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ABSTRACT: The pursuit of sustainable and environmentally
friendly materials has been powered by environmental concerns
and the decline in oil reserves. Among the different routes toward
this end, the replacement of oil-based materials by renewable
materials stands out. In this way, protein based materials have
gained interest. This review article summarizes the progress
achieved in the synthesis of hybrid protein/synthetic polymer
nanoparticles which have the potential to be used in industrial
applications. Although technical achievements and efficacy proofs
concerning the increased compatibility of polymer/protein are
already available, practical implementation in industry still
represents an additional challenge and should be the focus of
interest in future research. The available literature supports the
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potential of hybrid protein/polymer nanoparticles in the production of ecofriendly alternatives for large scale applications as

coatings, paints, adhesives and films.

Bl INTRODUCTION

Polymer materials available today are the result of decades of
evolution. In the last decades, the polymer industry has made
significant efforts to develop environmentally friendly
processes that prevent the emission of volatile organic
compounds (VOCs). In this context, waterborne polymers,
such as latexes, appear as an ecological alternative to solvent-
borne resins and occupy a key role in many industries as
coatings, paints, adhesives, impact modifiers, inks, packaging,
rubber, and so on."”” Furthermore, waterborne latexes in film
applications have additional advantages over solvent-borne
alternatives, such as faster drying times, less smell, and easier
clean up.”* Additionally, waterborne polymer dispersions are
obtained by emulsion polymerization (EP) or miniemulsion
polymerization (MEP). This presents several advantages in
comparison with processes carried out in bulk or in organic
solvents due to the use of water as continuous phase. The
environmental friendliness and safety of these polymers are
ensured due to the high heat capacity and low viscosity of the
emulsion. Thus, the EP process was created and nowadays it is
a widespread technique to produce at large scale high-quality
materials in a consistent, safe, and environmentally friendly
way, with a worldwide production of polymer material of more
than 25 million tonnes/year.”® It is forecasted that the global
market for waterborne dispersions will increase its value from
USD 7.6 billion (2019) to USD 11.8 billion (2027).” Despite
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the many advantages of waterborne latexes, most of the 46
industrially synthesized dispersed polymers are based on 47
petroleum-based monomers. In recent years, instability of 4s
petroleum prices, consumer demands, environmental concerns, 49
and strict regulations about gas emissions have pushed so
academics and industries toward the development of s1
sustainable and environmentally friendly materials. In this s2
scenario, there is an interest for replacing current petroleum- s3
based polymers by renewable and more sustainable feedstocks s4
aiming to reduce the carbon footprint of this industry and ss
ensure a circular economy.’ In the last decade, many s6
substitution alternatives have been investigated, involving s7
copolymerization of biobased monomers,” incorporation of ss
biobased preformed polymers such as alkyds,'"*™"* and s
biopolymers as carbohydrates,'*"* natural rubber,"® proteins,'” 60
and lignocellulosic biomass.'*™*° Among the alternatives for 61
substituting petroleum-based polymers, natural proteins 62
represent a promising option due to their superior biodegrad- 63
ability, edibility, low toxicity, convenient absorbability, and in 64
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Figure 1. Scheme of the process for producing hybrid protein/polymer NPs. Plant protein and animal protein, usually byproducts or even effluents
of others industries, represent a high-potential feedstock to reduce the use of petroleum-based monomers. Waterborne latexes of hybrid NPs are
mainly produced by the EP of monomers in the presence of proteins. The inset shows two examples of hybrid NPs produced through EP. (a)
Casein/poly(methyl methacrylate). Figure reprinted in part from ref 79. Copyright 2002 American Chemical Society. (b) Caprolactam-modified
casein/poly(butyl acrylate). Reproduced with permission from ref 67. Copyright 2013 Elsevier.

Table 1. Characteristics and Comparison of the Main Proteins Included in Hybrid Protein/Synthetic Polymer NPs with
Potential to Be Used in Industrial Applications as Functional Materials. The Main Uses Refer to Pure Proteins

casein whey protein soy protein zein®  hydrolyzed collagen®
origin animal animal vegetal vegetal animal
acid®  Remnet WPC**  WPI***  SF*°  SpC™®  SpI*®
industrial composition (%) protein 90 84 25—-89 90-95 52-54  62—-69 86—87 97 92
moisture 12 12 6-8 4-6 4-6 12
fat 2 2 9-1 0.5-1 0.5-1 0.5-1 0.5-1 N
ash 2.5 7.5 5—6 4-6 4-5 0.5 0.8
carbohydrates 30-32 19-21 3—4 2.5
water solubility yes? yes® yes no’ yes®
main uses food X X X X X
coatings X X X X
adhesives X X X
cosmetics X X

“WPC: whey protein concentrate; WPIL: whey protein isolate; SF: soy flour; SPC: soy protein concentrate; SPI: soy protein isolate. bComposition
of zein extracted from corn gluten meal and determined on an anhydrous base.”® “Composition of commercial bovine gelatin.”’ 9Soluble for pH >
7.5—9.5 (IEP 4.6).>> “Decreasing solubility with decreasing pH in the range 7 to 4 (IEP 4.5).%° fSoluble in aqueous alcohol solutions of ethanol,
methanol, and propanol (IEP 6.2).>”% &Native collagen is insoluble in water (IEP of HC 4—6).°"

2122 1

65 many cases high availability at good purity and low cost.
66 addition, proteins contain functionalities such as amine,
67 carboxyl, hydroxyl, and thiol, which provide opportunities for
68 introducing structure modifications.””** Functionalities avail-
69 able in proteins are also interesting to design hybrid materials
70 with engineered surfaces in order to have specific properties,
71 that is, wettability, adhesion or fouling.25_27 One limitation of
72 feedstock proteins is the lack of uniformity typically found in
73 natural materials. However, proteins are usually underused,
74 which adds up to the aforementioned advantages to make
75 these biopolymers a promising eco-friendly raw material
76 (Figure 1). Nowadays, several proteins such as casein (CA),
77 collagen derivative proteins, and zein are employed in many
78 film forming applications at the industrial level as adhesives,
79 leather finishing agents, and in paper coating. These materials
80 present as a main drawback a low resistance to microbial attack
81 and to wet rub, and a reduced flexibility and extensibility,28 and

for this reason protein conjugation with a synthetic polymer
appears as the main explored alternative for facing this issue.
The synthesis of hybrid latexes containing proteins has gained
technological and also biomedical interest because of the
possibilities to modify and improve the properties of these

natural substances by incorporating synthetic polymers.

