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ABSTRACT

Nanoparticles offer several advantages in drug delivery. The progress in the 
development of nanoparticles for biomedical applications has moved from 
the first generation nanoparticles to the fifth generation nanoparticles and 
the transitions reflect their increasing versatility in biomedical applications. 
Polymeric nanoparticles are prepared mainly by two methods: dispersion 
of preformed polymers and in situ polymerization of monomers and 
macromonomers. Polymerization induced self-assembly (PISA) for the 
fabrication of nanoparticles is believed to be a better strategy than nanoparticle 
fabrication from preformed polymers (ease of tethering targeting ligands to 
the corona of the nanoparticles and unlike PISA, creation of nanostructures 
via self-assembly of block copolymers is performed in low concentrations.

Dispersion polymerization involves one-pot synthesis of nanoparticles. 
RDRP processes such as atom transfer radical polymerization, reversible 
addition-fragmentation chain transfer polymerization and nitroxide 
mediated polymerization have revolutionized polymer synthesis by 
providing polymer chemists with powerful tools that enable control over 
architecture, composition and chain length distributions. The technique 
for the fabrication of nanoparticles by dispersion polymerization (PISA) 
at ambient temperature was described with examples from our laboratory 
involving organic redox initiated polymerization using the FDA approved 
biodegradable polymers. Computer optimization is useful in understanding 
the factors that ensure optimized properties of drug-loaded nanoparticles.
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INTRODUCTION 

Nanoparticles are submicron (< 1 μm) colloidal systems which can be 
fabricated from varied and diverse materials in a variety of compositions, 

including quantum dots (QDs), polymers, gold, paramagnetic iron, etc 
[1]. Recent advances in the field of nanotechnology have made 
nanoparticles very promising in the delivery and targeting of 
bioactive agents, drug discovery and diagnostics. In fact, nanotechnology 
has been described as one of the key technologies of the 21st century [2]. The 
progress in the development of nanoparticles for biomedical applications 
has moved from the first generation nanoparticles—mainly suitable for 
liver targeting, as they are captured in the liver by the reticuloendothelial 
system (RES), also known as mononuclear phagocyte system (MPS); 
into the second generation, stealth nanoparticles: the nanoparticle 
surface is decorated or tagged with water soluble polymers, such as 
polyethylene glycol (PEG) or N-(2-Hydroxypropyl)methacrylamide 
(HPMA) for long systemic circulation and passive targeting 
(sequestration of the nanoparticles into the leaky vasculature of the 
tumor blood vessel, followed by their retention—enhanced permeability 
and retention (EPR) effect); to the third generation nanoparticles, with 
targeting moiety. The nanoparticle surface is decorated with a ligand 
specific for the antigen or receptor expressed on the surface of the 
tumor/pathological cells with a view to targeting the biophase (site of 
action), thereby achieving target specific delivery, reducing or 
eliminating off-target toxicity, and reducing the therapeutic dose[3-5]. 
The fourth generation nanoparticles have been dubbed theranostic: 
multifunctional nanoparticles which allow for a combination of 
diagnostic agent with a therapeutic agent and a reporter of therapeutic 
efficacy in the same nanodevice package [6].

ADVANTAGES OF NANOPARTICLES

Nanoparticles offer several advantages in drug delivery due to their unique 

characteristics. Some of these characteristics and advantages include the 
following: potential for functionalization for enhanced drug-carrying 
capacity [7], tissue or organ specific transport and delivery [7,8] reduction in 
administered dose and toxicity [9], the ability to carry and deliver multiple 
classes of diagnostics and therapeutic agents loaded within a nanoparticle, 
which would then exert their various effects in a controlled manner [7,10] 
and reduction in the frequency of administration [9].

The capability of nanoparticles to bear multiple therapeutic agents 
would make it easier to administer drugs in combination without having 
to increase the frequency of administration. Thus, therapeutic agents 
belonging to different classes with different physicochemical properties can 
be combined within the same nanoparticle system to achieve the desired 
therapeutic goal. Combination therapy using nanoparticle formulations 
provides certain advantages over combining the free drugs for therapy. The 
controlled release feature offered by nanoparticle systems can normalize the 
pharmacokinetics, biodistribution, and stability of drugs that possess very 
different chemical properties that would independently have produced 
contrasting pharmacological behaviors. These long-circulating formulations 
are capable of continuous release of drugs at controlled ratios or permit 
independent modification of release rates of each drug in ways that would 
not be achievable with conventional formulations of free drug which are 
rapidly cleared from the system [11].

Varying biodistribution/pharmacokinetics of combination drugs 
through cocktail administration has been attributed to their 
ineffectiveness in the clinic [12]. The problem is being solved by 
nanotechnology platform for drug delivery. The unique ability of 
multifunctional therapeutic nanoparticles to provide site-specific. Tumor 
targeting, improve the solubility of anticancer drugs, synchronize the 
disposition (pharmacokinetics) of encapsulated drugs (drug combination), 
overcome drug resistance and enhance anticancer activity of 
therapeutic drugs (concurrent chemotherapy with trastuzumab or 
pertuzumab is more effective than sequential use of these agents) represents 
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an important innovation in drug delivery system 
[13-22]. Nanoparticles are also important tools for imaging and 
diagnosis, aside from therapy or treatment [1] . The most 
commonly used imaging techniques are positron emission 
tomography (PET), single photon emission computed tomography 
(SPECT), magnetic resonance imaging (MRI), and various optical 
imaging techniques (bioluminescence and fluorescence) that have high 
sensitivity. Among these techniques, MRI is the most commonly studied 
technique and a considerable amount of research has been devoted 
to the use of magnetic particles as contrast agents. Particles of 
gadolinium, iron oxides, gold, silver and other metals are currently being 
investigated [23,24].

Though MRI is a noninvasive technique routinely used clinically for 
diagnostic imaging, it is believed that magnetic resonance sensitivity is 
significantly low in comparison with optical and nuclear imaging [25]. To 
improve MRI to the level where detection of molecular markers becomes 
possible, special contrast agents which significantly amplify the MR signals 
are often used. Advances in the application of MR methods for breast cancer 
research have become possible from the development of contrast agents that 
generate receptor-target or molecular-target contrast. The noninvasive MRI 
has a big role in functional imaging: cancer diagnosis and staging, in which 
the contrast agents in nanoparticle core have found applications in defining 
tumor margins, characterizing tumor perfusion and identifying tumor-bearing 
lymph nodes [26,27].

FABRICATION OF POLYMERIC NANOPARTICLES

Polymeric nanoparticles can be prepared mainly by two 
methods: (i) dispersion of preformed polymers and (ii) 
in situ polymerization of monomers, crosslinking agents and 
macromonomers.

Fabrication of polymeric nanoparticles from dispersion of 
preformed polymers

Self-assembly of block copolymers in a selective solvent (traditional post 
polymerization solvent switch approach) is an important strategy for 
preparation of polymer materials in nanoscale, and a broad range of intricate, 
biomimetic nanomaterials, including spherical micelles, nanorods, vesicles, 
tubes and donuts, etc. have been created. It utilizes block copolymers 
consisting of a soluble block and an insoluble block. The method has been 
used successfully in the fabrication of polymeric nanoparticles. These 
nanostructural materials show potential applications in varied and diverse 
fields, such as in catalysis, biomedical, food and cosmetic industries [28]. 
Examples of the methods used are as follows: emulsification solvent 
evaporation, emulsification solvent double emulsion method, 
nanoprecipitation, microphase-inversion, salting 
out, dialysis, and supercritical fluid technology

• It is very difficult to tether targeting ligands, like mAbs, to the corona/
surface of the nanoparticles for biorecognition events. Any attempt to
modify the surface of nanoparticles fabricated by dispersion of
preformed polymers often results in a substantial loss ofencapsulated
bioactive agents, contrast agents for imaging or other materials.

• Generally, creation of nanostructures via self-assembly of block
copolymers is performed in low concentrations and involves multiple
steps which prevents its commercialization and further applications.
The preparation of multimorphologies via polymerization-induced self-
assembly (to be discussed below) and morphology transition can be
conducted with the monomer concentration as high as 500 mg mL-1

which is not possible with selfassembly of block copolymers [28] in a
selective solvent, in which 1 mg mL-1 of copolymer is used generally.

