4− concentration in the
filtrate (light yellow in color), as shown in Figure 5d. Although GO had a certain adsorption capacity
for AuCl4−, it can be seen from the Figure 5d that the GO–BSA had a better adsorption effect than
it, which indicated that BSA had a better adsorption capacity for AuCl4−. In addition, although
the stability of the membrane was relatively well under normal conditions, the performance of the
GO–BSA membrane will be affected at high or low temperature due to the biological molecules it
contained. Moreover, the GO–BSA membrane was also vulnerable to large impact.
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Figure 5. Removing AuCl4− ions: (a) UV-Vis spectra of the HAuCl4 with different concentrations,
(b) the relationship between UV absorbance and HAuCl4 concentration at 310 nm, and (c) calculation of
the concentration of HAuCl4 after the filtration according to the standard curve. Inset: the illustration
of the color change before and after the filtration of the GO–BSA membrane.

The separation performances of several metal cations were determined via a similar method.
The UV absorption of CoCl2 appears at 511 nm (Figure 6a), which mainly resulted from the charge
transfer between Co2+ and Cl−. For the first filtration, the absorbance intensity was significantly
decreased, demonstrating the CoCl2 was adsorbed by the GO–BSA membrane. For the second
filtration, Co2+ started to desorb from the membrane due to some weak binding between Co2+ and
GO-BSA (Figure 6b). For the further filtration round, the absorbance was almost unchanged, indicating
that the adsorption of Co2+ on the membrane achieved saturated. Based on the relationship between
the absorbance and concentration of CoCl2, a standard curve can be drawn (Figure 6c) with good linear
fitting. The adsorption capacity of each filtration can be calculated according to the linear equation.
Compared with the GO membrane, the adsorption capacity of GO–BSA at the first filtration was
greater (Figure 6d), indicating that the functional groups on the protein had a certain effect on the
binding of Co2+.

In order to demonstrate the selective adsorption of the GO–BSA membrane towards Co2+,
we explored the adsorption capacity of the GO–BSA membranes to other metal ions, including
Cu2+ and Fe2+. Figure 6e,f present the adsorption capacities of the GO and GO–BSA membranes to
Cu2+ and Fe2+, respectively. This obtained results indicated that the GO–BSA membranes had no
significant selective adsorption to Cu2+ and Fe2+. In this process, BSA, as a metal binding protein,
played the role of ion transporter. According to previous reports [35], Co2+ easily forms a stable
combination with carboxylate and nitrogen, such as aspartate (Asp, D). While Cu2+ leaned toward
nitrogen and sulfur ligands, such as histidine (His, H), cysteine (Cys, C), and methionine (Met, M)
amino acid ligands. In addition, the similar adsorption amount of Cu2+ and Fe2+ may be related to
ligand coordination geometry. The Co2+ ions showed a preference for octahedral while Cu2+ ions
were easier to bind square-planar coordination geometry. The certain functional groups on GO–BSA,
such as imidazole, can combine with Co2+ but not Cu2+ and Fe2+, leading to selective adsorption of
Co2+. After several cycles, the adsorbed metal ions may fall off and enter into the filtrate, which led to
the decrease of the adsorption capacity after the first cycle.

The metal ions adsorption performances of GO–BSA membranes were significantly enhanced
attributing to the abundant functional groups on BSA molecules. Recent work by Zhang et al. [47]
fabricated red-blood-cells like BSA/Zn3(PO4)2 hybrid particles via the one-step method based on
coordination between BSA and zinc ion. The adsorption efficiency of the hybrid particles increased
with time from 86.33% (5 min) to 98.9% (30 min). The adsorption capacity was 6.85 mg/g at optimal
conditions. They demonstrated that the hybrid particles displayed excellent adsorption properties on
Cu2+ due to the high amount of BSA and Zn ions coordinated in the particles. This result proved the
great potential of BSA-based nanomaterials applied in heavy metal ion treatment. A similar trend was
presented in our system: GO–BSA membranes. Interestingly, the maximum adsorption capacity for
Cu2+, 0.3 mg/mg, was much larger than the hybrid particles in previous work. The higher adsorption
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capacity can be attributed to the combination of the large-surfaced GO and abundant functional groups
of BSA molecules.

