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Hierarchical Assemblies of Polymer Particles through
Tailored Interfaces and Controllable Interfacial Interactions

Nikunjkumar R. Visaveliya* and Johann Michael Kéhler*

Hierarchical assembly architectures of functional polymer particles are
promising because of their physicochemical and surface properties for
multi-labeling and sensing to catalysis and biomedical applications. While
polymer nanoparticles’ interior is mainly made up of the cross-linked network,
their surface can be tailored with soft, flexible, and responsive molecules

and macromolecules as potential support for the controlled particulate
assemblies. Molecular surfactants and polyelectrolytes as interfacial agents
improve the stability of the nanoparticles whereas swellable and soft

shell-like cross-linked polymeric layer at the interface can significantly enhance
the uptake of guest nano-constituents during assemblies. Besides, layer-by-layer
surface-functionalization holds the ability to provide a high variability in
assembly architectures of different interfacial properties. Considering these
aspects, various assembly architectures of polymer nanoparticles of tunable
size, shapes, morphology, and tailored interfaces together with controllable
interfacial interactions are constructed here. The microfluidic-mediated platform
has been used for the synthesis of constituents polymer nanoparticles of various
structural and interfacial properties, and their assemblies are conducted in batch
or flow conditions. The assemblies presented in this progress report is divided

random errors in assembly due to the high
collision rate, high surface energy, and high
surface to volume ratio at the nanoscale
in the solution phase.>®l In general, par-
ticulate assembly architectures integrating
various active components and accumu-
late the functions of two or more different
domains.”# Not only the combination of
the specific functions of different materials’
worlds, but also a better particle manipu-
lation and control of their physicochem-
ical, structural, and interfacial properties
can be achieved if the assembly strategy
properly controlled.’) Complex coupled
functional activities and advanced proper-
ties realized by assemblies cannot be har-
vested by isolated components. In general,
nanoscale particles possess a high surface
to volume ratio compared to their macro
counterparts!'” and hence try to achieve a
thermodynamically more stable state with
minimizing energy barrier by promoting

into three main categories: cross-linked polymeric network’s fusion-based
self-assembly, electrostatic-driven assemblies, and assembly formed by
encapsulating smaller nanoparticles into larger microparticles.

1. Introduction

Hierarchical assembly of polymeric materials is one of the most
promising yet challenging aspects of nanoscience largely because
of their swellability and softness.'">! Hierarchical materials also
add complexity and dramatically increase the opportunities for
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aggregation or growing in a larger size.
On one hand, appropriate control over the
surface of nanoparticles needs to be tai-
lored with interfacial agents to achieve high
stability as well as avoiding uncontrolled
aggregation randomly in the solution phase.™ Architecting the
suitable surface state, on another hand, of nanoparticles with
active/functional components that intensify interfacial interac-
tions are required for controlled and specific assemblies.>15]
Therefore, the interface (as initial and essential contact of interest)
of the constituent nano objects of assemblies playing a crucial
role in determining the strength of the interfacial interactions to
form the preferred nanoscale assembly systems.

Usually, a cross-linking network of polymer nanoparticles
is swellable, amorphous, and more or less rigid independent
of the stiffness of molecular building units of the density of
cross-linking structures and solvent content. Amphiphilic inter-
facial agents of various types such as molecular surfactants,
polyelectrolytes, nonionic polymers, etc.!'! not only stabilize
polymer nanoparticles and directing their shapes, but also pro-
vide a soft interfacial layer as a host for efficient interaction with
guest nanoparticles.l”” Various routes are frequently employed
to construct the assemblies based on various interfacial inter-
actions such as via ligand binding affinity, complementary
DNA strands, electrostatic interactions, etc.lI The formation
of assemblies based on the affinity of the ligand’s functional
group is very specific and DNA-directed assembling is selec-
tive to molecular interactions.'®18] Alternatively, the formation
of assemblies based on electrostatic interactions is widespread,
versatile, and uncomplicated because of the strong attraction

© 2020 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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force between oppositely charged surfaces.”?*-?2l On one
hand, complete coverage of the surface by charged interfacial
agents (with high concentration) is required for the stability
of nanoparticles as well as avoiding uncontrolled nanoparticle
aggregation. But, an uncontrolled assembling state during
post-synthesis electrostatic interactions with oppositely charged
nanoparticles in the solution can likely take place with the appli-
cation of a high concentration of surfactant, on the other hand.
Therefore, controlling the assembling specificity while main-
taining the size, shape, and stability of the nanoparticles at the
same time in case of electrostatic interactions is a challenging
task. A systematic and strategical synthesis approach needs to be
applied to address this concern where the stability of the isolated
nanoparticles and controlled assemblies should be achieved.
Second, besides the nanoparticles’ post-synthesis electrostatic
assembling between oppositely charged nanoparticles, another
efficient route to form assemblies is where growing nanopar-
ticles can be self-assembled themselves in a highly controlled
manner during a continuous polymerization reaction.”>-*’l Here,
growing hydrophobic nanoparticles can be self-assembled by
minimization of their surface energy if the interfacial layer can
be equipped with flexible, movable, and dynamic molecules/
macromolecules. The selection of interfacial agents, the ampli-
fication of the reaction condition, and the control of the desired
level of assembling, however, is very challenging in the case of a
continuous self-assembly process. Third, the application of the
swellable polymeric materials’ layer on the surface of polymer
nanoparticles can provide both robustness as well as speci-
ficity for the assembly system, but it is difficult to realize them
by a single-step process. At the fourth, the layer-by-layer (LBL)
assembly approach is highly beneficial because of their ability
to switch the surface state and allow tunability of the assembly
system.20=28 Similarly, particulate assembly of nanoparticles
with microscale particles!?”) at the surface and/or by incorpora-
tion of nanoparticles inside microparticles’ interiorl?>3° provide
the multi-scale hierarchical assembly approach®! and polymer—
metal nanoparticulate assemblies reveal hybrid properties.*?

Generally, a wide range of various assembly systems is
reported in recent literature with various preparation techniques.
Different assemblies such as spherical nanoparticles assembly,
Janus assemblies, patchy assemblies, colloidal molecules, com-
partmentalized nanoparticles, colloidal assemblies, core—shell
micellar assemblies, vesicle assemblies, and polymerization-
induced self-assemblies have been realized with better control
by various methods.>33# The interactions between different
types of nanoparticle constituents are playing a crucial role
during the formation of assemblies.

In this progress report, structural and surface-controlled
polymer nanoparticles are prepared through the micro-
fluidics!®%Lsupported syntheses, and their assemblies are
obtained in batch processes or flow-driven processes. Various
types of assemblies presented here are divided into three main
categories as shown in Figure 1: i) fusion-based continuous self-
assembly realized during the polymerization growth of the nano-
particles in a single-step process, ii) electrostatic-interaction-based
assemblies of charged particles, and iii) assembly formation by
incorporation of small nanoparticles in the interior and at the
surface of microparticles during photopolymerization flow pro-
cess. The electrostatic assemblies are further divided into various
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categories based on direct interaction between surface ligands,
interaction through the swellable cross-linked polymeric surface
layer, or interfacial interactions via layer-by-layer macromolecular
architectures. The progress in the field of hierarchical particulate
polymeric assemblies has been phenomenal, and here, in this
progress report, only the research progress from the authors’
laboratory during the last eight years has been considered.