Fabrication of polymeric nanoparticles by in situ polymerization

In situ co-polymerization of monomers/macromonomers, including 
crosslinkers, is another method for the fabrication of polymeric nanoparticles; 
it is also called polymerization-induced self-assembly (PISA). It is a chemical 
reaction that drives a physical polymer self-assembly process (polymerization-
induced self-assembly (PISA) combines block copolymer synthesis and 
nanoparticle formation efficiently at high polymer concentrations). 
Various nanoparticle morphologies such as spheres, worms, and vesicles 
can be prepared readily in polar and nonpolar media. The method allows 
one-pot synthesis of nanoparticles. It offers many advantages such as easy 
functionalization of the polymeric nanoparticles’ surface (needed to modify 
the biodistribution of the nanoparticles for long blood circulation by 
avoiding capture by the reticuloendothelial system (passive targeting), site 

specific uptake in cells (active targeting) by tethering a ligand to 
nanoparticle surface that can achieve biorecognition by virtue of the 
receptors expressed on the surface of cells (e.g., cancer cells), incorporation 
of pH-sensitive monomers and crosslinking agents for controlled/sustained 
drug release [19-23,29]. Theranostics nanoparticles (multifunctional 
nanoscale devices which allow for a combination of diagnostic agent with a 
therapeutic agent and even a reporter of therapeutic efficacy in the same 
nanodevice package) can be easily made by in situ polymerization method 
[30]. All these advantages of in situ polymerization derive from the 
possibility of simultaneous encapsulation of relevant hydrophobic/
hydrophilic drugs, contrast agent, nucleic acids, fluorochromes and, by 
copolymerization, adding surface functionalities in one batch process, 
without further modifications. In nanoparticle fabrication by dispersion of 
preformed polymers in selective solvents, any attempt to modify the surface 
of nanoparticles often results in a substantial loss of encapsulated drugs or 
other materials. Among the techniques available for in situ polymerization 
for the fabrication of nanoparticles are emulsion polymerization, 
microemulsion polymerization, miniemulsion polymerization, dispersion 
polymerization, and suspension polymerization[18-22,29,31,32].

DISPERSION POLYMERIZATION TECHNIQUES FOR THE 
FABRICATION OF POLYMERIC NANOPARTICLES FOR 

BIOMEDICAL APPLICATIONS

Dispersion polymerization occurs in the presence of a suitable polymeric 
stabilizer soluble in the reaction medium, which is adsorbed on the surface 
of particles where it lowers the surface free energy and functions as a steric 
stabilizer [18-22,33]. The starting reaction mixture is a clear, singlephase 
solution (a homogeneous solution of monomers, initiator, drug and 
stabilizer) with particles forming by precipitation of growing polymer chains 
in the presence of a suitable steric stabilizer. Consequently, the solvent 
medium becomes a dispersion medium [34,35]. Dispersion polymerization 
has many advantages over other methods of polymeric particle rapid 
reaction rate by simple free-radical reactionpreparation. These advantages 
include:

ii. Elimination of toxic organic solvents and non-use of surfactants
which makes it especially applicable to biomedical applications.

iii. Production of spherical monodisperse particles in a single
step (simultaneous encapsulation of bioactive agents during
polymerization) and achievement of nanoparticle preparation of
multi-morphologies via polymerization-induced self-assembly;
morphology transition can be conducted with the monomer
concentration as high as 500 mg mL-1

iv. It can be carried out at room temperature by using appropriate
initiators

v. Single homogenous phase at the start of the polymerization reaction 
when compared to the multiple phases present in an emulsion
polymerization process

vi. It is possible to add surface functionalities in one-batch process
(one-pot synthesis) without further modifications compared to
nanoparticle fabrication by dispersion of preformed polymers
[18,22,28,33]

Dispersion polymerization in the fabrication of stealth nanoparticles is 
noteworthy. It has been reported that a few physical protocols have 
been adopted to coat nanoparticle with PEG but these procedures entail 
the risk of polymer desorption in the blood with consequent loss of the 
beneficial contribution of the polymer. In order to overcome this problem, 
covalent PEG conjugation protocols have been developed for biodegradable 
nanoparticles with PEG covalently bound to the surface and have been 
produced using PEG derivatives of poly(lactic acid), poly(lactic acid-co-
glycolic acid) or poly(alkylcyanoacrylates). The nanoparticles are often 
prepared by dispersion polymerization in various types of media. These 
procedures allow the PEG orientation toward the water phase, 
while the biodegradable hydrophobic polymer fraction is 
physically entangled in the inner nanoparticle matrix [36].

• Reversible-deactivation radical polymerization (RDRP)

RDRP processes (also known as living or controlled radical 
polymerization), such as atom transfer radical polymerization (ATRP), 
reversible additionfragmentation chain transfer (RAFT) polymerization 
and nitroxide mediated polymerization (NMP) have revolutionized 
polymer synthesis by providing polymer chemists with powerful tools 
that enable control over architecture, composition and chain length 
distributions. A living radical polymerization (LRP) is a free radical polym-

Disadvantages of the method include:

i. Rapid reaction rate by simple free-radical reaction
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-erization that aims at displaying living character, (i.e., does not terminate 
or transfer and is able to continue polymerization once the initial feed is 
exhausted by addition of more monomer). Termination reactions are 
inherent to a radical process, and modern LRP techniques seek to 
minimize such reactions, therefore providing control over the molecular 
weight and the molecular weight distribution of a polymeric material. In 
addition, the LRP techniques allow compatibility with a wide range of 
monomers, tolerance of many functionalities, and facile reaction conditions. 
The control of molecular weight and molecular weight distribution has 
enabled access to complex architectures and site-specific functionality 
that were previously impossible to achieve via traditional free radical 
polymerizations [37].

The user-friendly nature of these procedures have allowed RDRP-
derived polymers to be used in the construction of advanced materials with 
unique and enhanced properties. RDRP has been widely explored for the 
systematic design and synthesis of biomaterials largely due to the enhanced 
control over polymer structure and mild reaction conditions. In particular, 
polymers synthesized through RDRP have been applied in three main areas to 
provide biomaterials with specific and enhanced properties, namely, i) the 
conjugation of synthetic polymers to biomacromolecules such as 
peptides, proteins and siRNA, ii) the development of functional polymeric 
nanoparticles for the transport of therapeutic and imaging agents  and iii) 
the development of bioactive polymers that can trigger biological responses. 
These three areas all take advantage of RDRP to precisely control the 
polymer architectures and molecular weights [38,39]. RDRP has been 
successfully employed to prepare a broad range of amphiphilic copolymers 
with various functionality that undergo self-assembly to form 
supramolecular structures with morphologies ranging from spheres to 
vesicles and higher ordered structures. These polymeric nanoparticles can 
provide a vehicle for the delivery of therapeutic agents and can be 
decorated with targeting moieties[40,41] .

Reversible-deactivation radical polymerization (RDRP) has been 
successfully implemented in dispersed media, and one of the most 
significant achievements is the development of synthetic routes allowing 
the production of block copolymer nano-objects. This approach, known as 
polymerization-induced selfassembly (PISA), takes advantage of the chain-
end reactivity of solvophilic macromolecules obtained by RDRP for the 
polymerization of a second monomer in a suitable solvent. The growth of 
the second block, insoluble in the polymerization medium, leads to the 
formation of block copolymers that self-assemble into nanoparticles[42]. 
PISA can be performed in dispersion polymerization conditions in which 
the monomers are soluble. Under optimized conditions, PISA can directly 
produce the same self-assembled morphologies (spheres, rods, fibers, 
vesicles) previously obtained by the solvent-displacement method using 
preformed block copolymers, but at much higher solids contents (up to 40–
50%) and with significantly less experimental effort. The great majority of 
the PISA systems reported so far rely on dispersion polymerization, in 
which particle morphology is generally more easily tuned [42]. Other RDRP 
techniques have also successfully been implemented in the past, such as 
atom transfer radical polymerization (ATRP), nitroxide-mediated 
polymerization (NMP), organotellurium mediated radical polymerization 
(TERP), organometallic mediated radical polymerization (OMRP), and 
iodine transfer polymerization (ITP). These techniques, however, present 
various drawbacks compared to RAFT polymerization, and remain much 
less exploited in the field of PISA. Very recently, it was shown that PISA is 
not only feasible with RDRP, but that the principles also hold for other 
polymerization mechanisms, in particular ring-opening metathesis 
polymerization (ROMP) [42] .