Figure 6. Removing other metallic ions: (a) the UV spectra of CoCl2 before and after adsorbing by
GO–BSA membrane; (b) the absorbance of CoCl2 at 511 nm before and after adsorbing by GO–BSA
membrane; (c) the standard curve of CoCl2 at 511 nm; (d) the adsorption capacity of GO and GO–BSA
filter membrane to CoCl2; (e) the adsorption capacity of GO and GO–BSA filter membrane to CuCl2.
(f) The adsorption capacity of GO and GO–BSA membrane to FeCl2.

3.4. Reduction of Au3+ on GO–BSA Membranes

The hybrid membrane was also assumed to reduce the adsorbed metallic ions to metal NPs. As
a high-resolution imaging technique, AFM uses the relationship between the probe and the sample
to detect the surface topography of the sample and obtain the size of AuNPs. Compared to pure
GO with a thickness of around 1 nm (Figure 7a,e), the GO–BSA nanosheets exhibit a larger thickness
within 20 nm. The significant increase of thickness can be attributed to the immobilization of BSA
molecules on the GO–COOH nanosheets. Bovine serum albumin, as a serum albumin protein, displays
globular conformation with a diameter of 14 nm under physiological conditions [48]. The increase of
the nanosheet thickness after treatment with BSA indicates that lots of BSA molecules are immobilized
on the surface and edges of GO–COOH (Figure 7b,f).
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As was shown by AFM results in Figure 7b,c, the nanosheet thicknesses of the BSA immobilized
GO–COOH and the GO–BSA–Au significantly increased. Meanwhile, the homogenous layer of BSA
and BSA–Au can be observed on the surfaces of GO–COOH. This indicates that the saturation time of
two hours is sufficient for GO–COOH fully-covered with BSA. Due to the limited COOH group on GO
surfaces, the BSA immobilized on the GO–COOH surfaces contains not only covalently-bonded BSA
molecules but also irreversibly adsorbed BSA molecules.

After treatment with NaBH4, the thickness of GO–BSA–Au was measured to be around 30 nm.
This indicates a large number of AuNPs grow on the surface of the GO–BSA nanosheets. The formation
of AuNPs suggests that the adsorbed AuCl4− was reduced to Au (Figure 7c). The selected profile of the
corresponding AFM height image provides the dimension information of the GO sheets and AuNPs,
as shown in Figure 7g. The size distribution of the AuNPs was relatively uniform (Figure 7h). Thus,
the AuNPs that anchored on the surface of GO–BSA nanosheets have an average size of 17 ± 2 nm.

Liu et al. [49] adsorbed BSA onto GO/RGO and deposited Au nanoparticles on BSA using HCIO4.
In comparison to their work, rather than assembling AuNPs directly onto the membrane, GO–BSA
was a facile method without the involvement of latex (i.e., polystyrene sphere) assemblies. Besides,
biological molecules in the GO–BSA membrane were not easy to desorb during the reduction of Au3+.
AuNPs can be stabilized by a combination of Au–S bonding with the protein (via the 35 Cys residues
in BSA), and the steric protection due to the bulkiness of the protein [35]. The function of BSA in
this process can also be confirmed by the work of Xie et al. [9], who reported that BSA can reduce
AuCl4− to Au (0) in an alkaline environment. The difference was that their reduced products were
subnanometer-sized Au clusters, while most of the products we reduced were AuNPs. Besides, it can
maintain a good adsorption capacity after repeated cycles. This indicated that the stability of the
GO–BSA membrane was relatively well.

Figure 7. The AFM height images and corresponding section analysis of (a) GO, (b) BSA immobilized
on GO, and (c) GO–BSA–Au, as well as their extracted line profiles of (a) GO, (b) BSA immobilized on
GO, and (c) GO–BSA–Au, respectively. (d) AuNPs immobilized on the GO–BSA membrane. (e) Height
image of extracted line profiles in (a) GO. (f) Height image of extracted line profiles in (b) BSA
immobilized on GO. (g) Magnified height image of the red square area in (c), showing the AuNPs
immobilized on the GO–BSA membrane. (h) The size distribution of AuNPs.

4. Conclusions

In summary, we reported that GO–BSA hybrid membranes can be used to remove metal ions from
water. Due to the high metal-binding capacity of BSA and the large surface area of GO, the membrane
can selectively absorb AuCl4− from solutions. In addition, the reduction of AuCl4− to AuNPs was
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successfully achieved after adding NaBH4. This membrane was also demonstrated to selectively
adsorb Co2+, but not Cu2+ and Fe2+. As a sewage treatment membrane, it was of great significance for
removing heavy metal ions from water.
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