29-31

Diverse composite materials including proteins and certain

organic/inorganic materials such as metals,
. 4041 3. 42
semiconductors, different types of polymers,

32-36 37-39
]

clay

43
and more

have been reported.**** Also, the inclusion of proteins in
polymeric particles has been extensively investigated and
widely addressed in several recent reviews,**”> focusing on
biomedical applications and on the therapeutic role of the
employed protein (immunodiagnostic testing, gene treatment,
enzymes immobilization, and controlled release, among
others). However, these works did not include waterbone
high protein-content particles obtained by a scalable process,
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Table 2. Summary of Protein/Synthetic Polymer Nanoparticles
particle
synthetic diameter applications and
protein modification monomer synthesis process/initiators PC (%) (nm) potential uses ref
neat MMA EF-EP/Cu (II) 100—20 96 leather finishing 95
textiles industries
biocompatible
materials
neat MMA EF-EP/TBHP 25 82 nonspecified 79
neat MMA EF-EP/TBHP 25 83 nonspecified 99
EF-EP/KPS 74
EF-EP/V-50 70
EF-EP/AIBN 69
EF-EP/BPO
EF-EP/TBP
neat MMA EF-EP/TBHP 3-50 162—113 nonspecified 24
neat BA/MMA EF-EP/TBHP 3-50 194—122 waterborne 100
coatings
HMC BA/MMA EF-EP/TBHP 50 165-218 waterborne 82
coatings
CPL-modified WPU blend, hydrogen bonds 900—-100 77—46 leather finishing 66
film-forming
material
CPL-modified BA EF-EP/APS 70 leather finishing 67
EF-EP/KPS
EF-EP/APS + NaHSO,
EF-EP/KPS + NaHSO, 80
CPL-modified VAC/BA/AM EP/APS 30-55 40-50 waterborne printing 84
ink
leather finishing
coatings
CPL-modified BA/MMA/ EF-EP/APS 50 textiles 72
PDMS food packaging
denatured PVAc blending and cross-linking with 30 adhesives 120
MDI
neat MMA EF-EP/KPS packaging 124
neat St EP (emulsifier:SDS)/KPS 200—-2000 10-30 thermoplastic 125
hybrid materials
poly(styrene)
substitute
neat/treated with NaOH BA/MMA MEP (emulsifiers: alkylphenol 1.2-6.2 wood adhesives 126
solution ethoxylates and SLS)
acylation with NHS AM/AA RAFT polymerization 10, SO 66—162 synthetic hybrid 127
latexes
treated with NH,OH diene and vinyl EF-EP/oil soluble azo initiators ~ 11—43 paper 128
solution monomers coatings
neat/carboxylated Vinyl monomers  EF-EP/azo initiator 4-60 90—600 organic pigments 129
paper coating
functionalization with N- St EP/APS 535—-2674 wood adhesives 130
methylolacrylamide
HC AA/BA EF-EP/H,0, 15-50 500—880 bioadhesives 131
neat MMA EF-EP/TBHP 25 160 nonspecified 79
neat zein/HMC BA/MMA EF- MEP/TBHP 5% (25% total 209 waterborne 132
protein) coatings

=

which represents a current challenge for producing new
ecofriendly latexes for novel applications or as alternative for

the considered hybrid NPs are here revised, including their

well-established uses. Nevertheless, this article revises the
recent advances on hybrid nanoparticles (NPs) composed of
proteins and synthetic polymers with the main goal of
improving the sustainability of the industrial development of
waterborne particles at different large-scale applications such as
coatings, adhesives, films, paintings, papermaking, etc. In this
context, this review includes the main characteristics of the
employed proteins, the proposed strategies of synthesis, and

109 the involved mechanisms for producing different protein/

size, protein content, and the degree of compatibilization of
the protein/polymer phases. The synthesis routes of the hybrid
NPs are analyzed, and a general mechanism for protein-based
particles formation is proposed, which involves emulsifier-free
emulsion polymerization (EF-EP) as the most preferred
process. Moreover, the advances on protein modifications
which have proved to increase the compatibility between
protein and synthetic polymer, resulting in an improvement in
the final properties of the hybrid materials, are emphasized.
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121 Finally, the main future perspectives and opportunities of
122 proteins-based NPs are outlined.

123 Proteins as Functional Constituent of Hybrid NPs.
124 There is a vast assortment of proteins which have been used in
125 the manufacture of several composite materials. Because of
126 their main features, proteins find most of their applications in
127 the field of medicine and bioengineering. In this review,
128 however, the focus relies on polymer/protein hybrid NPs
120 which have the potential to be industrially applied as functional
130 materials. With this aim, the proteins overviewed here are milk
131 proteins (casein and whey protein), soy protein, collagen, and
132 zein. A few more examples including other proteins can be
133 found at the end of this section. A comparison of the origin,
134 industrial composition, water solubility, and main uses of the
135 proteins as raw materials of these mentioned biobuilding
136 blocks are summarized in Table 1.