2. Continuous Self-Assembly

The mechanism hypothesis of the continuous self-assembly of
the growing polymer nanoparticles during polymerization in
a single-step has been explained here with the analogical con-
cept of biological membrane-fusion. The process of fusions
of various components are ubiquitous and specifically in the
field of biology.>!l The fusion, as a natural process in biology,
is essential for key events in physiology and anatomy ranging
from fertilization to various organ developments.>>>3 A biolog-
ical cell is a building block of life. Until recently, various types
of cells were thought to be integral and discrete components
of tissues in organs, and their state was determined by cell dif-
ferentiation. However, now it has been extensively studied that
various cells such as stem cells can fuse with other types of
cells under certain conditions for functioning the organs and
the developments.P>*>%] As far as fusion is essential, the main
interaction site for the fusion of cells in the form of interfacial
interaction is the cell membrane. The cell membrane consists
of a lipid bilayer where lipid molecules self-assemble by facing
head hydrophilic parts outward to extracellular space as well
as toward the interior of the cell whereas hydrophobic tails of
both layers facing inward to each other forming a lipophilic
nano environment which can contain non-polar molecules like
cholesterol (essential for fluidity)."® The membrane fusion
is the process whereby two separate lipid bilayers merge to
become one. As an impact, membrane fusion is essential for
communication between membrane-delineated compartments
allowing the exchange of luminal contents or releasing their
contents such as hormones and neurotransmitters into the
extracellular milieu, or to deposit receptors and transporters
to the membrane.’*=8 Homotypic fusion initiates the process
to merge similar types of compartments such as endosome-
endosome fusion whereas the dissimilar type of compartments
(for instance, synaptic vesicle exocytosis) can be fused in case
of heterotypic fusion where latter fusion could be of central
importance for development, repair of tissues and the patho-
genesis of diseases.’*>] During the membrane fusion process,
the very first initiation required is to bring membranes of two
fusing cells into proximity. Membrane fusion is an energy-
consuming process in which the energy barrier should be
lowered to realize fusion.’?®% In this regard, the specialized
protein molecules (“fusogens”) directs the fusion of mem-
branes. For instance, myomaker—a muscle-specific protein—
and myomerger together confer fusogenic activity to otherwise
non-fusogenic cells.[®!l Similar to the primary class of fusogenic
agents such as proteins and peptides, the other types of fuso-
gens such as small moleculesl® and ions are also promising
for the membrane fusion process.®?! Fusogens are not only
useful in destabilizing the bilayers and fusing the membranes

© 2020 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 1. Overview and hierarchical approach of the polymeric particulate assemblies based on various interfacial interactions explained in this

progress report.

by dealing with basic thermodynamics and biophysical ener-
getic requirements but also provide specific directionality
during fusion. To begin the process, the outer monolayer ini-
tially loosely tethered with fusogens and is later converted
into a tightly docked state through which membranes come

Adv. Funct. Mater. 2021, 31, 2007407 2007407 (3 of22)

closer (dehydrating polar head groups). Once they approach in
proximity, the high energy barrier tends to be lowered to ini-
tiate the membrane fusion process that promotes hemifusion
stalk. Subsequently, it is believed that fusion-pore opening can
be realized and later it expands where two membranes merge

© 2020 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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and become one.*l Overall, these steps of membrane fusion

are governed by energy barriers, which need to be overcome to
complete fusion.

Considering this natural process of the cell membrane
fusion as an analogy, their materials’ counterpart!®! through
chemical synthesis can be a promising approach for the for-
mation of nanoscale assembly materials which is also helpful
for the understanding of the fusion process at the nanoscale
in more detail. Therefore, here, a spontaneous self-assembling
process has been conducted for the case of assembling poly-
meric nanoparticles during ongoing polymerization which is
termed as “continuous self-assembly” because the assembling
has been realized during ongoing continuous polymerization
by a single-step synthesis approach. The nanoscale particle has
high surface energy!’”) compared to their bulk counterpart and
polymeric materials are soft;[°® hence strategic synthesis condi-
tion is required to achieve an oriented and controlled assem-
bling without uncontrolled aggregation. Particles of polymeric
materials preferably adopt a spherical shape as it has the lowest
energy barrier.'!l In other words, it is difficult to obtain non-
spherical shapes of polymer nanoparticles through the single-
step process because polymers are soft, swellable, flexible, and
amorphous.®! Smaller the nanoparticles are, higher is their
surface energy;l'¥! and shapes other than sphere at the same
size has even more surface energy.””) Therefore, the thermo-
dynamically preferred shape for polymer nanoparticles at the
nanoscale is a sphere. Despite this situation, however, if two or
more spherical nanoparticles can be assembled systematically
by combining their cross-linking network during the ongoing
polymerization process, it is then possible to create dumbbell
as well as further linear shapes as isolated assembly particles.
Thus, the controlled assembly process of the growing nano-
particles is highly useful in the formation of shape-controlled
polymer nanoparticles in a single-step. As applications, shape-
controlled polymer nanoparticles are highly useful in various
biomedical and other applications such as drug delivery, phago-
cytosis, receptor-mediated endocytosis, etc.[0873]

The formation of polymer nanoparticles via emulsion polym-
erization is realized inside the micelle-like surface protecting
layer of surface-active agents, that is, hydrophobic polymer nan-
oparticles formed under the amphiphilic surfactant layer whose
hydrophilic charged head is floating outward that compatible
with an aqueous phase.'l It can be imagined that if polymer
nanoparticles are covered by molecular surfactants of low
molecular weight, they are considered as hard multi-charged
nanoobjects where nanoparticles often adopt spherical shape.
The surface dynamics and interfacial approach is completely
changed if molecular surfactants are replaced by charged poly-
electrolytes. Charged polyelectrolytes are long-chained multi-
charged macromolecules, and nanoparticles can be considered
as soft multi-charged nano object if they are covered by poly-
electrolytes at the surface.”?! Polyelectrolytes positioned at the
oil-water (hydrophobic—hydrophilic) interface of the polymer
nanoparticles and protecting as well as controlling the surface
state of nanoparticles during the growth process.’+3% As shown
in Figure 2A the initial emulsion of both immiscible phases
(organic monomer phase and polyelectrolyte dissolved aqueous
phase) was realized through microreactor and further polym-
erization takes place externally at the heating block.?¥! Once
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the polymerization starts at polymerizing temperature, it can
be imagined that the monomer units are continuously added
to proceed with the growth of nanoparticles upon movement
of the polyelectrolyte that lied at the surface of nanoparticles.
Smaller spherical nanoparticles can experience high motion
and hence collision in the solution where they try to assemble
to grow bigger to minimize the surface energy, movement,
and collision rate. Strong motion brings the smaller growing
spheres in proximity where long-chained polyelectrolytes con-
trollably move toward the end direction and allow the assem-
bling of two separately growing hydrophobic spheres to become
one under the surface layer of polyelectrolytes. Cross-linking
threads of both the assembling spheres connect and the dumb-
bell type shape of the assembly particles can be realized.?]

Polyelectrolytes are also essential in controlling the surface
tension of the nanoparticles. Therefore, the concentration of
polyelectrolytes is controlling the size of the growing nanopar-
ticles, on one hand, and decide when the assembling event
will be taking place, on the other hand. Early assembling
event in case of very high polyelectrolyte concentration where
a large number of free monomers are still available in the
system during ongoing polymerization which subsequently
attaches to the growing cross-linking network until the end of
polymerization and finally, they produce the ellipsoidal-shaped
polymer nanoparticles. The more highly curved an interface is
(that is the case in smaller nanoparticles than in larger coun-
terparts), the more potential to assemble it becomes. Hence,
smaller nanoparticles are formed in the case of high polyelec-
trolyte and they can initiate assembly events at an early stage
of polymerization. Dumbbell shape, on the other hand, is
the result of the moderate concentration of polyelectrolyte in
the aqueous phase (Figure 2B). Not only limited to assembling
of two spheres that form ellipsoid and dumbbell but assem-
bling of three, four, and more separately growing spheres can
be assembled linearly to form astragal-like or long-necklace
type linear nanoparticles depending on various reaction con-
dition (Figure 2C).2)l Zigzag-type assembly nanoparticles
can also be produced upon further control over the reaction
parameters (Figure 2D).18U The formation of the systematically
controlled linear and branched assembling polymer nanoparti-
cles in a single-step is based on the limited polarizability, par-
tial electrostatic control, moderate repulsion, and hydrophobic
interactions.238182] A gystematic tuning in linear assembly
and their surface charge has been systematically tuned in
case of poly(methyl methacrylate) (PMMA) nanoparticles by
using anionic polyelectrolytes polystyrene sodium sulfonate
(PSSS) through semi-microfluidic emulsion polymerization
(Figure 2F).12381-831 While specific proteins—fusogens—plays
the main role in cell membrane fusion, the role of polyelec-
trolytes in the case of assembling polymer nanoparticles is of
central importance./®4

The directionality in the assembling pattern (linear assembly)
can be altered by the application of surface-active agents of dif-
ferent characteristics than charged polyelectrolyte PSSS. To
investigate such consequences, here, a case of PMMA nano-
particles with flower-type compact assembly has been studied
which is the result of non-ionic polymer polyvinylpyrrolidone
(PVP) as an interfacial agent. PVP is well soluble in the
aqueous phase and has solvation power.®>l PVP helps to form

© 2020 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

A Continuous
Self-Assembly

Aqueous

Phase
Emulsification
—
Monomer,

Phase

Progress of
Polymerization

\/ — .... P::s.e "
\A\{ ® o PV 2;",‘\

Aq.
e Phasel PSSs l
Pha;el SL
& WM K
VY,

oo 1

Monomers

300 nm
m———

Spherical
Nanoparticle l
F.a0d, Surface Charge of Linear Egg}_ T3 Size of Flower-Shaped
‘ 40, particles at Varied Conc. |¢ : particles at Varied Conc.
L %‘ of PSSS (Aq. Phase) g of PVP (Aq. Phase)
Flower-Shaped 5 -50 § 800+
Elllpsmdal l \ Nanoparticle - . ~ §
\anoparhcles = el -
Branched & g 700+ :
. Vanuparllcle % 70 5 PVP Mol. Wt.
N ®
Dumbbell \a; ;n;:‘r‘dc p— PSSS Mol. Wt. & 6004 25 kDa
Nanoparticle P 500,000 o
Z
-90 1 T T T T T
Polymer Nanoparticles 0 : 10 15 20 0 1 2 3 4 5

PSSS Concentrations in Aqueous Phase (mM) Conc. of PVP-25 kDa (mM) (Repeating Unit Conc.)