• Reversible addition-fragmentation chain transfer (RAFT) method.

RAFT enables control over polymerization of most monomers available to 
free radical polymerization. Furthermore, RAFT also offers some benefits 
when considering monomers that are challenging to polymerize by 
conventional free radical polymerization. A key requirement in RAFT, 
which is very different from other RDRP systems, is the use of a radical 
initiator[43]. The RAFT process is a simple modification of a 
conventional free radical polymerization process by substituting a 
traditional chain transfer agent with a RAFT agent. Block copolymers of 
the type AB are one of the key products achievable via RAFT, and they 
are produced by sequential addition of a monomer B to a macro-RAFT 
agent produced by the polymerization of monomer A, mediated by the 
RAFT agent [43]. RAFT has been described as the most well-established 
PISA method. So far, it is the most versatile (in terms of monomer and 
solvent compatibility) and reliable polymerization technique for PISA 
[44] . PISA is based on the chain extension of an initial soluble precursor
block, which acts as a steric stabilizer, with a second insoluble polymer
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block that forms the nanoparticle core in situ. This polymerization reaction 
triggers diblock copolymer self-assembly once a sufficiently high degree of 
polymerization (DP) of the coreforming block is attained. PISA is efficient 
because polymer synthesis and assembly occur simultaneously. 
Furthermore, PISA can be performed at a range of final polymer 
concentrations (5–50% w/w) [45]. RAFT allows nanoparticle cross-linking 
and can be performed in polar solvents, such as water; various organic 
solvents and alcohols; and in nonpolar solvents, such as n-alkanes and 
mineral oil. RAFT-PISA can also be performed in ionic liquids and 
supercritical CO2. A range of morphologies can be obtained when using 
RAFT dispersion polymerization. An example of an aqueous RAFT 
dispersion polymerization is the poly(glycerol monomethacrylate)-block-
poly(2-hydroxypropyl methacrylate) (PGMA-b-PHPMA), where PGMA 
forms the soluble stabilizer block, and PHPMA forms the insoluble 
nanoparticle core [46-48]. Nonpolar RAFT-PISA formulations prepared by 
RAFT exist. A good example of such formulations is the poly(lauryl 
methacrylate)-block-poly(benzyl methacrylate) (PLMA-PBMA) composition 
in various n-alkanes where the PLMA blocks act as an oil-soluble stabilizer 
and the PBMA blocks form the insoluble nanoparticle core [49] Polar 
and nonpolar RAFT-PISA formulations have similar characteristics in 
terms of in situ morphological evolution. Generally, this morphological 
evolution proceeds from dissolved polymer chains to spheres, to 
worms, to vesicles[50]. It is known that RAFT-PISA has allowed the 
preparation of nanoparticles that are suitable in various medical 
applications, including long-term stem cell storage and drug delivery 
[51,52] .

Some disadvantages have been highlighted for RAFT. RAFT-PISA is a 
formidable technique for the in situ preparation of dispersed nanoparticles 
in various media. However, this technique has its limitations. An aspect 
that can be considered a disadvantage of PISA formulations is that they 
generally require thermal initiators (reaction temperatures are ∼70–90°C), 
though light-controlled radical polymerization reactions at ambient 
temperatures have been reported [53]. Judiciously chosen photo-
initiators allow RAFT polymerization reactions in the presence of light; 
while the absence of light pauses the polymerization reaction. Such 
initiator systems have been investigated for RAFT-PISA [53-57]. 
Nanoparticles obtained from RAFT-PISA contain sulfur-containing 
polymer end groups that are located within the nanoparticle cores. 
These are potentially harmful and cause intrinsically colored 
dispersions. Furthermore, these polymer end groups give an undesired 
odor to the polymers. Fortunately, convenient techniques have been 
developed to degrade the polymer chain ends from nanoparticles prepared 
via RAFT-PISA in polar and nonpolar media. However, these end groups’ 
stability is desired during RAFT-PISA to maintain control over the 
polymerization reaction. For this reason, aqueous RAFT-PISA is generally 
performed under acidic or neutral conditions: RAFT end groups are 
susceptible to hydrolysis above pH 7 [38]. These limitations can be 
avoided when using polymerization techniques that avoid sulfur-
containing end groups, as discussed in the rest of this review.
• Atom transfer radical polymerization (ATRP)

A controlled living radical polymerization methodthat has competed with 
RAFT polymerization over the years is ATRP. There are several reasons why 
ATRP is less suitable for PISA than RAFT. For example, ATRP utilizes a 
copper catalyst, which forms an undesired potential toxic impurity in the 
polymer product. For this reason, nanoparticles obtained from ATRP-PISA 
are less suitable for biomedical/pharmaceutical applications. Copper removal 
is possible; for example, silica column chromatography could be used after 
nanoparticle cross-linking. Another recent study described a method that 
utilizes a “Cu scavenger”, followed by filtration, on a polymer solution. Such 
procedures are demanding and would require cross-linked nanoparticles. 
There are other disadvantages of ATRP-PISA which arise from using a 
metal catalyst. For example, ATRP metal complexes are often vulnerable 
to oxidation. Fortunately, different ATRP methods have been developed 
to improve upon this limitation and to allow this polymerization reaction 
with low copper concentrations [44]. A recent example of ATRP-PISA was 
reported by Matyjaszewski and co-workers [58]. ATRP-PISA was fabricated 
with a reduced copper concentration. This was achieved by employing the 
ICAR-ATRP method. A polyoligo(ethylene glycol) methyl ether methacrylate] 
(POEOMA) macroinitiator was chain extended with PBMA in ethanol 
at room temperature and at 65°C. The effects of catalyst concentration, 
radical initiators, target PBMA DP, solids content, and temperature were 
investigated for this dispersion polymerization. High monomer conversions 
and relatively narrow MWDs were obtained. Only spheres are formed at low 
polymer concentrations. Spheres with diameters of ∼300 nm and worms were 
observed at higher final polymer concentrations. In contrast to the samples 
obtained at 65°C, the worms obtained at room temperature had short 
fractal-type connected-bead morphology, which suggests that these elongated 
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structures are formed by a sphere–sphere fusion process[58]. Another 
recent ATRP-PISA contribution was reported by Zetterlund and co-workers 
[59]. This formulation comprised chain extension of poly(dimethylsiloxane) 
and BMA in supercritical CO2. TEM images of the poly(dimethylsiloxane)-
block-poly(benzylmethacrylate) (PDMA-b- PBMA) nanoparticles suggested 
the presence of spheres, worms, and possibly, vesicles.

• Nitroxide-mediated polymerization (NMP):

NMP, RAFT and ATRP are being used in the synthesis of well-defined 
homo-, gradient, diblock, triblock, and star polymers and other architectures, 
including microgels and polymer brushes. New materials that have the 
potential of revolutionizing a large part of the polymer industry are 
beginning to appear [60]. NMP proceeds via reversible homolytic 
dissociation of terminal alkoxyamine groups (reversible thermal homolysis 
of alkoxyamines into alkyl and nitroxyl radicals). Investigations have led to 
the development of variants of NMP which have been used for the 
investigation of materials prepared using PISA techniques [61]. 
Macroalkoxyamine has been used to play the role of both control agent and 
stabilizer during the polymerization. This approach has been used with 
success for various systems in dispersed media leading to the formation of 
complex morphologies [62]. NMP has shown promising results in terms 
of PISA. Charleux and co-workers reported spherical nanoparticles 
formation from the chain extension of poly(sodium acrylate) with styrene 
and n-butyl acrylate (BA) in water at 20% w/w. These dispersion 
polymerizations yielded spherical nanoparticles [63,64]. Later, Charleux 
and co-workers showed that NMP-PISA could be used to prepare cross-
linked and uncross-linked poly(sodium acrylate)- block-poly(N,N-
diethylacrylamide) spheres [65.] Furthermore, Charleux and co-workers 
reported in 2009 that the poly(sodium acrylate)-block-poly(4-vinylpyridine) 
composition allows self-assembly into well defined spheres, worms, and 
vesicles [66].