137 The ultimate goal of protein incorporation into latex
138 formulations is the decline in environment pollution and the
139 increase in biodegradability without degrading the good
140 performance of the synthetic polymers. Therefore, a key factor
141 which defines the industrial scalability of the hybrid latexes is
142 the protein content of the NPs. On the other hand, the
143 performance of the hybrid NPs is the result of the balance
144 between the properties of the protein and those of synthetic
145 polymers, which is expected to be optimized when a
146 compatible system is achieved, that is, when protein and
147 polymer remain in intimate contact. Indeed, the microstructure
148 of the hybrid protein/synthetic polymer involves different
149 species, which give place to the formation of multiphase NPs,
150 including the synthetic polymer, the free protein, and the
151 copolymer containing both components chemically bonded
152 (mostly by grafting). With the aim of comparing and
153 discussing the molecular characteristics of these different
154 materials, three parameters are here defined and will be used
155 throughout this review: (i) protein content (PC) based on a
156 synthetic monomer (eq 1), (ii) degree of grafting of a synthetic
157 polymer (GSP, eq 2), and (iii) degree of grafting of protein
158 (GP, eq 3). Note that, GSP and GP are a measure of the
159 degree of compatibility between both materials (protein and

—

—

(=)

L = O

A

o«

160 synthetic polymer) in the NPs.
PC = wt of loaded protein

161 wt of total loaded synthetic monomer (1)
GSP = wt of grafted synthetic polymer

162 wt of total synthetic polymer (2)
Gp = wt of grafted protein

163 wt of total loaded protein (3)

164 Several works including the synthesis or the development of
165 tools with potential for obtaining hybrid protein/polymer NPs
166 are presented next for the aforementioned proteins. A
167 summary of the total content of protein, employed monomers,
168 and main latex properties of the more representative works are
169 presented in Table 2.

170 Casein. Casein represents ~80% of the proteins in bovine
171 milk,’” and corresponds to the fraction precipitated when
172 unheated (raw) milk is acidified to pH 4.6 (isoelectric point,
173 IEP). The protein remnant in solution corresponds to whey
174 proteins. Acid casein is precipitated from skim milk by
175 acidification; on the other hand rennet casein is obtained when
176 the milk is treated with rennet. Casein world production,

[

together with caseinates, is estimated between 430.000 and 177
460.000 tonnes, with New Zealand, The Netherlands, and 178
Germany being its main producers.”” Casein can be further 179
classified as edible or industrial. The latter is estimated to reach 180
90.2% of the total global casein and caseinate market in 2025, 181
followed by edible grade casein with 9.8%. 182

Owing to its excellent film-forming capability and good 1s3
adhesive properties, casein was used as long as thousands of 184
years ago. Nowadays, neat casein and modified casein still find 185
applications in coatings, adhesives, papermaking, leather 1s6
finishing, and edible films, among others.**™”® Moreover, due 187
to its biocompatibility and nonimmunogenic characteristics, 188
casein is a striking material to be used in gene-delivery 189
therapies and drug delivery applications.>”*”"® However, 19
industrial applications of casein are limited mainly due to its 191
poor water-resistance and mechanical strength. A promising 192
approach to tackle these drawbacks is taking advantage of the 193
high quantity of polar groups present in the structure of casein 194
molecules, such as amino, hydroxyl, and carboxyl groups, 195
which give casein the ability to generate physical interactions in 196
blends with other materials, and to be chemically modified by 197
grafting with natural or synthetic polymers.”” Both in- 198
organic’*””7® and organic materials”**>’*™® have been 199
proposed to expand casein applicability. 200

The first published attempts to merge casein with synthetic 201
polymers involved casein incorporation in the EF-EP of 202
conventional monomers initiated with potassium persulfate 203
(KPS) or ammonium persulfate (APS).**””* The included 204
monomers were butyl acrylate (BA), vinyl acetate (VAC), 205
butyl methacrylate (BMA), acrylamide (AM), and methyl 206
acrylate (MA), and the polymerizations were carried out in the 207
presence of a wide range of casein amount (PC & 16—220%). 20s
Despite a grafting mechanism not being reported, it is expected 209
that it involves an unspecific hydrogen abstraction from casein 210
by the sulfate radical species. The grafting extent (measured as 211
the fraction of synthetic polymer containing grafted protein) 212
was studied, and it was found that the GSP increased with the 213
concentrations of initiator, monomer, or casein. One limitation 214
of this method is the use of persulfates initiators that may 21s
result in an oxidative degradation of casein,”””* producing 216
yellowish products. 217

These oxidative problems were overcame by Li et al.”® in the 218
synthesis of casein/poly(methyl methacrylate) core—shell NPs, 219
by grafting polymerized methyl methacrylate (MMA) onto 220
casein, using a trace of copper ions as initiator (PC = 20— 221
100%). The authors studied the influence of the copper ion/ 22
casein ratio, finding 9.5/1000 as the optimum ratio, below 223
which the conversion of MMA was considerably reduced, and 224
above which particles became very unstable. These results 225
suggested that casein interacts with copper ions to initiate the 226
graft copolymerization of MMA, allowing the formation of 227
core—shell NPs in the absence of surfactant (i.e., in an EF-EP). 228
The latex particles exhibited a mean diameter of 96 nm. 229
Moreover, a typical kinetic behavior for radical polymerization 230
confined in a preformed microenvironment was observed, 231
which is in agreement with a radical polymerization 232
mechanism involving complexes between the polymer and 233
MMA on copper ion.”® A redox initiation approach was 234
followed elsewhere to efficiently graft BA”” and MMA”® onto 235
casein, using potassium diperiodatonickelate (Ni(IV)), and 236
potassium ditelluratocuprate(IIl) (DTC), respectively, which 237
form redox systems with casein. 238
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Moreover, another novel synthetic method to create casein/
polymer amphiphilic nanoparticles and overcome such
oxidative problems of persulfate initiators was developed in
the later works of Li and co-workers”””” Tt consists of an EF-
EP in which an organic hydroperoxide (ROOH) initiator, such
as tert-butyl hydroperoxide (TBHP), reacts with the amino
groups present in casein, generating radicals in their N
atoms.”” The radicals formed onto casein amine groups initiate
the graft copolymerization of MMA, and as these radicals
become water insoluble they assemble into polymer NPs
precursors. Following this mechanism, stable latexes with solid
content up to 31% were produced, with a NPs diameter
around 80 nm, having a narrow particle size distribution, and
covalent bonding between core (poly(methyl methacrylate)
(PMMA)) and shell (casein), that is, compatibilized NPs. The
PC and GSP were 25% and 40—50%, respectively, while the
grafting percentage of protein was not reported.”””” Alter-
natively, a grafting percentage defined as the ratio between the
weights of the grafted PMMA branches to the weight of loaded
casein was reported to be 130—190%,”””” indicating that the
synthetic polymer (PMMA) is the main component of the
grafted material. It is worth noting that the authors of this
proposal suggested that it is extendible to any water-soluble
polymer chains containing amino groups. Moreover, the
copolymers obtained are metal ion-free and surfactant-free,
which is highly required for extending this method to many
biological applications.