Figure 2. Shape-tunable polymer nanoparticles in a single-step continuous polymerization process via continuous self-assembly. A) A scheme of the
formation of nanoparticles in which various interfacial agents play an important role to control the self-assembly of the growing nanoparticles during
ongoing polymerization. B) Dumbbell-shaped poly(methyl methacrylate) (PMMA) nanoparticles formed when 10 mm polystyrene sodium sulfonate
(PSSS) of 500 000 molecular weight was used with aqueous to monomer phase flow rate ratio 400/150 uL min~". C) Linear-chained PMMA nanoparticles
formed when 10 mm PSSS of 1000 000 molecular weight were used with aqueous to monomer phase flow rate ratio 1800/150 uL min~'. D) Zigzag-type
PMMA nanoparticles formed when 10 mm PSSS of 500 000 molecular weight were used with aqueous to monomer phase flow rate ratio 1000/150 uL min~.
E) Flower-shaped PMMA nanoparticles formed when 3 mm polyvinylpyrrolidone (PVP) of 25 kDa molecular weight was used with aqueous to monomer
phase flow rate ratio 1200/80 uL min~". F) Graphical results of the surface charge by zeta potential measurements of the linear PMMA nanoparticles
obtained by using various concentrations of PSSS in the aqueous phase. G) Graphical results of the average size measurements of the flower-shaped
PMMA nanoparticles at various concentrations of PVP 25 kDa in aqueous phase by dynamic light scattering. The concept and parts of the results are
reproduced from the authors’ previously published articles. Reproduced with permission.2>818] Copyright 2014, American Chemical Society; Copyright

2015, Wiley-VCH; Copyright 2014, American Chemical Society.

the emulsion solution of the monomer phase thereafter polym-
erization process begins. Initially, it can be believed that PVP
macromolecules are attached to the smaller nanoparticles and
protect the nanoparticles against uncontrolled aggregation. At
an early stage when PVP molecules fully covered the surface
of polymer nanoparticles (small spheres), the mobility of the
nanoparticles, as well as their solvation ability, are high.®%l Size
of the spheres increases upon progress in polymerization where
solvation power becomes weak and few of the nearly growing
spheres assemble by which primary assembling event can be
realized. Once again, a large density of the PVP macromolecules

Adv. Funct. Mater. 2021, 31, 2007407 2007407 (5 of22)

adheres at the surface of primarily assembled small particles
that again enhance the solvation power. Similar to the primary
assembling event, further growth of the nanoparticles proceeds
where second and third assembling events can be realized
during the ongoing continuous polymerization reaction. The
assembling events in a highly controlled manned are continued
to be realized until the end of the polymerization by consump-
tion of all free monomers. The solvation ability and mobility
factors govern the overall assembling events in a continuous
manner that finally form flower-type compact assembly nano-
particles (Figure 2E) via single-step continuous polymerization

© 2020 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

(continuous self-assembly). The size of the overall assembly
nanoparticles is tunable and that largely depends on the concen-
tration of PVP in the aqueous phase (Figure 2G).[#33¢)

The soft interface facilitated by interfacial agents (PSSS and
PVP) is a key player to control the interfacial interactions and
assembling process in a precise manner during ongoing polym-
erization that finally forms compact assembly polymer particles
(assembly particles with the single cross-linking network).

3. Various Assemblies Driven by Electrostatic
Interactions

Interfacial agents of amphiphilic characteristics such as mole-
cular surfactants and polyelectrolytes stabilize the individual
nanoparticles from unwanted aggregation in the solution. Fur-
thermore, the electrical charges at the surface of nanoparticles
initiate the interfacial interactions with oppositely charged
nanoparticles and form the assembly systems. In this broad
section, various types of assemblies are explained based on
electrostatic interactions.

3.1. Polymer—Polymer Electrostatic Assembly in Batch

The assembling reactions of nanoparticles based on their inter-
facial interactions can be carried out by traditional chemical
reaction setup (usually in a flask with stirring arrangements)
is called a “batch assembly.” The principal advantage of the
batch reaction is where assembly materials can be produced
in a larger quantity. Also, batch setup is widely used because it
is the simplest as well as non-expensive choice. The initiation
is directed by surface interactions when two different types of
pre-synthesized polymer nanoparticles of similar or different
characteristics begin the assembly process. Whether it is self-
assembly or templated assembly, their potency is high at the
nanoscale because of the high surface energy compared to their
larger lengthscale counterparts.ll Therefore, there is a high
possibility of the realization of random aggregation to lower
down the energy barrier at the nanoscale. To avoid that issue
of random coagulations, the nanoparticles need to be prepared
with appropriate surface functionalities that allow systematic
and controlled interactions.'”l On one hand, the formation of
assemblies of nanoparticles based on chemical bonds such as
amide bond or through dynamic covalent chemistry!"® is chem-
ically selective but could not be efficient because the size of
nanoparticles is too big compared to their surface ligand mole-
cules. On the other hand, an efficient assembly system could
be formed via complimentary stands of the DNA (oligonucleo-
tide bonds)!!® bonding but the process can be very complex in
the case of nanoparticles assemblies. Alternatively, a simple,
stronger, and versatile route for nanoparticles’ assemblies is
via electrostatic interactions.l2%2187) While assembly reaction
by electrostatic interactions is spontaneous and strong, but
there is a lack of selectivity and specificity because of the strong
attraction between oppositely charged nanoparticles in solu-
tion. However, by controlling the charge density on the surface
of nanoparticles, it is possible to form systematic assemblies
without random aggregation.[V!

Adv. Funct. Mater. 2021, 31, 2007407 2007407 (6 Of22)

Here, a model batch assembly process through electrostatic
interaction has been conducted between the oppositely charged
nanoparticles of flower and spherical shape. As described in
above Section 2, the flower-shaped PMMA nanoparticles were
synthesized by using PVP as an interfacial agent. Through
the mobility and solvation power, the growing nanoparticles’
interface (equipped with PVP) initiates the assembly process
by controlled aggregation which finally forms flower-shaped
PMMA nanoparticles.®l The flower shape is a result of the
multiple aggregation phases during ongoing single-pot poly-
merization (Figure 3A). The size of the obtained nanoparticles
is dependent on the PVP concentration used in the aqueous
phase.8%l Despite the non-ionic character of the PVP, the
zeta potential of the obtained nanoparticles is in the range of
lower negative value that is likely due to an enolization of PVP
molecules in the aqueous phase after attached to the nanopar-
ticle surface. The zeta potential of the obtained flower-shaped
nanoparticles is =11 mV.®% An SEM image of the obtained
flower-shaped PMMA nanoparticles is shown in Figure 3C.
Since flower-shaped nanoparticles are anionic, the positively
charged PMMA nanoparticles were synthesized for the prep-
aration of electrostatic nanoparticles’ assemblies. A sphere is
the common shape of nanoparticles in the case of polymeric
materials largely due to their lowest surface energy domain.
Molecular surfactant is key to protect the nanoparticles against
uncontrolled aggregation. Therefore, cationic molecular sur-
factant cetyltrimethylammonium bromide (CTAB) has been
used in the aqueous phase for the formation of PMMA nano-
particles via emulsion polymerization. Due to their amphi-
philic nature, surfactant molecules form a micelle-like struc-
ture at their critical micelle concentration in an aqueous
solution (Figure 3B).1 At the same time, charged CTAB is a
mediator for the efficient emulsion of both immiscible phases
(aqueous continuous phase and monomer dispersed phase).
Overall, various concentrations of CTAB can control the sur-
face tension of the nanoparticles and allow the formation of
nanoparticles of tunable size. For instance, 70 nm sized cati-
onic PMMA nanoparticles were obtained in presence of 1 mm
CTAB in aqueous phase.®® Similarly, size can be systemati-
cally increased with a gradual decrease in CTAB concentration
where about nanoparticles of 110 and 160 nm diameter were
obtained by using 0.1 and 0.01 mm CTAB concentration in the
aqueous phase, respectively.®¥ While the size of the nanopar-
ticles is dependent on CTAB concentration, the zeta potential
of the nanoparticles is also dependent on CTAB concentration.
The zeta potential of the PMMA nanoparticles between +9 and
+42 mV can be tuned by using various CTAB concentrations in
the aqueous phase.l®® The obtained spherical PMMA nanopar-
ticles are shown in Figure 3D.