Organic redox initiated dispersion polymerization technique for the 
fabrication of nanoparticles by pisa at ambient temperature
• Organic redox initiator system for the fabrication of nanoparticles

(PISA of nano-objects)

Our laboratory has been involved in the application of in-situ 
dispersion polymerization technique at ambient temperature involving 
redox initiator system for the fabrication of core-shell 
nanoparticles (PISA of nanoobjects) [14-19,21,22]. The 
uniqueness of in-situ dispersion polymerization at ambient 
temperature involving redox initiator system for the fabrication of 
core-shell nanoparticles are as follows: Nanoparticle fabrication at 
ambient temperature is suitable for thermolabile bioactive agents like 
peptide and proteins (especially monoclonal antibodies); it is 
surfactant free thereby obviating the problems associated with the use 
of surfactants in injectable liquid preparations; it is a one-pot synthesis.

     Homolytic breakage of covalent bonds in initiator molecules by 
absorption of energy and the transfer of electrons from atoms with 
unpaired electrons followed by bond dissociation in the acceptor molecule 
have been reported as primary radical generation mechanisms in free 
radical initiation reactions. The most effective of the electron transfer 
reactions are redox reactions capable of generating free radicals and 
initiating polymerization reactions under mild conditions [67]. Redox 
reactions have notable advantages over thermal homolytic degradation of 
the covalent bond of initiator molecules in PISA (nanoparticle synthesis): 
(a) a higher decomposition rate constant of the initiator molecule leading 

to a short induction period [67,68]. (b) a lower activation energy that 
promotes milder polymerization conditions which is important in the 
encapsulation of thermolabile products like peptides and proteins [14] (c) 
reduction in side chain reactions leading to high molecular weight 
polymers with improved yield [67] .The most commonly used 
redox initiator system is the organic peroxide/amine system and the 
peroxide most commonly used is benzoyl peroxide (BPO). The free 
radical is generated by the decomposition of BPO activated by tertiary 
amines [68,69]. A number of tertiary amines have been used as 
activators including N-phenyldiethanolamine [14]. Vazquez et al [70], in 
their review, made a list of tertiary amines used as activators of BPO and 
also gave a good review of the toxicity of commonly used tertiary amines. 
The dispersion polymerization reactions for the fabrication of PISA 
(nanoparticles) in our laboratory have been based on redox initiator 
system comprising BPO and N-phenyldiethanolamine (NPDEA). The 
radical production is as shown in (Scheme 1) below [1,68] .

• Polylactide and poly-ɛ-caprolactone biodegradable block materials for 
core-shell nanoparticles (PISA of nano-objects) in our laboratory

Polymers that have been investigated for the fabrication of polymeric 
nanoparticles include natural macromolecules (biopolymers) and synthetic 
polymers [5]. The major technique in the design of biomedical polymeric 
nano-devices is based on physical or chemical combination of drug(s) with 
polymers. Given the complexities of natural polymers, research efforts are 
shifting towards synthetic polymers, because they can be synthesized 
reproducibly and predictably, thereby permitting the selection of materials 
of formulation with uniform and controlled composition. Certain 
requirements are expected of polymers for the fabrication of drug delivery 
devices in general, including polymeric core-shell nanostructures [71,72]. 

a) The drug should show good diffusion and solubility characteristics
in the polymer to provide the desired release control.

b) The polymer must be compatible with the host environment (e.g.,
not toxic or antagonistic in medical applications).

c) The polymer must be stable (should not degrade or change
undesirably).

d) The polymer must be compatible with the bioactive agent (no
undesirable reactions or physical interactions).

e) The polymer must exhibit optimum mechanical properties. The
polymer must be easily manufactured, fabricated into desired
shape, easily sterilized and inexpensive.

f) The polymeric material biocompatibility has to be defined only in
the precise context of material use: a polymer may be biocompatible 
in one application but not biocompatible in another (should be
compatible with blood if contact with blood is desirable; should be 
compatible with the tissue in question if not blood).

g) Polymeric nanoparticles are of the same size as biological entities;
consequently, they can readily interact with biomolecules on both
the cell surface and within the cell.

  Polymer molecular weight distribution, charge, hydrophobicity, etc., 
have a profound effect on the polymer biocompatibility. The 
molecular weight of non-biodegradable polymers should be about 40 
kDa to ensure renal elimination. (j). It is believed that polycations are 
significantly more toxic than water soluble natural polymers and polyani-

Scheme 1) Mechanism of generation of free radical at ambient temperature in the BPO/NPDEA redox initiator  system.

[58]
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-ions; however, a few polycation-based systems (chitosan for example) have
been developed and tested in clinical applications.

The most commonly used synthetic polymers for the fabrication of 
nanoparticles are PLA, PLGA, poly(glycolic acid) (PGA), poly(ε-caprolactone) 
(PCL) and poly (β-hydroxybutyrate) (PHB). Belonging to the family of 
polyesters, these polymers are known to exhibit adequate biodegradability and
biocompatibilty. Under physiological conditions, polyesters are 
generally degraded by hydrolysis into products which are well tolerated by 
various tissues. For example, the degradation products from PLA, PGA, 
and PLGA, namely glycolic acid and lactic acid, are physiological substances 
easily eliminated through the Krebs cycle [3]. The successful use of polymers 
of lactic acid and glycolic acid (PLA, PGA, and PLGA) as biodegradable drug 
delivery systems and as biodegradable sutures led naturally to an evaluation of 
other aliphatic polyesters, and to the discovery of the degradability of PCL 
in vivo [17,73]. Several studies using copolymers of poly-caprolactone have 
shown that it is biocompatible. Poly-caprolactone undergoes hydrolytic 
degradation to give an intermediate which produces 6-hydroxycaproic acid. 
6-Hydroxycaproic acid is broken down to acetyl-CoA units via β-oxidation
(fatty acid metabolism) for further degradation via the Krebs cycle. Thus
PCL is degradable to products that are physiologically metabolized by the
body. Among the United States Food and Drug Administration approved
polyesters such as PLA, PGA and PLGA, PCL possesses unique properties,
such as higher hydrophobicity and neutral biodegradation end products,
which do not disturb the pH balance of the degradation medium [74,75].
Over the years, many types of drug delivery systems, including nanoparticles, 
have been developed using PCL as polymeric material [5]. Aside from poly
(esters), other classes of biodegradable synthetic polymers that have been used
in the fabrication of nanoparticles are as follows: polyorthoesters, po
lyanhydrides,polycarbonates,polyphosphazenes , polyphosphoesters, and
polyamides. Some of the polymers/copolymers that have been used in the
fabrication of nanoparticles are shown in the literature[1] .

i. Poly-ɛ-caprolactone macromonomer

Polyester macromonomers are linear macromonomers carrying
polymerizable functional groups at their chain ends. The end-capping of 
poly-ɛ-caprolactone macromonomers can be achieved by polymerizing 
ɛ-caprolactone using an initiator (e.g. aluminium isopropoxide) followed by 
esterification of hydroxyl end group by a suitable compound (e.g. 
methacrylic acid), which involves a two-step process. Alternatively, ring 
opening polymerization of ɛ-caprolactone can be done in the presence of 
an initiator carrying the required functional group. Consequently, following 
polymerization, one chain end bears an hydroxyl group while the other is 
capped with the functional group associated with the initiator (one-step 
process). In our work, methacrylate end functionalized poly-ɛcaprolactone 
(P(CLHEMA)) was synthesized by a modified published method using 
hydroxylethylmethacrylate as the initiator (one-step process as shown in 
Scheme 2) [5,17,21,22,76,77]