The EF-EP process’””” was also applied by Picchio et al.”*
to fabricate waterborne acrylic/casein NPs by using the redox
initiation method proposed by Li et al.” Afterward, Picchio et
al.'” produced hybrid latexes of acrylic (BA/MMA)/casein
NPs through EF-EP’”"” with the aim of characterizing the
synthesis parameters, the NPs microstructure, and the
properties of the films obtained from the hybrid latexes. The
authors found that PC (ranged from 3 to 50%) strongly affects
the grafting percentage of protein, where GP values are
reduced according to the increase of casein concentration
(Figure 2a). In consequence, a lower casein content allows the
formation of hybrid casein-based NPs with higher GP and
increased compatibility.”* A proper content of casein improved
the film hardness, resistance to organic solvents, and soil
degradability, and the antiblocking property, without degrading
the low minimum film formation temperature (MFFT) typical
of acrylic binders for coatings. These results demonstrated that
casein-based hybrid latexes are proper materials with potential
for being used as binders in waterborne coatings.

However, one limiting factor for acrylic/casein hybrid films
reaching a commercial scale is the obtained low GP values
when high casein concentrations are used in the latex
formulation, which is highly desirable for a better exploitation
of this renewable resource. With the aim to maximize the GP,
casein acrylation with acrylic acid (AA) was studied (see
section Synthesis of Hybrid Protein Based NPs), but a low degree
of protein modification was reached.'”’ A more robust
approach to overcome this difficulty was the use of highly
methacrylated casein (HMC) in the latexes formula-
tion,*"**'%* which can be obtained through an amine—glycidyl
ether reaction.®’ With this last procedure, the GP of the hybrid
system was controlled by varying the content of methacrylic
groups in the casein backbone. HMC containing up to 40
methacrylic groups per protein molecule (theoretical value)
was synthesized achieving a GP as high as 82%,*” which highly
overpassed the 10% obtained through the traditional grafting

100 . . . .
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Figure 2. Effect of the casein concentration on the GP when using
neat casein in the polymerization of MMA®* and in the
copolymerization of MMA/BA'® (a), compared with the use of
HMC (as a function of the methacrylation degree) in the
copolymerization of MMA/BA for casein concentrations of 25 and
50% (b).**'°> The dashed lines in panel a indicate the casein
concentrations for which the use of HMC is shown in panel b. The
solid content in these latexes was 30%.

method by redox initiation.'"” A comparison of these values
can be found in Figure 2b. Films obtained from high-solids
content hybrid HMC/acrylic latexes exhibited more homoge-
neous phase distribution, increased water resistance, and
improved block-resistance and open-times comparable to
those of organic-solvent based paints (30—40 min). Besides
these properties, optimized clear coat formulations with
HCM/acrylic hybrid latexes as binders showed also good
performance with minimal additive requirements, which
expands the possibilities of using these latexes as waterborne
eco-friendly binders in industrial applications.*"*>'%

The potential use as adhesives of hybrid HMC/acrylic
latexes prepared via the EF-EP route was studied by Aguzin et
al.¥ The PC was varied between 5 and 30%, with a solid
content of 35%. Moreover, the performance of the final
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Figure 3. Scheme of the synthesis strategy of CA-CPL/acrylate core—shell NPs via EP. Reprinted with permission from ref 84. Copyright 2015

Elsevier.

317 product produced with neat casein was tested against the use
318 of HMC. Besides maintaining a good adherence of surfaces
319 over time, commercial adhesives are required to be easily
320 removable. For this reason, the removal capacity in alkaline
321 conditions of the hybrid films was tested. It was found that the
322 increased compatibility between the protein and the synthetic
323 polymer, attained by using HMC instead neat casein, resulted
324 in increased removal ability.

325 A different alternative for casein modification was explored
306 by Ma and co-workers.” 7”7 These authors studied the
327 ability of caprolactam-modified casein (CA-CPL) to form
328 hybrid protein/polymer NPs in order to achieve an improved
329 applicability as leather finishing agent and film-forming
330 material, without losing its eco-friendly feature. CA-CPL has
331 been used as a leather finishing agent despite having a limited
332 flexibility and water repellency. Ma et al.°® have blended
333 waterborne polyurethane (WPU) with CA-CPL to produce
334 hybrid NPs mainly formed by the existence of hydrogen bonds
335 between the urethane groups in the WPU and the CA-CPL
336 particles. Particles diameters between 77 and 46 nm were
337 obtained, depending on the WPU/CA-CPL mass ratio used
338 (PC = 900—100%). The NPs showed improved hydro-
339 phobicity and reduced air permeability when compared with
340 CA-CPL particles. Moreover, a superior flexibility and wet-rub
341 resistance was obtained. These characteristics, added up to an
342 acceptable biodegradability, making CA-CPL/WPU NPs a
343 promising eco-friendly film-forming material.