Anionic flower-shaped nanoparticles and cationic spherical
nanoparticles form nanoscale particulate polymer assemblies
by electrostatic interaction in batch reaction setup as shown
in Figure 3E,F. As electrostatic nanoassemblies are strong, the
population of spherical nanoparticles on the surface of flowers
can be controlled by tuning the size and hence surface charge
of the spherical nanoparticles.®! Similar to a model batch
assembly as shown here, a wide range of different types of
nanoparticles can be assembled to combine the diverse proper-
ties via batch reaction in a tunable manner.

© 2020 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Imbalance in the reactants surrounding during the reaction
can induce inhomogeneities in interfacial interactions of the
nanoparticles. Inhomogeneity in interaction can cause nano

3.2. Polymer—Polymer Electrostatic Assembly
in Continuous Flow

Electrostatic interaction is a strong interaction!”! where two
oppositely charged nano objects can strongly assemble through
the interparticle attraction.’®?!l Higher the charge strength, the
stronger the assembly can be realized rapidly. In this case, sur-
face charge density (the quantity of charge per unit area), size
of nanoparticles, the concentration of particles (dispersion),
and dispersion medium (solvent) playing equally important
roles during interfacial interactions through surface charges.
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assembly with non-uniform distribution of the nanoparticles
on the surface of oppositely charged host particles, which is a
frequent case in batch syntheses. Inhomogeneous assembly
results in a weak outcome during their applications. There-
fore, to avoid this concern of imbalance in interfacial inter-
actions, a well-defined reaction strategy needs to be applied
to achieve better control and uniformity of the assemblies of
polymer particles. In address, the microflow strategy is very
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promising because of its vast range of advantages over the tra-
ditional batch syntheses.**4924] During flow syntheses, the
operation of the mixing of the reactants takes place at a smaller
volume (picoliter or nanoliter) that flows in the microscale
channel .2 Because the reaction is carrying out in the flow
channel of low dimension in a continuous manner, important
advantages such as fast heat and mass transfer as well as effi-
cient reactants mixing and robust interfacial interactions can be
used.””! As electrostatic interaction is rapid (time-sensitive), the
short interaction time can be crucial for uniform interactions
that result in homogeneous assemblies. Also, due to low Reyn-
olds numbers, well-defined and reproducible streaming pat-
terns in microreactor allow control of the integration conditions
of nanoparticles resulting in enhanced yield and homogeneity
of assembled nanoparticles.””! The microflow setup with com-
puter-controlled syringe-pumps is very well suited for precise
injection of small volumes of one reactant solution into another
reactant in microreactors whereby various reactants being effi-
ciently mixed. Also, the design of the microreactor can be fab-
ricated based on different designs that are, in general, either of
cross-flow, co-flow, or flow-focusing.[3"%!

At first, the microflow technique is useful for the forma-
tion of polymer nanoparticles with low polydispersity by which
flower-shaped and spherical polymer nanoparticles were syn-
thesized. Second, the flow arrangement is highly promising for
assembling nanoparticles of opposite surface charge in a highly
uniform manner without irregular distribution. Here flow
assembling between anionic flower-shaped polymer nanopar-
ticles (zeta potential 16 mV)B% and cationic spherical polymer
nanoparticles (zeta potential +23 mV)P? are performed in the
flow setup as shown in Figure 4A. In a simple microflow setup
(top left of Figure 4A), both cationic and anionic nanoparticles
were pumped through nearby two inlets and generated an
integrated solution mixture that is flowing through the outlet
to the knot mixture microchannel which is immersed in the
water bath. Likewise, another equally simple setup has been
arranged where both the nanoparticles being mixed through
a Y-shaped connector to the knot mixture microchannel which
is also immersed in the water bath for temperature-controlled
assembly reaction (top right of Figure 4A). In this setup, con-
tinuous co-flow streaming in the microchannel (inner diam-
eter 0.5 um) can provide high surface area to interact both
nanoparticles in a uniform manner by which homogeneous
distribution of smaller sized spherical nanoparticles can be
realized electrostatically on the surface of flower nanoparticles.
Based on results, it was observed that the assembling pro-
cess (electrostatic interaction) becomes faster with increasing
temperature. It can be hypothesized that the mobility of the
assembling nanoparticles and hence their interactions through
collision can be enhanced at high thermal energy.l%) A best-
case scenario to obtain the highly homogeneous distribution
of spheres on flowers were obtained by using 110 nm-sized
spheres (zeta potential +23 mV) and around 550 nm-sized
flower-shaped PMMA nanoparticles (zeta potential —16 mV) at
70 °C (Figure 4B).® It was also possible to obtain equally uni-
form nanoassembly by using the same range of charges (zeta
potential +23 and —16 mV) of nanoparticles at 90 °C as shown
in Figure 4C.* Here it can be imagined that the electrostatic
repulsion between similar charged spherical nanoparticles is
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as important as the electrostatic attraction between spheres
and flowers to obtained well-distributed and uniform
nanoassembly particles without irregular aggregation. At first,
the flow condition provides a homogeneous assembling envi-
ronment. Second, surface charge density is equally important
for creating uniform assemblies even in flow-conditions. A
very high surface charge can lead to rather regular distances
between attached smaller particles whereas lower charges
than threshold level can end up with a low yield of assembling
(Figure 4D).%% Similar to flower-sphere assembly, other types
of assembly systems such as sphere-sphere assembly, sphere-
dumbbell assembly, etc. can also be generated by flow syn-
theses setup.

3.3. Progressive In Situ Assembly

To achieve a thermodynamically stable state, smaller nano-
particles that experiencing high Brownian motion in the
solution phase often try to assemble in a random manner
or an organized pattern if the interface is properly tailored
with appropriate functionalities.'°192 On one hand, the
self-assembling of growing nanoparticles as shown in
Section 2 can form smaller colloidal molecule-like shaped
nanoparticles.?*131%4 Nanoparticles’ post-synthesis assembling,
on the other hand, through electrostatic interaction between
opposite surface charge can form simple nanoparticulate
assembly as shown in Section 3.1.%] Besides the self-assembly
and colloidal electrostatic assembly, a “progressive in situ
assembly” is advantageous to achieve better assembling con-
trol. The progressive assembly, here, is described in which
the newly forming (growing) nanoparticles can be assembled
in an in situ manner during the polymerization on the sur-
face of pre-formed polymer nanoparticle of a different type.
A basic synthesis arrangement for the progressive assembly
is briefly shown in Figure 5A. The pre-formed nanoparticles
are of flower shape obtained by using PVP in the aqueous
phase (Figure 5B). To initiate the progressive assembling reac-
tion, an aqueous suspension of the pre-formed flower-shaped
PMMA nanoparticles were inserted in the polymerizing vial
before beginning the polymerization of incoming (assem-
bling) polymer nanoparticles. The emulsion polymerization
process of the in situ assembling nanoparticles has been con-
ducted through a semi-microfluidic synthesis setup at polym-
erization temperature (95 °C).8 As pre-formed flower-shaped
nanoparticles are anionic (zeta potential is —11 mV.%)), the
requirement for the newly forming spherical nanoparticles
for in situ assembling is the creation of their cationic sur-
face so that efficient electrostatic interaction can be realized.
Therefore, the aqueous phase is made up of the cationic sur-
factant CTAB for emulsification with a new monomer phase
as shown in Figure 5A.