We showed that the FT-IR and 1H-NMR spectra of the synthesized 
macromonomer are consistent with the expected structure [76,77]. 
Analysis of the FT-IR spectrum reveals the presence of a C=C stretch at 
1635 cm1 corresponding to the vinyl functional group of 2-HEMA. The 1H-
NMR spectrum confirms the presence of a C=C bond with olefinic (vinylic) 
protons at δ = 5.6 ppm and δ = 6.1 ppm. These data confirm the incorporat-

ii. Poly (L-lactide) macromonomer

P(LLA-HEMA) macromonomer was synthesized by the ring opening
polymerization by a modified published method [13,82,83]. The FT-IR 
and 1H-NMR spectra of the synthesized P(LLA-HEMA) macromonomer 
were consistent with the expected structure [15]. Preliminary synthesis of 
P(LLA-HEMA) macromonomers with mole fractions of 95 % L-lactide 
and 5 % HEMA and 90 % L-lactide and 10 % HEMA yielded products 
of large molecular weights. To reduce molecular weight and improve 
reactivity, the P(LLA-HEMA) macromonomer with mole fractions of 85 % 
L-lactide and 15 % HEMA which gave the lowest molecular weight was
selected for nanoparticle fabrication. The polydispersity index
(PDIpolymer which in polymer chemistry is defined as the ratio of
weight average molecular weight (Mw) to the number average molecular
weight (Mn) of the polymer or macromonomer) is 1.24, which shows
that the macromonomer is monodisperse. The percent composition of
HEMA in the macromonomer was determined to be a mole fraction of
3.7 %. The number average molecular weight (Mn) was determined by
1H-NMR (2,085) and GPC (3,420) while the weight average molecular 
weight (Mw) was determined by GPC (4,247). GPC also revealed a single 
prominent peak showing that the synthesized macromonomer was pure.

Scheme 2) Ring-opening polymerization scheme for the synthesis of poly(-ɛ-caprolactone) macromonomer [5]
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-ion of HEMA  into the macromonomer. The number average molecular
weight (Mn) was determined by 1H-NMR and GPC; while the weight
average molecular weight (Mw) was determined by GPC. Molecular weight
and polydispersity index of the synthesized macromonomer were
determined by gel permeation chromatography (GPC) using a Waters 2690
GPC system  equipped with a Waters 2410 differential refractive index
detector [15,15,78]. It was shown that the molecular weight of poly-ɛ-
caprolactone macromonomer is controllable on the basis of the monomer to 
initiator molar ratio [5, 79]. Further, it has been indicated that with 
increasing caprolactone/HEMA molar ratio (with decreasing HEMA 
concentration), the molecular weight of macromonomer obtained increases. 
Moreover, the higher the stannous octanoate concentration, the greater the 
number of activated centers, which results in lower molecular weight 
polymers when all monomers have been consumed [76]. Consequently, we 
decided to vary the caprolactone/HEMA molar ratio as shown in (Table 1). 
Data show that the molecular weight of poly- ɛcaprolactone-HEMA is
predictable on the basis of monomer to initiator (HEMA) molar ratio [5]. 
Increase in the amount of HEMA resulted in a concomitant decrease in the 
molecular weight of the end-functionlaized macromonomer. The number 
average molecular weight (Mn) determined using proton nuclear magnetic 
resonance decreased from 1916 to 1084, with decrease in the molar ratio of 
ɛ-caprolactone:HEMA from 14.96 to 3.75. The poly- ɛ-caprolactone-HEMA
macromonomer with the lowest molecular weight (Table 1) was used for 
nanoparticle fabrication. The polydispersity index (PDIpolymer) is 1.08, 
indicating that the macromonomer has a very narrow molecular weight 
distribution and is the best value from four different batches shown in 
(Table 1). The discrepancy between the number average molecular weight 
(Mn) determined by 1H-NMR and that determined by GPC using 
polystyrene standards is common in the literature; it has been ascribed to 
the use of polystyrene standards for calibration. It is due to differences in 
the hydrodynamic volume of polystyrene relative to poly- ɛ-caprolactone-
HEMA macromonomer [15,80,81]
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Technique for the Fabrication of Nanoparticles by Dispersion 
Polymerization [PISA] at Ambient Temperature

Our laboratory has been involved in the application of in-situ 
dispersion polymerization technique at ambient temperature involving 
redox initiator system for the fabrication of core-shell nanoparticles 
(polymerization induces self assembly (PISA) of nanoparticles)
[14-19,21,22]. The advantages are similar to those described earlier for 
in-situ polymerization in the fabrication of nanoparticles. In addition, 
the uniqueness of in-situ dispersion polymerization at ambient 
temperature involving organic redox initiator system for the 
fabrication of core-shell nanoparticles are: nanoparticle fabrication 
at ambient temperature is suitable for thermolabile bioactive agents 
like peptide and proteins (especially monoclonal antibodies); it is 
surfactant free thereby obviating the problems associated with the use 
of surfactants in injectable liquid preparations; it is a onepot process.
• Fabrication of stealth macromonomer-based PISA nanoparticles by

dispersion polymerization

Nanoparticles were fabricated using different amounts of
macromonomer (methacrylateterminated poly(lactide) described in 4.2.2.2 
above), initiators (BPO-NPDEA redox initiator system (described in Scheme 
1 above), hydrolyzable crosslinking agent (N,O-dimethacryolhydroxylamine) 
and stabilizer (poly(ethylene glycol) n monomethyl ether monomethacrylate 
(PEGMA)) in a dioxane/DMSO/water solvent system [15]. Smooth, 
spherical nanoparticles were obtained (Figure 1). An optimized formulation 
was selected for drug loading and in vivo studies [15] . In vitro release 
isotherm of paclitaxel from the nanoparticles shows paclitaxel availability 
for 7 days. In vitro cytotoxicity testing in breast and ovarian cancer cell lines 
revealed that the nanoparticle formulation, compared with free paclitaxel at 
the same drug concentration, exhibited similar cytotoxicity for the duration 
of the study. The cellular uptake of rhodamine-123-loaded nanoparticles 
shows that the nanoparticles are internalized by MCF-7 breast cancer cells 
within 1 h. Biodistribution studies have shown that the nanoparticles 
accumulate in tumor [16] . We carried a similar study on poly(-ɛ-caprolactone) 
macromonomer as shown in the SEM below (Figure 2) [17].

• Fabrication of stealth PISA nanoparticles by dispersion polymerization

using acidic pH-sensitive crosslinkers

Studies on n-Butyl Acrylate: Our laboratory carried out structure-

3, followed by crosslinker 2, and crosslinker 1.

The difference in the rate of hydrolysis among the crosslinkers can be 
attributed to the number of methoxy groups present on the benzene ring 
of the crosslinkers (Scheme 3). It is known that acid catalyzed hydrolyisis 
of acetals proceeds via protonation of the acetal followed by decomposition 
of the protonated intermediate to an alcohol and a resonance stabilized 
carbocation (acetals are readily hydrolyzed back to the aldehyde 
and corresponding alcohol from which they were formed) [18]. Since 
crosslinker 3 has three electron donating methoxy groups, it results 
in the extra stabilization of the carbocation intermediate formed 
during hydrolysis, which results in an increased rate of hydrolysis[18]. 
The effect of buffer on the hydrolysis of the crosslinkers (as reported 
above) is in agreement with the belief that the hydrolysis of acetals is 
generally first order relative to hydronium ion concentration, making 
the expected rate of hydrolysis ten times faster with each unit pH decrease 
[18]. (Figure 3) clearly shows that the rate of hydrolysis is affected by both 
factors (i.e. type of crosslinker and pH of buffers).

Blank and docetaxel-loaded nanoparticles were fabricated by free-radical 
dispersion polymerization (PISA) method. The n-butyl acrylate monomer 
and acetal crosslinker were used for in situ nanoparticle preparation using 
BPO/N-PDEA (Scheme 1) as the redox co-initiator system. Poly(ethylene 
glycol) (n) monomethyl ether monomethacrylate (PEG-MMA, n = 1000) 
was used both as a hydrophilic macromonomer and a steric stabilizer 
in the nanoparticle preparation[18,19]. A typical scheme for the 
synthesis of nanoparticles fabricated with acetal crosslinker is as shown 
in (Scheme 4). Typical electron micrograph of docetaxel-loaded 
nanoparticles fabricated using crosslinker (Figure 3). 