344 Later, the same authors proposed a second approach to
34s improve CA-CPL performance, preparing latexes with a core—
346 shell structure of modified casein/BA via EF-EP.” In this case,
347 the PC was 70%. The effect of different initiators was studied,
348 resulting in the highest grafting extent of monomers for the
349 redox pair KPS—NaHSO;. Particles with a mean diameter of
350 80 nm were obtained, where CPL was the key to forming
351 stable latex particles in the free-emulsifier process. Further-
352 more, the films exhibited a better hydrophobicity when
353 compared to those produced from pristine casein (contact
354 angle 93.8° versus 23.6°), a good color developing ability, and
3ss an improved thermal stability. The authors reported that CA-
356 CPL based NPs presented a performance as a leather finishing
357 agent comparable and even better than commercially available
3s8 products. Finally, the composite showed a preferable
359 biodegradability, making it a promising material for coating
360 applications.

361 In other work, Ma et al.** synthesized CA-CPL/acrylate NPs
362 by using random amphiphilic copolymers as emulsifier. The

copolymerization of acrylic monomers and CA-CPL was 363
initiated by APS, while a random amphiphilic copolymer, 364
including VAC, AM, and BA blocks, was used as emulsifier. 365
The PC was in the range 30—55%. A scheme of the synthesis 366
route can be seen in Figure 3. The presence of the amphiphilic 367 3
copolymer helped the formation of micelles swollen with 368
monomer. This hybrid latex has the potential to be an 369
economic and green product as waterborne printing ink 370
binder, leather finishing agent, and coating, among others, due 371
to its biodegradability and excellent performance. 372

Ma et al.”” have also employed the EF-EP with APS as 373
initiator to synthesize hybrid NPs composed by CA-CPL and a 374
synthetic copolymer including BA, MMA, and poly- 375
(dimethylsiloxane) (PDMS). The NPs had a mean diameter 376
of 50 nm with a narrow distribution. During film-formation, a 377
porous structure was developed due to the migration of 378
organic silicone to the coating-air surface (microphase 379
separation). As a result, films with an enhanced water vapor 3s0
and gas permeation were formed. Moreover, the films showed 381
surface hydrophobicity, biodegradability, and good film- 3s
forming properties, being in this way an attractive alternative 383
material with potential to be used in textiles and in the food 384
packaging industry. 385

Xu et al.'” synthesized CA-CPL/acrylate/silica latex via 3s6
double-in situ EP. In this proposal, a condensation reaction 387
occurs between a silane coupling agent (KH750) and a silica 388
precursor (tetraethoxysilane) in the outer region of CA-CPL 3s9
particles, which were useful to facilitate the emulsification of 390
the acrylate monomers. After the addition of the initiator 391
(APS), a free radical polymerization takes place between silane 392
coupling agent and casein, and between acrylate and casein, 393
resulting in a core—shell structure (mean diameter 80 nm) 394
with an inorganic silica shell and an organic CA-CPL/acrylate 395
core. The hybrid films formed from this latex showed higher 396
hydrophobicity, lower water absorption, superior tensile 397
strength, and reduced flexibility when compared with the 398
protein/acrylate films without silica. 399

Hollow CA-CPL/acrylate NPs were prepared by Zhang et 400
al."”* in a two-step process involving (i) the EP of CA-CPL in 401
the presence of the monomers MMA, BA, and methyl acrylic 402
acid (MAA) initiated by APS; and (ii) the subsequent alkali 403
swelling process in which a migration of the hydrophilic chains 404
in the core of the NPs was produced. The resultant hollow 4o0s
NPs, with a mean diameter of 156 nm, have been tested for 406
opaque coating applications, resulting in tunable transmission 407
between 97% and 57%. Moreover, the coatings exhibited 408
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excellent antiultraviolet behavior, with almost 0% trans-
mittance below 200—300 nm light wavelength.

The use of functionalized casein in the hybrid NPs synthesis
has shown to be an effective tool to increase the amount of
protein in latex formulations, allowing for a better exploitation
of this biopolymer resource. A summary of the total amount of
casein, casein type, and monomers used in some of the
mentioned works is presented in Table 2.

Whey Protein. Whey proteins, mainly obtained as a
byproduct of cheese production,’” represent ~20% of milk
proteins. These proteins are a group of globular proteins,
which consist primarily of f-lactoglobulin and a-lactalbumin.
Other components are immunoglobulins, bovine serum
albumin (BSA), lactoferrin, and lactoperoxidase. They can be
classified as whey protein concentrate (WPC) or whey protein
isolate (WPI), for which the protein content of WPC ranges
from 25 to 90%, and for WPI is higher than 90%.°*”° Whey
ingredients contain all 20 essential amino acids that the human
body requires, being in this way an excellent product to
increase the nutritional value of foods.'*>'°® Because of this,
the main applications of this protein family are found in the
food industry. The global production of whey protein was
around 240 million tonnes in 2014, with a value of USD 5.4
billion.'*

As a byproduct of cheese manufacture, whey protein was
considered a polluting effluent from the dairy industry, and
discarded in rivers or lands without any treatment.'” It is an
important environmental problem due to its high production
volume and organic content, making necessary the expansion
of its industrial exploitation, and opening the possibility to
introduce whey protein in a second step of the chain values
and to produce more eco-friendly materials.

Whey protein is water-soluble—up to 40% by weight—and
it is known to be capable of forming elastic films, which have a
good oxygen barrier and moderate moisture permeability.'"”
Beyond the food industry, other current applications include
environmentally safe adhesives®”'*® (unlike casein, the use of
whey protein for adhesives is relatively new),"'% biode%rad-
able coatings,*"'' drug delivery and gene-therapy,*”*%'""!"?
and edible films'"*~""* among others.””"'*"'” However, due to
its hydrophilicity, whey protein-based materials exhibit poor
mechanical and water-vapor barrier properties.'”” The research
done in whey protein/synthetic polymer hybrid NPs with an
orientation to industrial applications is scarce. However, new
tools have been developed which can be useful for its future
implementation in obtaining of this type of NPs.