In general, a micelle-like arrangement of the CTAB at the
surface of nanoparticles drives the formation of spherical
nanoparticles which also protect the nanoparticles against
aggregation through the same charge repulsion in the normal
polymerization process without pre-formed nanoparticles.
In contrast, the newly forming nanoparticles’ movement and
growth kinetics can significantly change when they grow in the
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Figure 4. Flow assembly systems where two oppositely charged polymer nanoparticles are electrostatically assembled in a continuous flow manner.
A) Schemes for the nanoparticle assembly in the flow reaction: highly efficient nanoparticle mixing takes place in a silicon-chip-based crossflow microre-
actor (left), and the knot mixer-based flow channel in which two oppositely charged nanoparticles assembles at different temperatures (right). B,C) SEM
images of the obtained flower (anionic)-sphere (cationic) nanoassembly particles in knot mixer-based arrangement at temperatures 70 and 90 °C,
respectively. D) A cartoon represents the flower-sphere nanoassembly particles where middle ranged cationic charged particles form highly controlled
and well-defined electrostatic nanoassembly particles without any undesired aggregations. The concept and parts of the results are reproduced from

the authors’ previously published articles. Reproduced with permission.8%""2 Copyright 2016, Elsevier Ltd; Copyright 2017, Wiley-VCH.

presence of oppositely charged pre-formed nanoparticles. It is
hypothesized, when CTAB-mediated emulsion solution meets
anionic flower shape suspension, the cationic head of the CTAB
molecules can attach to the surface of flower nanoparticles via
electrostatic attractions. Afterward, at polymerization tempera-
ture, monomer molecules start to be linked under the micelle-
like CTAB surface layer. In this case, it can be imagined that
the bottom part of the micelles is attached to the surface of
flower particles (electrostatically fixed) and hence only the outer
side of the micelle is available to allow the incoming monomer
units during ongoing polymerization to realize the growth of
spheres on flowers. In this regard, the growth and simultane-
ously progressively assembling of spherical nanoparticles leads
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to smaller sizes compared to their formation in the absence
of pre-formed flowers during polymerization (Figure 5C).%
Here, spherical nanoparticles were obtained with diameters
of about 70 and 50 nm by using 1 mm CTAB concentration in
the aqueous phase during the polymerization in the absence
and presence of pre-formed flower-shaped nanoparticles,
respectively.®) Similarly, about 60 and 70 nm-sized spherical
nanoparticles were obtained in the presence of pre-formed
nanoparticles during the application of 0.1 and 0.01 mm CTAB
in the aqueous phase, respectively. These diameters of nano-
particles at respective CTAB concentrations are much lower
than freely forming spheres in absence of pre-formed spheres
where 0.1 and 0.01 mm CTAB concentration can able to form
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concept and parts of the results are reproduced from the authors’ previously published article. Reproduced with permission.l Copyright 2016,

Elsevier Ltd.

the freely moving spherical nanoparticles of diameter 110 and
160 nm, respectively (Figure 5C). At the end of the polym-
erization, newly formed spheres are strongly adsorbed on the
surface of flowers as shown in Figure 5D. The size of the in
situ assembling spheres on the flowers can systematically be
tuned by varying the CTAB concertation in the aqueous phase
(Figure SE,F). A comparatively systematic assembling can be
achieved via the progressive assembling process (as an advan-
tage) because there is a low chance of uncontrolled aggregation
as the anionic surface of flowers is covered by cationic spher-
ical nanoparticles that can repel the further incoming spheres
of the same charge. Like flower-sphere progressive assembly,
other types of nanoparticle systems can also be obtained such
as sphere-sphere, ellipsoidal-sphere, dumbbell-sphere, etc. as
shown in Figure 5G.
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3.4. Interface Supported Progressive In Situ Assembly

The assembly interactions in case of progressive in situ assem-
blies between pre-formed and freshly formed nanoparticles
are realized through oppositely charged surface ligands at the
interface. Surface ligands can protect the similar-charged nano-
particles from aggregation and allow the assembling of oppo-
sitely charged forming nanoparticles. In this scenario, if soft
and swellable support in form of the intensely charged shell-
like cross-linked material layer on the surface of nanoparticles
is applied, then the particulate assembly system can be gen-
erated with more specificity, selectivity, and strength.[280.105]
Therefore, the progressive assembly where freshly forming
nanoparticles during the progress of polymerization being
fixed/strongly assemble electrostatically in the supported shell
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layer at the surface of pre-formed nanoparticles is termed as
“supported progressive assembly.” Here, a soft interfacel¥l of
the pre-formed nanoparticles can lead to efficient interfacial
interaction that is finally able to generate tunable assemblies of
polymer particles of different properties.

A multimodal and synergistic treatment approach is efficient
for the co-delivery of various drugs of different properties for
biomedical applications.¢1% Therefore, from an application
point of view, the hydrophobic-hydrophilic core—shell structure
of the polymer nanoparticles is promising for co-delivery of
multiple cargos of different therapeutic properties via a single
delivery vehicle. In particular, the particles with core—shell
structures are useful in efficient, sustained, and triggered the
release of the drugs of different properties at targeted sites in a
sequential manner.'"®11% Besides the biomedical applications,
core—shell polymeric nanoparticles are favorable for multi-
fluorescence labeling, stimuli-responsive sensing, etc. Polymers
are amorphous and their particulate structures are cross-linked.
A dispersion of the hydrophobic polymer nanoparticles in the
aqueous solution is possible due to the amphiphilic molecular
interface. It can be possible to create a hydrophobic core-hydro-
philic shell structure through an amphiphilic mediator via a
multi-step synthetic approach. In contrast, because of different
wetting characteristics, it is a challenge to connect the hydro-
philic cross-linking network of the shell with the hydrophobic
cross-linking network of core particles directly without any
mediator through the single-step process. The formation of the
core—shell structures of polymer nanoparticles through a single-
step polymerization process is also advantageous because it
allows tuning of the interfacial properties via in situ manner
such as the thickness of the shell layer, their charge density, the
overall size of the nanoparticles, etc. Therefore, here, a single-
step semi-microfluidic reaction approach has been applied to
generate core—shell polymer nanoparticles as shown in the
upper panel of Figure 6A. Hydrophilic monomers (cationic
diallyl dimethyl ammonium chloride (DADMAC)) plays a dual
role as building unit for hydrophilic shell polymeric layer and as
interfacial agent for hydrophobic core nanoparticles (PMMA)).
The core-shell particles are generated by emulsion co-polymer-
ization where initial emulsion of both monomers (hydrophilic
DADMAC and hydrophobic MMA) is realized in a microre-
actor and further polymerization was completed externally at
polymerization temperature (95 °C)."™ The concentration of
DADMAC can control the overall size of the core-shell nano-
particles and shell thickness during co-polymerization system-
atically.™ An SEM image of the soft shell layered core-shell
polymer nanoparticles (cationic) is shown in Figure 6B. Similar
to cationic, anionic core—shell polymer nanoparticles of tunable
size can also be prepared through a single-step process.[2l

For obtaining supported progressive polymer assembly parti-
cles, the core—shell particles have been inserted in a vial as pre-
formed nanoparticles and further polymerization to grow and
in situ assemble spheres on the surface of core—shell particles
was conducted through the semi-microfluidic setup as shown
in the right panel of Figure 6A. The surface of the core-shell
polymer nanoparticles is cationic (zeta potential +35 mV),!
hence further polymerization needs to be performed based on
the anionic interfacial agent for in situ electrostatic assembly.
An aqueous phase, therefore, is made up of the sodium dodecyl
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sulfate (SDS), an anionic surfactant, which controls the surface
dynamics to form anionic spherical nanoparticles. Like progres-
sive assembling, anionic SDS molecules can be attached to the
cationic surface of core-shell nanoparticles electrostatically.
Here, the hydrophilic shell layer can be imagined as swellable
in the aqueous phase. Aqueous suspension of the pre-formed
core—shell particles is already available in the vial during the
polymerization of in situ assembling spheres at the surface.
Therefore, during the swelling state of the shell, the formation
of spheres can take place inside the shell layer where anionic
spheres are strongly bound and forming the robust nanoscale
assembly particles. Supported progressive assembly particles
are shown in Figure 6C. The size and population of the assem-
bling spheres on the core-shell surface can systematically be
tuned by varying the concentration of SDS in the aqueous
phase as well as varying flow rate ratio of the aqueous and mon-
omer phase.[1112]