The thrust for the development of pH responsive nanoparticles is to 
facilitate their response to the acidic cancer environment at the biophase by 
releasing their encapsulated payload (Figure 4). The pH dependent 
hydrolysis behavior of the nanoparticles was observed (data not shown 
here) [18]. It can be attributed to the hydrolysis of the acetal bonds 
crosslinking poly (n-BA) chains in the nanoparticle bulk structure, as these 
nanoparticles are designed to undergo expansion in a pH-dependent 
fashion with maximum release of the encapsulated drug at pH 5, as found 
within the cellular compartment (endosome), thereby achieving 
intracellular drug release. Upon cleavage of the acetal, the polymeric 
nanoparticle changes from a hydrophobic core structure to a hydrophilic 
one; thus water enters the structure and causes the nanoparticles to degrade 
and release the contents. The release profiles of docetaxel from the 
nanoparticles (Figure 5) was found to be very similar to the hydrolysis 
profiles of the blank nanoparticles. (Figure 5) indicates that the 
nanoparticles released much more slowly at pH 7.4 over a period of 6 hours 
as compared to pH 5, where the entire drug was released in less than 4 
hours. This similarity in the results of the hydrolysis of blank nanoparticles 
and in vitro drug availability studies suggests that the release of the 
docetaxel occurred due to the pH dependent hydrolysis of acetal bonds in 
the polymeric matrix. Biological work was carried out on the nanoparticles. 

activity studies on acetal crosslinkers capable of responding to the acidic 
pH environment in tumors (Scheme 3) [19] .

We studied the hydrolysis of the three acetal crosslinkers (crosslinkers 1 
(di(2-methacryloyloxyethoxy)-[4- methoxyphenyl]methane), 2(di(2-methac-
ryloyloxyethoxy)-[2,4 dimethoxyphenyl]methane) and 3 (di(2- methacryloy-
loxyethoxy)-[2,4,6 trimethoxyphenyl]methane)). (Figure 3) shows the plot of 
percentage of acetal crosslinker hydrolyzed versus time in pH 7.4-buffer and 
pH 5.0-buffer. The rate of hydrolysis of the crosslinkers is faster at pH 5.0 
compared to pH 7.4. Moreover, the rate of hydrolysis is fastest for 
crosslinker. 
TABLE 1

Properties of four different batches of poly-e-caprolactone-HEMA macromonomer
Molar ratio Caprolactone /
HEMA (Feed Composition) Mn (1H NMR) Mw (GPC) Polydispersity Index 

(PDIpolymer)
HEMA (Mole in Feed 
Composition

Mol % HEMA ( 1H NMR) in 
Macromonomer

14.96 1916 6445 2.13 0.0077 5.5
7.53 1455 3735 1.64 0.0153 7.7
4.98 1360 3294 1.68 0.0231 9.6
3.75 1084 1057 1.08 0.0308 12

Figure 1) (A) Scanning electron microscopy image of paclitaxel-loaded stealth PLA-based PISA nanoparticles prepared by insitu dispersion polymerization. 
(B) TEM image of paclitaxel-loaded nanoparticles prepared by in-situ dispersion polymerization [15-16].

(Figure 2)
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Cytotoxicity studies showed that the nanoparticles were more effective at 
the same molar amount than the free drug (docetaxel) against cancer cells. 
Furthermore, LNCaP cells appeared to be the more sensitive to docetaxel 
than PC3 cells. The cellular uptake studies clearly showed the presence of 
discrete nanoparticles within the cells in as little as 2 hours [19].

i. Studies on poly-ɛ-caprolactone: We designed and fabricated dual loaded
paclitaxel and 17- AAG stealth polymeric nanoparticles using surfactant-
free organic redox-initiated dispersion polymerization. The first phase of
the work was optimization studies. Aided by a computer software, central
composite face-centered (CCF) statistical experimental design in three

independent variables (crosslinker, PEG macromonomer, and acid-labile 
crosslinking agent) and seventeen runs was implemented. Poly-ɛcaprolactone 
macromonomer and redox-initiator system concentrations were held 
constant. Nanoparticles were fabricated at ambient temperature. The 
formation of nanoparticles was confirmed by scanning electron 
microscopy, which revealed monodispersed, spherical nanoparticles (Figure 
6).

Seven response variables were evaluated: particle size, paclitaxel 
drug loading, 17-AAG drug loading, paclitaxel encapsulation 
efficiency, 17-AAG encapsulation efficiency, in vitro availability of 
paclitaxel and in vitro availability of 17- AAG (Figure 6) [22]. 

Scheme 3) Synthesis of acetal crosslinkers 1 (di(2-methacryloyloxyethoxy)-[4-methoxyphenyl]methane), 2 (di(2methacryloyloxyethoxy)-
[2,4dimethoxyphenyl] methane) and3(di(2-methacryloyloxyethoxy)-[2,4,6trimethoxyphenyl]methane) [18].

Figure 2) Typical SEM images of blank stealth poly-ε-caprolactone PISA nanoparticles prepared by in-situ dispersion polymerization [5].

Nanotechnol. lett. Vol 8 No 1 January 2023
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Figure 3) 3D plot showing the effect of the type of crosslinker and buffer on % of crosslinker hydrolyzed at 2 Hours [18]

Figure 4) Scanning electron micrograph of the docetaxel-loaded nanoparticles synthesized with crosslinker 3

Figure 5) In vitro availability isotherms for docetaxel-loaded nanoparticles fabricated with crosslinker 3 at pH 7.4 and pH 5. (n = 3)

Scheme 4) Typical scheme for the synthesis of stealth crosslinked poly(n-butyl acrylate) nanoparticles fabricated with acetal crosslinker by free-radical dispersion polymerization 
technique. Here, the scheme shows the synthesis of blank nanoparticles fabricated with acetal crosslinker 1. 
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• D-optimal mixture design for the fabrication of stealth poly-L-lactide-
based nanoparticles:

The statistical experimental designs involving mixture methodology is
an efficient method for studying products made from components at various 
levels. In our laboratory we used D-optimal mixture design for experimental 
design, analysis, and optimization. When a formulation is a mixture of 
various components (proportion of the constituents) as studied in our work 
(dispersion polymerization for the fabrication of nanoparticles) and the levels 
of the components are constrained, D-optimal mixture design is more useful 
than a factorial design because it accounts for the dependence of response 
on proportionality of constituents [5,15,17,87]. Scheffe polynomial 
models were generated to predict particle size (nm) and percent yield for 
poly-L-lactide-based nanoparticles as functions of the composition of the 
formulations (20 formulations Table 2). Aided by a computer software 
simultaneous numerical and graphical optimizations of nanoparticle size 
and percent yield for poly-L-lactide-based nanoparticles were carried out 
using the Scheffe polynomial models generated to predict particle size 
(nm) and percent yield for poly-L-lactide-based nanoparticles as functions of 
the composition of the formulations [87]. The corresponding model 
graphs are shown in (Figures 9, 10 and 11).

Following simultaneous numerical optimization of nanoparticle size and 
percent yield of poly-L-lactidebased nanoparticles using Scheffe polynomial 
models from which (Figures 9, 10and 11) were generated, four solutions 
were returned. 