One example of these tools is presented in the work by Chan
et al,""® in which polymerizable whey protein was prepared
through an amine-based reaction with methacrylic anhydride
to introduce (meth)acrylamide moieties onto the protein
backbone. Methacrylic anhydride is produced as a byproduct
of the amine-anhydride reaction, and its presence did not
degrade the mechanical properties of the final product, so
purification steps may be avoided. In this work reactive whey
protein was obtained, which allows an improved control over
chemical cross-linking density in a subsequent free-radical
polymerization step. Despite the aim of this research being the
synthesis of protein-based thermoset elastomers, the reported
method to obtain polymerizable whey protein can be a helpful
tool to efficiently develop new hybrid NPs via free radical EP,
in much the same way as the use of HMC, where the degree of
compatibility with the synthetic polymer is controlled by the
presence of methacrylic groups.

Sharma and Luzinov''” produced bioplastics by blending
WPI with natural rubber latex (mainly composed of cys-1,4-
polyisoprene), and WPI with egg white albumin. They found
that the addition of about 10% of any of these biopolymers to
the protein improved the composite toughness without
compromising the whey protein strength and stiffness. The
compatibilization between the protein and rubber/egg white
albumin has not been proven in this work. However, the
authors suggest that compatibilized latex of natural rubber
particles and WPI may have been obtained by the reaction
between amino acids groups in both materials.

Gao et al."””’ developed an eco-friendly adhesive of the
family of aqueous polymer solution-isocyanate (API) adhe-
sives, which are primarily composed of a water based glue and
an isocyanate cross-linking agent. In this case, the adhesive
formulation included a polyvinyl acetate (PVAc) latex, a
solution of thermal denatured whey protein, and a methylene
diphenyl diisocyanate (MDI) as cross-linking agent (PC =
230%). Despite a latex characterization not being performed, it
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482

is assumed that core—shell NPs were formed by blending of 491

the PVAc (core) and the denatured protein (shell). Then,
these NPs were cross-linked by the reaction of MDI with the
amino and carboxyl groups of the protein. Another explored

synthesis route in this work consisted of the addition of 495

poly(vinyl alcohol) (PVA) (3—18 wt %) during the
denaturation process of the protein, which resulted in an
increased bond durability of the adhesive, due to the
interactions between PVA and WPL It is assumed, as other
authors suggested,'”"'** that PVA was physically cross-linked
with the protein via hydrogen bonding, thus leading to
compatibilized NPs. Moreover, the effect of time and
temperature variations of the denaturation process was studied.
Generally, it was found that the unfolding of the protein
globular structure induced by the denaturation process
improved the bonding strength of the adhesive. Also, the
addition of nanoscale CaCO; powder further increased the
bonding strength and durability of the whey protein based API
adhesive. Similar strategies varying the plasticizer and cross-
linking agent species were presented in a patent of the same
authors.'”’

Soy Protein. Soy protein is a relatively inexpensive protein,
generated as a byproduct of the soy oil industry. This protein is
commercially available in three kinds of products: (i) soy flour
(SF), composed by 50% of proteins and carbohydrates; (ii)
soy protein concentrate (SPC), composed by 70% of protein
and nonwater-soluble carbohydrates; and (iii) soy protein
isolate (SPI), having a protein content of ca. 90%.
Approximately 90% of soy proteins are storage proteins,
mainly globulins,"** with an abundance of essential amino
acids, whereby they have been used mostly in the food
industry. In addition, soy protein contains an important
proportion of amino acids with polar and reactive groups such
as lysine (6.8%), arginine (7.7%), histidine (3.3%), and
cysteine (2.4%),"** which make the protein suitable for
chemical modifications.

Pure soy protein materials are rigid, brittle, with low thermal
stability, poor resistance to moisture absorption and water
immersion, and highly susceptible to microbial attack.
Therefore, many efforts have been made to improve their
mechanical and thermal properties, and moisture resistance. In
this context, physical and chemical modifications of soy protein
have been widely investigated, including pH adjustment,
thermal treatments, incorporation of plasticizers, cross-linking
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s3s reactions, and production of composites by blending with
s36 synthetic polymers, which have been extensively re-
s37 viewed."”> ™% Also, strategies of chemical modification by
538 grafting with synthetic polymers were reported.*'

539  Some of these grafting modifications involve the radical
540 polymerization in aqueous dispersion of hydrophobic vinyl
s41 monomers, such as MMA, styrene (St), ethyl acrylate, ethyl
s42 methacrylate, BMA, hexyl methacrylate, and acrylonitrile
543 (AN), in the presence of the soy protein.*>~'*’ In general,
s44 high PC were used ranging from S0 to 500%, and different
s4s initiators such as persulfates, redox systems (ascorbic acid/
s46 KPS), and ammonium cerium nitrate were employed.
547 Although none of these works showed NPs characterization,
548 it can be deduced from the synthetic procedure that hybrid
549 latexes were probably obtained. Instead of the latex application,
sso the grafted copolymer was isolated by solvent extraction and
sst used as either hybrid thermoplastics'**'**'** or in the
ss2 formulation of composites.'**'** In general, a GSP between
553 15 and 80 was obtained depending on different polymerization
ss4 parameters such as pH, temperature, polymerization time, and
sss monomer and initiator concentrations, which affected the
ss6 grafting extent.

ss7 In a simple approach to incorporate soy protein to synthetic
ss8 latex, some works explored the physical mixing of both
sso materials."**""** However, nonuniform latexes can lead to
s60 heterogeneous films, due to the phase segregation of materials,
sé1 affecting the application properties. Therefore, a synthetic
s62 procedure that promotes the formation of grafted copolymer is
s63 desirable to make both phases compatible.