3.5. Interface Supported Assembly in Continuous Flow

On one hand, soft surface support (swellable interface) is useful
for binding the guest nanoparticles more robustly. On the other
hand, flow setup can provide uniform reaction surrounding
that creates homogeneous nanoassembly particles. In an inte-
grated approach, a performance of the supported assembly of
interfacial active nanoparticles under flow condition is termed,
here, as “supported flow assembly.” Soft surface layer as a shell
with tunable thickness can be applied on the surface of core
nanoparticles by hydrophilic-hydrophobic single-step co-polym-
erization synthesis.''!l The soft shell-layered nanoparticles act
as supported nanoparticles for incoming assembly nanoscale
particles of opposite surface charge. It can be imagined that the
hydrophilic shell layer can be swelled in an aqueous medium
where their cross-linking network creates small pores that are
suitable to hold smaller sized nanoparticles. A basic flow setup
as shown in Figure 7A allows the assembly of anionic nanopar-
ticles on the surface of cationic core—shell polymer nanoparti-
cles. At first, spherical polymer nanoparticles of diameter about
65 nm can be adsorbed on the surface of soft layer nanoparticles
of bigger size through flow assembly (Figure 7B). Besides, if
smaller nanoparticles in the range of about 20 nm are used for
assembling, then there is a possibility that smaller nanoparti-
cles can assemble at a much deep level in the porous-like cross-
linking network of the shell interior. In this way, a high density
of assembling (guest) nanoparticles at the surface as well as
in the interior space of the host can be realized. Considering
this aspect, smaller sized metal nanoparticles were applied on
the swellable soft shell layer of polymer nanoparticles to obtain
nanoscale assembly particles under flow conditions.
Polymer—polymer nanoassembly is useful for dual fluo-
rescence labeling applications where each type of polymer
nanoparticles can be functionalized with different fluoro-
phores.'' On the other side, polymer—metal nanoscale assem-
blies are highly useful for surface-enhanced Raman scattering
(SERS) sensing, biosensing, and catalysis application./!16]
In particular, the porosity of the substrate and high loading of
metallic content is highly appreciated for the enhanced sensing
outcome.'®] Here, the requirement of the porosity can be met
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Figure 6. Supported progressive assembly system in which incoming (growing) charged spherical nanoparticles assemble with an oppositely charged
supportive swellable surface layer of the polymer nanoparticles progressively during growth. A) A scheme showing the formation of supportive nano-
particles with their core—shell type structure: the core is hydrophobic PMMA and the shell surface layer is hydrophilic polyDADMAC. Further addition
of the polymer nanoparticles ingredients to the core—shell nanoparticles allows the formation of three-layered assembling nanoparticles: PMMA core,
polyDADMAC shell layer, and surface assembled PMMA nanoparticles on the top."! B) SEM image of the core—shell type polymer nanoparticles:
swellable surface layer is cationic, soft, and hydrophilic. C) SEM image of the assembly nanoparticles: Growing nanoparticles progressively assemble
on the supported core-shell type nanoparticles. The concept and parts of the results are reproduced from the authors’ previously published article.
Reproduced with permission."l Copyright 2015, Wiley-VCH.

by using swellable surface layered polymer nanoparticles and
that also allows high loading of the smaller-sized assembling
metal nanoparticles. High loading can also generate the rough-
ened metallic surface that leads the efficient analyte interaction

and reveal the enhanced sensing outcome even by using trace
concentration of analyte of interest.'""2 In general, polymer—
metal assembly particles are promising for coupled properties!”!
where metal nanoparticles are electrically conductive as well as
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plasmonic activel'”'8 and polymer nanoparticles are porous,
swellable, and flexible support for assembling interactions.!'*’]
For obtaining polymer-metal nanoassemblies, gold nanoparti-
cles were prepared by the citrate method.'2l On the one side,
the zeta potential of the gold nanoparticles is —22 mV.[1120]
On the other side, the zeta potential of the utilized core—shell
polymer nanoparticles for polymer-metal nanoassembly was

Adv. Funct. Mater. 2021, 31, 2007407 2007407 (13 0f22)

+32 mV."! The flow assembly process has been conducted at
room temperature where a suitable volume ratio of nanopar-
ticles’ suspension (polymer:metal 1:6) allows the complete
coverage of the surface of polymer nanoparticles by smaller
metal nanoparticles. Also, flow assembling can be performed
at various temperatures for the study of the spontaneity of the
electrostatic interaction inflow.'001112] Different volume ratios
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of the metal and polymer nanoparticles can systematically tune
the loading of metal nanoparticles on the surface of polymer
nanoparticles as shown in Figure 7C-E. Overall, with flow
synthesis, a systematic tuning in the uniform assembling can
be realized in both cases of polymer—polymer and polymer—
metal nanoassemblies by varying volume ratio of nanoparti-
cles (between 1:1 and 1:8), the concentration of nanoparticles’
suspension (between original suspension and 1/20 dilution),
and temperature (between room temperature and 90 °C)
(Figure 7F).[11.112]

3.6. Layer-By-Layer Electrostatic Assembly

An interface, where two types of nanoparticles interact and
assemble, is an active site that is equipped with reactive func-
tional groups, electrical charges, and responsiveness to external
stimuli.’211221 Usually, nanoparticles’ interface is tailored by a
molecular interfacial agent that is electrically charged or amphi-
philic, flexible in movement, and capable of initiating interfa-
cial interactions with other suitable components.!'!l Appropriate
tailoring of the surface state of nanoparticles can lead to the
specificity, selectivity, and robustness of the overall assembly
process to generate the desired nanoscale assembly parti-
cles.®8¥ On one hand, the inherent molecular interface of the
nanoparticles is potential where binding of two different types
of particulate entities can take place through adsorption with
the shortest possible thickness of the molecular layer between
two solid particles.[®® The layer-by-layer tailoring on the surface
of nanoparticles with multiple molecular layers, on the other
hand, can provide the space for more variability and tunable
interaction dimensionality for assembly nanoparticles. Multi-
layer stacking of functional molecules on nanoparticles’ surface
by layer-by-layer tailoring can be directed by either covalent,
electrostatic, van der Waals, secondary interactions, or weak
interactions such as H-bonding, etc.'?>? Overall, assemblies
of the nanoscale particles facilitated by a multi-layered surface-
functionalized approach is described here as “layer-by-layer par-
ticulate assembly.”

Alongside the Langmuir-Blodgett layer!'”! as well as self-
assembled monolayer deposition,?! a layer-by-layer deposi-
tion at the surface hold promise for various biomedical and
catalytic applications.2627127-130] The layer-by-layer functionali-
zation approach is well-studied in the case of the flat surface
and film-based substrates.[?>120] Besides 2D multi-layer for-
mation, the layer-by-layer functionalization on the surface of
freestanding nanoparticles is promising because of their 3D
interfacial ability.?8] Multiple layers at the surface of nanopar-
ticles can also be useful for generating the switchable surface
based on chemical functionalities and electrical charging.
Multilayers can be applied by amide bond formation (cova-
lent bonding) between attaching molecular polymeric layers.
For instance, because of the strong binding affinity, poly-
L-lysine and poly-L-glutamic acid link each other with the
desired number of layers on the surface.’>3U On the other
hand, a simple, versatile, and efficient layer-by-layer function-
alization can be achieved by oppositely charged polyelectro-
lytes.[127:132-134 Multi-layered polyelectrolytes create soft and
swellable interfaces that finally leads to a strong interaction
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with oppositely charged nanoparticles to form particles-par-
ticles nanoassemblies. Here, multi-layered functionalization
by cationic poly(diallyldimethyl ammonium bromide) (poly-
DADMAC) and anionic poly(styrene sulfonate sodium salt)
(PSSS) has been applied on the surface of PMMA nanopar-
ticles of different size and shape as shown in Figure 8A. The
anionic surface of flower-shaped PMMA nanoparticles (zeta
potential =16 mV) as shown in Figure 8B becomes cationic
(zeta potential +43 mV) after applying the polyDADMAC
layer.®! Afterward, the desired numbers of polyelectrolyte
layers of opposite surface charge one-by-one can be applied.®!
At the end of multilayered polyelectrolyte functionalization,
oppositely charged nanoparticles produce particle-particle
nanoscale assemblies. Here, a flower-sphere particulate
assembly is formed as shown in Figure 8C. Like flower-sphere,
other types of size and shaped polymer nanoparticle assembly
can also be obtained by a multi-layered assembling approach.
For instance, two different sized anionic spherical nanopar-
ticles were assembled after surface modification of larger
spheres with polyDADMAC as shown in Figure 8D. The tun-
able zeta potential of the nanoparticles is shown in Figure 8E
after applying alternatively charged polyelectrolytes.