Three of the solutions were used to fabricate nanoparticles to compare 
the predicted values with the actual laboratory values. The observations 
from the confirmation experiments are within the confirmation 95% 
prediction interval (95% PI low and 95% PI high), where PI is point 
prediction showing the confirmation of the models. A typical overlay plot is 
shown in (Figure 11), where the grey area in the figure is the design space. 
The focus on particle size and yield in this aspect of the work is based on 
the fact that particle size plays a key role in determining body distribution 
of nanoparticles after in vivo administration by injection, and in facilitating 
their access to cancer cells (internalization) either by passive or active 
targeting to tumors. Optimization of the nanoparticle fabrication for a high 
percent yield will make the drug development effort an economic 
proposition. A similar optimization was done for stealth polycaprolactone 
nanoparticles[5].
• Central composite face-centered design computer optimization of

Figure 6) Typical scanning electron micrographs of dual-loaded nanoparticles

Figure 8) 3D plot showing the effect of type of treatment after 96 hours 
(PTX=Paclitaxel solution, 17AAG =17AAG solution and PTX 
+17AAG=combination drug solution at half concentration of each drug and 
DLNP=combination drug loaded nanoparticles containing half the concentration of
each drug: SKBR3 HER2-positive cancer cell line after ).

effect on desired parameters (particle size, yield, internalization into cells, 
efficacy, etc.) One-factor-at-a-time experiments could not reveal interaction of 
factors, and this approach can be resource intensive in relation to the 
information generated. It would take forever to optimize nanoparticle 
property using one-factor-at-a-time experiments because every time you 
change a factor or its level, you would have to re-optimize all of the other 
factors. However, design of experiment (DoE) examines all of the variables 
simultaneously; it enables the investigator to identify the optimum values for 
the factors much more quickly. At the same time, information that gives a 
better understanding of how the factors interact can be easily captured. 
Thus, DoE is a well-established method for identifying important parameters 
in pharmaceutical dosage form design and for optimizing the parameters 
with respect to certain specifications [5,15,84-88]. The main approaches to 
the DoE to be able to examine all of the variables simultaneously are 
factorial and mixture experimental designs [5, 15].

Figure 7) Influence of PEG, stirring speed and crosslinker on 17-AAG release 
time [h]: (Four dimensional plot)

The second phase involved nanoparticle fabrication and biological 
studies on the nanoparticles (Figure 7). The combination of factors to give 
optimal formulation in the first phase are as follows: Crosslinker 0.373 
mmoL (di (2-methacryloyloxyethoxy)-[2,4 dimethoxyphenyl] methane 
(DMDPM; pH sensitive crosslinker)), PEG 1.00981 mmoL (Poly (ethylene 
glycol) n monomethyl ether mono methacrylate (PEG-MMA, MW=1,000)), 
stirring speed, 200 rpm, macromonomer 0.28 mmoL and initiator system, 
0.594 mmoL). The scanning electron micrographs (morphology of the 
nanoparticles) show spherical nanoparticles (data no shown). Two breast 
cancer cell lines (MCF-7 and SKBR-3) were cultured and treated with media 
only, blank nanoparticles, paclitaxel (as a free drug), 17-AAG (free drug), 
paclitaxel + 17-AAG combination (as free drugs), and paclitaxel + 17-AAG 
combination loaded in poly-ɛ-caprolactone stealth nanoparticles. Each drug 
in the combination was half the concentration of the single free drug. The 
cytotoxic effects of the paclitaxel treatment and that of the combination 
(free drug) were found to be similar in both SKBR3 and MCF7 cell lines. 
Similar cytotoxic effects were observed for the drug combination both in the 
drug loaded nanoparticles formulation and in the free drug form for both 
cell lines. Both paclitaxel and 17-AAG were effectively loaded and released 
from the polymeric nanoparticles. Paclitaxel (free drug), paclitaxel-17AAG 
combination (free drug), and dual drug-loaded nanoparticles had similar 
cytotoxic effects on both cell lines. Paclitaxel and 17-AAG combination 
resulted in synergistic effect: paclitaxel in the combination with 17-AAG was 
half its original concentration and yielded similar cytotoxic effect. The 
dose of paclitaxel was reduced without lowering its therapeutic efficacy 
(Figure 8).

Applications of quality by design (qbd) in the fabrication of core-
shell nanoparticles (pisa of nano-objects) in our laboratory

One mission of the drug product development scientist is to develop drug 
delivery systems that enhance the optimal performance of the bioactive 
agents. Quality by design (QbD) and process analytical technology (PAT) in 
pharmaceutical dosage form design and development—already incorporated 
into automakers’ production principles—involve developing drug 
formulations and manufacturing processes which ensure predefined drug 
product specifications. Product and process understanding is a key element 
of QbD-PAT [5,16,84]. An important aspect of QbD-PAT is to understand 
how process and formulation variables affect product characteristics, 
followed by subsequent optimization of these variables vis-à-vis the final 
specifications. Traditionally, common approaches to this endeavor include 
varying the levels of one factor or variable at a time and examining the 
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stealth biodegradable polymeric dual-loaded nanoparticles for cancer 
therapy:

An acidic pH-sensitive acetal crosslinker (di(2- methacryloyloxyethoxy)-[2,4-
dimethoxyphenyl]methane) and a poly(ɛ)caprolactone macromonomer were 
synthesized and characterized [18]. The experimental design used was the 
response surface method (RSM) which is an efficient way of planning and 
optimizing experiments; it involves the principles of design of experiments 

(DOE). DOE is a statistical technique that increases the productivity of the 
experiments by minimizing the number of experiments involving multiple 
variables and maximizing the accuracy of results (an advantage of DOE is 
that it allows for the maximum amount of information to be extracted using 
the minimum number of experiments). The important property of DOE 
is that while several factors are varied simultaneously, each factor may be 
evaluated independently. Box and his co-workers have been quoted as saying 
that “if the factors do act additively, the DOE design does the job with much 

TABLE 2
Composition and response of D-optimal mixture experimental design for the fabrication of stealth poly-L-lactide-based nanoparticles

Standard Order Run order A : Cross linking 
agent (mmol)

B: Initiator System 
(mmol)

C: Stabilizer (PEG-MMA)
(mmol)

Response 1  (Particle 
size : nm)

Response 1  (Percent 
Yield : %)

9 1 0.048 0.359 0.304 297.6 56.87
8 2 0.056 0.285 0.215 306.6 28.99
1 3 0.087 0.377 0.091 261.5 62.39
4 4 0.018 0.565 0.214 270.6 35.26
19 5 0.087 0.377 0.091 268.1 58.82
12 6 0.042 0.452 0.259 268.4 31.88
20 7 0.018 0.565 0.214 295.8 61.08
17 8 0.087 0.183 0.304 326.4 31.13
14 9 0.018 0.312 0.304 290.3 41.19
15 10 0.053 0.415 0.148 322.9 45.15
3 11 0.055 0.625 0.115 293.1 47.87
4 12 0.087 0.183 0.304 322.9 34.18
13 13 0.036 0.522 0.163 320.7 43.08
2 14 0.018 0.466 0.091 313.1 24.43
11 15 0.087 0.5 0.091 273.3 43.32
16 16 0.018 0.446 0.091 293.8 35.08
18 17 0.055 0.625 0.115 305.9 39.22
6 18 0.018 0.234 0.304 320.9 35.98
7 19 0.018 0.625 0.091 295.6 44.71
10 20 0.087 0.394 0.198 314.9 37.59

Figure 9) Model graph showing the design space and variation in particle size as a function of the mixture composition. A, crosslinking agent; B, initiators; C, stabilizer; 
D, macromonomer (polylactide-based nanoparticles)

Figure 10) Model graph showing the design space and variation in percent yield as a function of the mixture composition. A = Crosslinking agent; B = Initiators; C = 
Stabilizer and D
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more precision than the one-factor-at-a-time method and if the factors do 
not active additively, DOE, unlike the one factor-at-atime design, can detect 
and estimate interactions that measure this non-additivity” [88,89] . We 
used the central composite face-centered design (CCF) in three 
independent factors and seventeen runs. Nanoparticles were fabricated by 
dispersion polymerization technique. Response variables evaluated were: 
particle size, drug loading, encapsulation  efficiency, and in vitro availabili-

-ty. In an optimization problem, the response surface method
(RSM) or response surface modelling (RSM) design is often used as
described earlier for D-optimal mixture design, which is different from
a statistical experimental design whose objective is screening. There are
several classical RSM design families. We selected the central composite 
face-centered design 

Figure 11) Simultaneous graphical optimization (overlay plot) of the design space variation in particle size and % yield as functions of the mixture composition. A = 
crosslinking agent; B = initiators; C = stabilizer and D = macromonomer