se4+  Also, the synthesis of waterborne soy protein-based NPs
s6s with an orientation to industrial applications was investigated
se6 employing scalable methods such as EP and MEP. Kisku and
567 Swain' " studied the synthesis of soy protein/PMMA latexes
ses by EF-EP of MMA employing a low content of soy protein
s69 (PC ranging from 1 to 5% as emulsifier) and KPS/ammonium
s70 ferrous sulfate as radical initiator. The materials obtained after
s71 latexes precipitation and drying showed a uniformed
s72 distribution of soy protein. These PMMA/soy protein films
573 exhibited reduced oxygen permeability with better flame-
s74 retardant properties than pure PMMA films. In addition,
s7s hybrid materials showed high biodegradation in activated
576 sludge water, with a weight loss of about 65% for the material
577 with the highest PC. Similarly, Liu et al."** reported the use of
578 EP for synthesizing St based latexes in the presence of a high
s79 content of SPI (PC ranging from 200 to 2000%) with low solid
sso content (S to 7%) and KPS as initiator. Sodium dodecane
ss1 sulfonate (SDS) was also incorporated into the emulsion
ss2 recipe in order to improve the emulsifier capability of this
583 protein. Ionic surfactants, such as SDS, denature the soy
ss4 protein by disrupting the hydrophobic and electrostatic
s8s interaction, resulting in a partially unfolded protein structure.
sss The EP with high content of SPI generated very small latex
587 particles, with diameters between 10 and 30 nm, and core—
sss shell morphology. Figure 4 schematizes the formation of core—
589 shell NPs where soy protein is physically linked to the poly(St)
590 core by the interactions with the SDS molecules. This SPI-
s91 based thermoplastic showed good mechanical properties and
s92 importantly improved water resistance.

593 In all these articles, the formation of grafted copolymer
s94 between soy protein and the synthetic polymer was not
s9s evaluated. However, it is presumed that some grafting could
s96 have happened during these polymerizations, for which
597 persulfates were used as initiators.'**'*
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Figure 4. Schematic model of the core—shell structure of soy protein/
poly(St) NPs.'**
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Zheng et al."*’ have produced an ambient temperature- s9s
curable wood adhesive based on a latex of SF/poly(St) so9
synthesized by EP and a polymeric methylenediphenyl 600
diisocyanate as cross-linking agent. SF was previously exposed 601
to a combination of enzymatic and acid treatments to 602
hydrolyze the carbohydrates and to denature the protein, 603
followed by a chemical modification with N-methylolacryla- 604
mide. Functional groups of soy protein, such as carboxylic os
acids, react with the —OH of N-methylolacrylamide producing 606
a polymerizable protein that promotes the graft copolymeriza- 607
tion with the St during the EP. The concentration of St was 608
varied from 2 to 10% (based on the weight of modified SF) 609
giving a PC between 535 to 2674%. The EP was carried out at 610
75 °C in two consecutive steps: (i) a batch polymerization 611
containing all the modified SF and 1/4 of the mixture of St and 612
initiator (APS), during 20 min; and (ii) a semibatch 613
polymerization dosing the rest of St and initiator during 4 h. 614
In this form, latex with a final solid content between 20 and 615
25% was produced. The formation of SF/poly(St) grafted 616
copolymer was qualitatively confirmed by FTIR but without 617
quantifying the degree of grafting. These hybrid latexes were 618
mixed with a polymeric methylenediphenyl diisocyanate that 619
reacted with hydrophilic groups of the SF and the —OH in the 620
wood, producing a cross-linking adhesive at ambient temper- 621
ature, with improved water resistance and thermal stability. 622

Recently, the synthesis of acrylic/SPI hybrid latexes by 623
emulsion copolymerization of acrylic monomers (MMA, BA, 624
and 2-(methacryloyloxy)ethyl acetoacetate), was reported in 625
order to produce waterborne wood coatings.'>” Latex with 626
variable content of SPI (PC = 1.7—11.4%) and with theoretical 627
solid content between 27 and 29% was produced. Soy protein 628
was previously treated by heating in NaOH solution, followed 629
by the addition of sodium metabisulfite to break the secondary 630
and quaternary structures of the protein. The latex synthesis 631
involved a first semibatch EP of acrylic monomers, using a 632
mixture of sodium dodecyl sulfate and alkylphenolpolyoxy- 633
ethylene ether (OP-10) as surfactants; followed by a second 634
polymerization stage with the addition of the modified soy 635
protein solution, after the monomer feeding was completed. 636
The unreacted monomer, at the moment in which soy protein 637
was added, took part in the formation of grafted soy protein/ 638
acrylic copolymer, giving a higher GSP (ranging from 1.1 to 639
7.5) with the increase of soy protein concentration. The 640
average diameter of hybrid NPs was in the range 35—56 nm, 641
which is lower than the NPs diameter of analogous latex 642
without soy protein (60 nm) possibly indicating the formation 643
of a secondary particle population. The application properties 644
of these hybrid latexes as wood adhesive (wear resistance, 64s
adhesion, gloss, and pencil hardness) improved with the 646
protein concentration. The same trend was observed for the 647
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648 mechanical properties, except for the hybrid material with the
649 highest PC (11.7%) that was very brittle.

650 The MEP method was also used to synthesize soy protein/
6s1 acrylic NPs by copolymerization of BA and MMA, in order to
652 produced wood adhesives.'*® Soy protein with a previous
653 denaturalization process, by heating in a NaOH solution, or
654 neat soy protein (without denaturalization treatment) was
6ss incorporated with a mix of alkylphenol ethoxylates and sodium
6s6 lauryl sulfate (SLS) as surfactant. This synthetic strategy
657 allowed the production of latex with high solid content, around
658 37%, but with a relatively low concentration of soy protein (PC
659 = 1.2—6.2%). Films obtained from latexes synthesized with
660 neat soy protein showed protein segregation, while an
661 improved phase compatibility and homogeneity resulted
662 when denaturalized soy protein was used. In addition, close
663 mechanical performance to commercial wood adhesives, such
664 as melamine—urea—formaldehyde and phenol—formaldehyde
665 resins, were obtained, with the important environmental
666 advantage of avoiding the formaldehyde emission.