3.7. Polymer—Metal Hybrid Electrostatic Assembly

As described above that polymer-metal nanoscale assembly
particles can combine the properties of two or more different
domains. Specifically, it is possible to achieve field enhance-
ment based on plasmon-centric light-matter interactions.'*!
Polymers are not interacting with light in a direct means and
polymer—polymer assembly is a singular type assembly. Oppo-
sitely, when functional polymer nanoparticles assemble with
light-interactive components, the synergistic effect can be
realized that is not able to harvest by individual components.
Therefore, here, a metal-polymer nanoparticulate assembly is
described as “hybrid assembly.” In the hybrid assemblies, sur-
face plasmon—a collective oscillation of the surface electrons
upon interaction with light—is highly useful in a wide range
of advanced applications such as photoacoustic effects, photoca-
talysis, SERS sensing, energy conversion, and nonlinear optical
conversion, etc.3>17] The properties of surface plasmons are
strongly related to materials and structures. Particularly, the
shape of metal nanoparticles can tune the optical signatures in
a dramatic way where smaller sized spherical metal nanoparti-
cles give the intense single optical peak and shape tuned metal
nanoparticles can create multiple plasmonic peaks in a single
optical spectrum.38139 Shape-control or symmetry-breaking of
the metal nanoparticles can be achieved by seed-mediated pro-
cesses or surface directing growth processes.!*]

For obtaining the systematic polymer—metal hybrid assembly,
here 1D silver nanorods were synthesized by a self-seeding
polyol synthesis (Figure 9A).*] The symmetry breaking during
the nucleation and growth can be realized by a surface directing
agent (PVP) that passivates the low-energy facets and allow
the growth of nanostructure in 1D that finally creates tunable
silver nanorods.!l The obtained silver nanorods are shown in
Figure 9B. Zeta potential of the silver nanorods showing nega-
tive value (-16 mV).®® These anionic nanorods are suitable
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Figure 8. Layer-by-layer surface modification with alternatively charged polyelectrolytes and electrostatic assembly of the polymeric nanoparticles. A)
Concept of the desired number of surface modification with polyelectrolytes and nanoparticle assembly. SEM images: B) surface-modified flower-shaped
PMMA nanoparticles, C) flower-sphere nanoassembling particles with one layer of surface modification by cationic polyDADMAC of flower-shaped
PMMA nanoparticles, D) sphere-sphere nanoassembly particles with one layer of surface modification by cationic polyDADMAC of spherical PMMA
nanoparticles. E) Surface charge characterization of the PMMA nanoparticles by zeta potential after several layers of the surface modification. The con-
cept and parts of the results are reproduced from the authors’ previously published article. Reproduced with permission.®% Copyright 2016, Elsevier Ltd.

to form assemblies with cationic polymer nanoparticles via
electrostatic interaction. Therefore, cationic spherical polymer
nanoparticles of tunable size and surface charge were obtained
by semi-microfluidic synthesis.®® A model SEM image of cati-
onic polymeric spheres is shown in Figure 9C. The 1D struc-
ture of the silver nanorod is suitable to hold the spheres on its
surface that can able to form a decorative hybrid assembly. For
uniform and systematic assembly, size and surface charge of
the polymeric spheres are playing a crucial role. Smaller sized
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spheres (around 65 nm) have a high surface charge (+42 mV)
and they can electrostatically adsorb everywhere on the sur-
face of silver rods due to the strong attraction between oppo-
sitely charged surfaces (Figure 9D). In this scenario, a highly
systematic and decorative assembly system can be obtained if
the charge density of the assembling nanoparticles can be con-
trolled. Therefore, by using 0.1 mm CTAB in the aqueous phase,
110 nm-sized spherical polymer nanoparticles were synthesized
whose surface charge has been appeared +22 mV.®! The
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and their assembly with oppositely charged polymer nanoparticles. SEM images: B) silver rods via polyol synthesis,[¥! C) PMMA nanoparticles in a
semi-microfluidic process,®¥ D) silver-PMMA nanoassembly particles (70 nm-sized PMMA particles prepared by using 1 mm CTAB concentration in
aqueous phase), E) silver-PMMA nanoassembly particles at 65 °C for 2-h stirring (110 nm-sized PMMA particles prepared by using 0.1 mm CTAB
concentration in aqueous phase), F) silver-PMMA nanoassembly particles at 90 °C for 30 min stirring (70 nm-sized PMMA particles prepared by using
1 mm CTAB concentration in aqueous phase), and G) silver-PMMA nanoassembly particles at 90 °C for 12 min stirring (110 nm-sized PMMA particles
prepared by using 0.1 mm CTAB concentration in aqueous phase). H) Schematic overview of silver-PMMA nanoassembly particles with various sizes
and surface charge of the PMMA nanoparticles. 1) A schematic for the future application to apply a polymeric insulator of tunable surface layer thick-
ness for conducting nanorods-nanowires with insulating templates for electronic devices. The concept and parts of the results are reproduced from the
authors’ previously published articles. Reproduced with permission.[881 Copyright 2013, Wiley-VCH; Copyright 2013, IOP Publishing Ltd.

spheres of 110 nm diameter were highly suitable to arrange on  reaction, dilution (particle concentration), and temperature
silver rods by keeping a certain distance from adjacent spheres  (Figure 9H).®¥ The systematic arrangement of the polymeric
on rods (Figure 9E-G). Hybrid assembly based on controlled  spheres on silver rods in a decorative manner is possibly based
surface charge strongly influences by volume ratio, time of on two interactions: the controlled electrostatic attraction
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between spheres and rod, and partial electrostatic repulsion
between the same charged spheres on the rods. Because of this
relatively uniform distribution of spheres on a rod, it is pos-
sible to create a uniform polymeric layer on the silver rod by
heating the assembly at or slightly above the glass transition
temperature of the polymer (concept shown in Figure 91I). The
polymeric insulating layer on the nanoscale conducting silver
rod can be useful for smart nanotechnology-equipped elec-
tronic devices. Various functionalities such as fluorescence
functionality can be introduced in the interior or at the inter-
face of polymer nanoparticles, so that they can be able to create
hot spots while adsorbed on silver rods. The generated hot
spots in functional hybrid assemblies can be useful in creating
enhanced field effect in a synergistic outcome. Like polymer—
metal assembly, other types of polymer-based hybrid assem-
blies can also be generated such as polymer-semiconductor
assembly, polymer—dielectric assembly, etc.

4. Nano—Micro Multiscale Assembly

At a lower lengthscale, various atoms are linked by covalent
bonding to form molecules, and molecules (monomers) can
be cross-linked to form nanoscale polymer particles. From the
applications’ point of view, the lengthscale is playing a very
important function. In the nanoscale domain, for instance,
surface area and surface energy are crucial parameters that can
be significantly tuned by increasing or decreasing the size of
the nanoparticles that directly lead to consequence in applica-
tion outcomes. While nanoscale polymer particles are promi-
nent for various functional applications such as immunoassays,
endocytosis, drug delivery, labeling, etc.,[%®1*2 their microscale
counterparts, on the other hand, show excellent potential for
other prominent applications such as tissue regeneration, bio-
sensing, surface-enhanced Raman scattering, cargo carrying,
etc.l1613.14) Agsembly of nanoscale particles with microscale
counterparts combines the properties and functions of both
domains and can be able to generate novel properties that are
crucial for advanced applications.