TABLE 3
Values of factors used in the fabrication of nanoparticles.
Experiment No Run order Cross Linker (mmol) PEG (mmol) Stirring speed(rpm) Macromonomer (mmol) Initiator system(mmol)
1 6 0.373 0.898 100 0.28 0.594
2 17 0.466 0.898 100 0.28 0.594
3 12 0.373 1.123 100 0.28 0.594
4 11 0.466 1.123 100 0.28 0.594
5 16 0.373 0.898 300 0.28 0.594
6 9 0.466 0.898 300 0.28 0.594
7 15 0.373 1.123 300 0.28 0.594
8 7 0.466 1.123 300 0.28 0.594
9 8 0.373 1.0105 200 0.28 0.594
10 13 0.466 1.0105 200 0.28 0.594
11 4 0.4195 0.898 200 0.28 0.594
12 3 0.4195 1.123 200 0.28 0.594
13 10 0.4195 1.0105 100 0.28 0.594
14 1 0.4195 1.0105 300 0.28 0.594
15 2 0.4195 1.0105 200 0.28 0.594
16 5 0.4195 1.0105 200 0.28 0.594
17 14 0.4195 1.0105 200 0.28 0.594

TABLE 4 
Data on nanoparticle properties (Response variables to the factors shown in Table 3, where P = paclitaxel, and G = 17AAG; ε = 
standard deviation

Exp. No Run order Particle Size (nm) Drug Loading 
P (%)

Drug Loading 
G(%)

Encapsulation 
Efficiency 

(Paclitaxel) (%)

Encapsulation 
Efficiency (17-AAG)(%)

Release Time Drug  
(Paclitaxel) (h)

Release Time 
Drug (17-AAG) (h)

1 6 291.7 1.53 0.83 98.76 97.99 50.7 24.3
2 17 298.4 1.62 0.89 98.47 97.61 48 48
3 12 267.5 1.64 0.88 90 90.49 60.8 24
4 11 270.6 1.76 0.95 99.75 98.8 74 59
5 16 228.6 1.58 0.88 99.75 99.37 49 49
6 9 261.2 1.53 0.85 95.85 93.77 49 25
7 15 217.1 1.99 0.98 99.87 98.93 48 48
8 7 260.8 1.79 0.93 99.93 98.98 72 72
9 8 229 1.57 0.95 92.45 91.75 48 24
10 13 289.6 1.71 0.85 97.3 95.25 48 32
11 4 286.1 1.72 0.9 89.78 91.5 72 36
12 3 255.3 1.94 0.86 97.91 95.68 68 48
13 10 250.3 1.85 0.97 99.22 97.63 71 24
14 1 288.7 1.65 0.92 97.02 97.58 74 48.3
15 2 249.4 1.78 1 94.47 96.88 70 28
16 5 235.6 1.87 0.96 96.98 97.75 73 24
17 14 232.4 1.87 1 98.69 97.04 69 22
€ ± 0.2- ± 10.6 ±0.02- ± 0.015 ±0.01- ± 0.003 ± 0.029 - ± 0.002 ± 0.450 - ± 0.118 ± 0.31 - ± 0.037 ± 0.029 - ± 0.046
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loading, encapsulation efficiency, and release time. The run with the 
lowest log D was selected (Log D = -1.46 with the probability of failure of 
2.2%). Log D value is known to indicate the weighted average of the 
individual response desirabilities. The lower the value of Log 
D, the better the optimization. From (Table 5), crosslinker has 
the highest contribution (44.80%) to the optimized formulation 
followed by stirring speed (35.02%) and then PEG (20.15%). The 
predicted and actual responses for the formulation generated by the 
optimizer are displayed in (Table 6), showing that the actual response is 
within the 95% confidence intervals.

CONCLUSION

Polymerization induced self-assembly (PISA) for the fabrication of 
nanoparticles is believed to be a better strategy than nanoparticle 
fabrication from preformed polymers because it is very difficult to tether 
targeting ligands, like mAbs, to the corona/surface of the nanoparticles for 
biorecognition events. Any attempt to modify the surface of nanoparticles 
fabricated by dispersion of preformed polymers often results in a 
substantial loss of encapsulated bioactive agents, contrast agents for 
imaging or other materials. Further, generally, creation of nanostructures 
via self-assembly of preformed block copolymers is performed in low 
concentrations and involves multiple steps which prevent its 
commercialization and further applications. The preparation of multi-
morphologies via polymerization-induced self-assembly and morphology 
transition can be -1conducted with the monomer concentration as high as 
500 mg mL-1 which is not possible with selfassembly of preformed block 
copolymers in a selective solvent, in which 1 mg mL-1 of copolymer is often 
used. Among the techniques available for in situ polymerization for the 
fabrication of nanoparticles are emulsion polymerization, microemulsion 
polymerization, miniemulsion polymerization, dispersion polymerization, 
and suspension polymerization. The dispersion polymerization has been 
shown to be the best. RDRP processes such as atom transfer radical 
polymerization (ATRP), reversible additionfragmentation chain transfer 
(RAFT) polymerization and nitroxide mediated polymerization (NMP) have 
revolutionized polymer synthesis by providing polymer chemists 
with powerful tools that enable control over architecture, composition, 

TABLE 5 
Results of optimization of the data.

TABLE 6
Predicted and actual responses of optimized formulation
Response variable Predicted Response and 95% Confidence Intervals Actual Response

Lower Bowndary Upper Boundary
Particle size 244.0nm 225.4nm 259.8nm 243.6 nm ± 0.50
Drug Loading P 1.66% 1.59% 1.74% 1.71% ± 0.03
Drug Loading G 0.96% 0.90% 1.02% 0.92% ±0.06
Encapsulation Efficiency P 96.99% 91.08% 98.99% 93.03% ±0.4
Encapsulation Efficiency G 96.12% 93.45% 97.70% 97.83% ±0.01
Release time P 50.92h 46.22h 46.22h 53.11h ±0.07
Release time G 24.29h 15.6h 15.61h 30h ±0.03

(CCF) in three independent factors and seventeen runs. A DoE approach 
was used to systematically investigate the effects of PEG concentration, stirrer 
speed, and crosslinker concentration. A total of 17 different nanoparticle 
fabrication experiments (including three replicates of the center points to 
provide an estimate of replicate error: the replicated experiments enable 
the performance of a lack of fit test) were carried out based on the CCF 
design. The factors and data are shown in (Tables 3 and 4) respectively. 
Macromonomer and the initiator system were held constant, making the 
experimental design to be a central composite face-centered design (CCF) 
in three independent factors and seventeen runs. The response variables are 
nanoparticle size, paclitaxel drug loading, 17-AAG drug loading, paclitaxel 
encapsulation efficiency, 17-AAG encapsulation efficiency, release time for 
paclitaxel and release time for 17-AAG. All experiments were performed in 
a random order to minimize the effects of uncontrolled factors that might 
introduce a bias into the measurements (Tables 3 and 4)

Aided by a computer software statistical analysis of the data was 
performed. A quadratic model was fitted to the data using multiple linear 
regression to be able to determine the regression coefficients. The significance 
of the model was tested by the analysis of variance (ANOVA) with a 95% 
confidence level. The quadratic model for each response variable will have 
10 terms: one constant, three linear, three quadratics, and three two-factor 
interactions (Equation 1)

Yn = b0 + b1 X1 + b2 X2 + b3 X3 +b11X1
2 + b22X2

2+ b33X3
2 + b12X1 X2 + b13X1 

X3 + b23X2 X3

Y
n
 is the dependent variable; b0 is the model constant; b

1
, b

2
, and b

3
 show 

the effects of corresponding or related variable on the response variables; 
b

11
, b

22
 and b

22
 are the quadratic coefficients and b

12
, b

13
, and b

23
 are the 

interaction coefficients between the studied factors.

Using the data obtained from all the analyses, the optimization 
objectives were set and an optimized formulation was generated using the 
optimizer option in the software following specifications for each of the 
response variables (Table 5) with predicted outcomes for particle size, drug 
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molecular weight and chain length distributions. RDRP processes, 
especially RAFT polymerization, are embraced in PISA. The technique 
for the fabrication of nanoparticles by dispersion polymerization 
(PISA) at an ambient temperature was described with examples 
from our laboratory involving organic redox initiated 
polymerization using the FDA approved biodegradable polymers. Response 
surface methodology and computer optimization are useful in the 
understanding the factors that ensure the optimized properties of drug-
loaded nanoparticles.
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