Multiscale assembly particles can be fabricated by various
means either through a single-step process or through multi-
step processes. At first, beginning with smaller nanoparticles,
hierarchical assemblies of different lengthscale ranging from
lower nanometer up to higher micrometer scale can be formed
by multiple nanoparticulate assembling steps. The advantage
of the nanoparticle-based hierarchical assembly is that there is
a possibility to introduce desired numbers of active functions
by energetic components such as molecular reporter, labeling
agents, therapeutic cargos, nanosensors, etc. throughout the
assembly structures during the step-by-step formation of assem-
blies.">"] Second, multiscale assemblies by using particles of
various length scale can be fabricated by applying one type of
particles on the surface of others through electrostatic interac-
tions as well as other interfacial interactions.¥] In this case,
it is possible to tune the size, shape, and density of the assem-
bling particles on the surface of host particles which is useful
for tunable assembly product. A third, a single-step microflu-
idic formation of the microscale particles and their assemblies
with embedded droplets/nanoparticles can be formed by double
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or triple (multiple) emulsion through droplet-based microflu-
idics. 314971531 Multiple emulsion-based droplet microfluidics
forms capsules of different wetting properties and also of tunable
functionalities that are promising for biomedical applications.
At fourth, systematic distribution of the functional nanoparticles
of smaller to larger size throughout the interior of the micro-
particles that form efficient nano-micro particulate assem-
blies can be developed by microfluidics with photopolymeriza-
tion.B% In this technique, pre-formed functional nanoparticles
can be dispersed in the monomer phase where microscale
droplets can be solidified by photopolymerization and produce
microparticles with uniform distribution of nanoparticles in
the interior. All these techniques for the development of mul-
tiscale assemblies are efficient, and the details of the fourth
technique are provided here as a proof-of-concept. As shown in
Figure 10A, the formation of PMMA-embedded hydrophilic poly-
acrylamide microparticles takes place by photopolymerization.
Spherical PMMA nanoparticles of a diameter of 110 nm were
synthesized by semi-microfluidic emulsion polymerization. For
the formation of PMMA nanoparticle-containing polyacrylamide
microparticles, nanoparticles were dispersed in an aqueous
solution of acrylamide which also contains a photoinitiator and
a cross-linker. The size of the microparticles depends on the
size of the droplets in a microchannel, that can be controlled
by varying the concentration of surfactant in the carrier phase,
flow rate ratio, and channel dimension.16154159 The forma-
tion of polyacrylamide microparticles of a size of about 320 um
is shown in Figure 10B. Different types of size and shape-con-
trolled nanoparticles can be embedded in the microparticles for
carious application requirements (Figure 10C-E). By microflu-
idic photopolymerization, surface fabrication of the microscale
particles such as wrinkled and porous surface can be fabricated
which has a high potential for some renowned biomedical
applications such as tissue regeneration and surface-enhanced
Raman scattering based molecular sensing.[10]

5. Summary and Outlook

This progress report is focused on various syntheses strategies
to achieve better control over their assembling interactions to
form uniform particulate assemblies. Polymers are amorphous
or lower crystalline materials, and particulate polymeric struc-
tures are cross-linked network. The mechanical strength of the
polymeric structures depends on the type and combination of
various polymers. The distinct characteristics of the particulate
polymers such as softness, flexibility, and responsiveness to sur-
rounding solvents/stimuli are crucial for diverse properties and
advanced functions. As the interior of the nanoparticles is rela-
tively soft and cross-linked, it is of specific importance to carry
functional molecular as well as small particulate components
such as therapeutic cargos, drugs, insulin, proteins, DNA, or
RNA, etc. to deliver at targeted sites. Here, for high loading and
efficient delivery of the functional components in a sustained
manner, the structural aspects of the polymer particles such as
size, shape, interior spacing, etc. are playing significant roles.
Besides the structural aspects, the most important characteristics
of the polymer particles are their interfaces. At first, whether the
particulate polymers are hydrophilic or hydrophobic, their first
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contact with the surrounding medium (solvent) is through the
surface. Second, irrespective of the hydrophilicity or hydropho-
bicity, polymer particles can be capped with amphiphilic mole-
cules that allow to adapt different types of polymeric particles to
the surrounding medium and support their dispersity in solu-
tion by providing stability against uncontrolled aggregation. A
third, the availability of surface ligands at the surface of polymer
particles creates a soft interface, on one hand, and stimulates
efficient interfacial interactions, on the other hand. By precisely
controlling the structural and interfacial aspects of the polymer
particles, significant interfacial interactions can be stimulated for
polymeric particulate assemblies that present synergistic proper-
ties and functions useful for a diverse range of applications. With
these perspectives, different assemblies are presented here.
Polyelectrolytes as interfacial agents create a soft interface
and direct the growth of polymer nanoparticles, which can be
spontaneously self-assembled during the ongoing continuous
polymerization process that forms ellipsoidal, dumbbell, and
other linear shapes of the final nanoparticles. The soft interface-
driven self-assembly of the growing nanoparticles is the result of
limited polarizability, partial repulsion, controlled electrostatic
interaction, minimizing energy barrier, and hydrophobic inter-
action. A successful proof-of-concept of PMMA nanoparticles
self-assembly presented here, and other polymeric materials
(hydrophilic, hydrophobic, decreased amorphousness, increasing
semi-crystallinity, co-polymers, etc.) need to be explored for
continuous  self-assembling/shapes based on microfluidics/
semi-microfluidics and interfacial chemistries. Nanoparticle
assemblies through electrostatic interactions, on the other hand,
through batch processes is a simple and powerful method for
large-scale production. Charge density, nanoparticle dispersion
(concentration), size of particles, reaction surrounding (solvent),
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etc. playing roles during the electrostatic interaction in batch
synthesis. Here, assembly takes place at the nanoscale, and the
reaction medium is bulk in a batch method that may produce
inhomogeneity in the assembly particulate product. There is a
need to investigate feasible and novel batch processes, as well
as suitable interfacial chemistry, which needs to be tailored to
achieve more uniformity in the particulate nanoassemblies.

If a reaction environment can be developed where one type
of growing nanoparticles can be formed and simultaneously
assembled at the surface of pre-formed nanoparticles progres-
sively during polymerization, then there is a high possibility for
the generation of nanoassemblies with a systematic distribution
of the assembling nanoparticles. Like flower-sphere progressive
assembly presented in this paper, other types of potential nano-
particulate systems can be developed based on size, shape, and
surface charge tunability in future endeavors. Also, more spe-
cific, selective, and strong assembly particles cab be obtained if
soft, swellable, and nanoporous surface support can be system-
atically tailored to the pre-formed particles. In this way, in situ
growing nanoparticles do not attach directly at the surface but
entrapped inside the swellable shell layer at the surface that pro-
vides robustness in overall assembly architecture. Applying a
tunable thick shell layer on the surface of polymer nanoparticles
during the one-step process is challenging but owing to their
advantage of providing efficient support for the strong assem-
blies, more development on the soft-shell layers of diverse inter-
facial properties needs to be investigated. The batch assembly
may have a concern of non-uniformity that can be resolved by
microfluidic flow arrangement. Microfluidics is advantageous
in many ways over their batch counterparts. Microfluidics deals
with a small volume (picoliter or nanoliter), fast phase, and mass
transfer as well as rapid heat transfer, efficient reactant mixing
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due to high surface area in a microchannel, spontaneous com-
positions of various reactants for time-sensitive chemical reac-
tions, and reaction in a continuous flow with droplet dynamics.
Considering these advantages, microfluidics hold promises for
the generation of uniform particulate assemblies. As presented
here a model polymeric flower-sphere uniform nanoassembly
particles, other systems required to be developed. The sup-
ported assembly provides strength and microfluidics provides
uniformity; strengthened as well as uniform assemblies can be
obtained if flow setup can be used for the supported assemblies.
The availability of nanopores on the supported nanoparticles
allows entrapping smaller sized light-active nanoparticles with
high loading and very useful for efficient sensing applications.
The detailed analysis of the sensing outcome in static, as well as
sequential manner, needs to be investigated further.

Hybrid assembly combines the properties of two or more
different functional nanoscale particles and creates completely
novel properties that cannot be able to be harvested by indi-
vidual components. A wide range of different combinations
of the assembling nanoparticles of diverse properties such as
silica—gold, silica—alumina, metal-semiconducting, etc. needs
to be explored with their systematic distribution of assembling
nanoparticles to create decorative nanoassemblies. The layer-by-
layer particulate assembly approach, on the other hand, provides
a platform for the generation of 3D and hierarchical assembly
architecture. A wide range of different functions such as fluo-
rescence functionality, nanosensors, etc. can be linked in multi-
layers that create multi-functional assembly architectures. Like
an approach based on multiple polyelectrolytes presented here
as a proof-of-principle, other types of functional molecular, as
well as particulates layers, can be applied more systematically.
In the end, nanoscale particles of high surface energy assemble
through multiple steps to hierarchical particulate assembly struc-
tures of micrometer length scale, or nanoscale particles assemble
with microscale particles at the surface or embed in the inte-
rior to form multiscale assemblies. The surface of the polymer
microparticles for their potential assemblies can be fabricated
by inducing surface porosity, wrinkles, surface textures, etc. that
support additional functionality in the hierarchical architectures.
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