667  Another synthetic strategy to produce soy protein hybrid
668 NPs was reported by Bhattacharjee and Bong,'*’ using
669 reversible addition—fragmentation chain transfer (RAFT)
670 polymerization. In this work, soy protein hydrolyzates-based
671 graft copolymers with poly(AM) and poly(AA)—which form
672 NPs when dispersed in an aqueous medium—were produced.
673 To obtain the grafted copolymers, benzylthiocarbonate
674 moieties were incorporated on the protein surface by acylation
675 of free amino groups with N-ydroxysuccinimide (NHS),
676 creating a protein macrochain transfer agent. Then, RAFT
677 polymerization was carried out in dimethyl sulfoxide (DMSO)
678 with 2,2'-azobis(2-methylpropionitrile) (AIBN) as initiator,
679 and using two concentrations of the protein macrochain
680 transfer agent, 10 and 50%. It was hypothesized that the NP
681 formation by dispersing grafted copolymers in aqueous
682 medium was driven by protein/protein aggregation. In this
683 form, NPs with average diameters between 66 and 162 nm
684 were obtained depending on the composition of grafted
685 copolymers.

686 Patents also reported the industrial application of soy
687 protein/synthetic polymers NPs. Riley and Coco'*® described
688 the production of soy protein/synthetic polymer latexes with a
689 high solid content (30—43%) for their use as a binder in paper
690 coating formulation. Hybrid latexes were synthesized by EF—
691 EP of diene monomers (e.g, 1,3 butadiene, isoprene) and vinyl
692 monomers (e.g., St, alpha methyl styrene) in the presence of
693 soy protein (PC = 11—43%), using oil soluble azo initiators
94 (e.g, 2,2'-azobisisobutyronitrile) and a chain transfer agent
695 (e.g, tert-dodecyl mercaptan). Also, soy protein/acrylic hybrid
696 NPs were fabricated and used as replacement for conventional
697 inorganic pigments, commonly employed in paper coating
698 formulations.'”” The hybrid NPs are formed by the EF—EP
699 process of a monomer—or mixture of monomers—such as St
700 or MMA, and variable concentration of carboxylated SPI (PC
701 = 4—60%). The preferred initiators are azo nitriles. Semibatch
702 polymerization strategies were used, feeding a pre-emulsion of
703 monomers and soy protein. The particle size control was
704 governed by the protein level contained in the pre-emulsion. In
705 this way, final average particle diameters of the obtained hybrid
706 latexes ranged from 90 to 600 nm, the bigger particles being
707 synthesized at lower concentration of protein. The use of these
708 hybrid latexes in combination with an inorganic pigment in
709 paper coating formulations improved gloss and ink holdout, as
710 compared to a coating in which the pigment composition

—

—_

—

consisted only of an inorganic material. Moreover, an 711
improved water resistance, water holding, and a potential for 712
reduction in the coating sticking during the paper finishing 713
process were obtained as compared to conventional inorganic 714
polymeric pigments. It is worth noting that the patented 715
method was also successful employing casein instead of soy 716
protein. Moreover, latex containing SPI were produced by the 717
EP of VAC and dioctyl maleate in order to obtain adhesives.">* 713
Depending on the adhesive application, soy protein was added 719
during polymerization, after polymerization, or both. However, 720
the concentration of protein incorporated during the polymer- 721
ization was low, around 1%, and other emulsifiers (anionic 722
emulsifiers based on soybean oil) were used to obtain stable 723
latex. 724

Collagen. Collagen is the most abundant animal-protein. It 725
provides the principal body-structural and mechanical 726
support.">> There are 20 genetically distinct members of the 727
collagen family. The majority are fibril forming collagens: type 728
I (tendon, skin, and bone), type II (cartilage), and type III 729
(vasculature and skin). These collagen types are found forming 730
fibrillar structures, which are an essential part of tissue 731
structure.*°"% Collagen is a highly cross-linked material 732
which is usually insoluble in water and many solvents. The 733
molecule is formed by three chains held together in a triple- 734
helical structure by multiple physical interactions.'®*™'** The 735
temperature of thermal denaturation of collagen depends on 736
the pH of the environmental medium, water content, and 737
degree of cross-linking. Hydrolyzed collagen (HC) is a 738
collection of peptides with low molecular weight (between 3 739
and 6 kDa) that can be obtained by enzymatic, acid, or alkaline 740
hydrolysis. HC can be extracted from different sources such as 741
porcine or bovine. HC properties such as molecular weight of 742
the peptide chain, functional activity, and solubility are affected 743
by the type and source of extraction.”’ Moreover, gelatin is 744
obtained by partial acid/alkaline hydrolysis or by thermal or 74s
enzymatic degradation of collagen. Gelatin molecules consist 746
of repeating sequences of proline, alanine, and glycine amino 747
acids, which are responsible for the triple helical structure of 748
gelatin. The unique triple helix structure, consisting of three 749
polypeptide chains, is responsible for the high stability of 7s0
gelatin,'®® 751

According to a new research report by Global Market 752
Insights Inc., the global colla%en market is anticipated to 753
exceed USD 6 billion by 2026."°* The major contributors to 754
the rising demand for gelatin and HC are the food, cosmetic, 753
and beverage industries, due to the gelling capacity 7s6
(texturizing, gel formation, water binding capacities and 757
thickening) as well as the surface covering (foam formation 7ss
and stabilization, emulsion, adhesion and cohesion, film 7s9
forming capacity and protective colloid function), and 760
hydration properties (solubility and swelling) of these 761
materials.' >’ 762

Different blends'®’~""* and hydrogels'”*~""” involving 763
collagen derivatives with synthetic polymers were reported, 764
but only a few methods have been informed on the production 76s
of hybrid NPs. One of the first reports about the synthesis of 766
hybrid NPs was the work by Ramaraj et al,'”® which presented 767
the preparation of collagen based composite by blending a 768
latex of poly(MMA-co-n-BA) with different contents of gelatin. 769
The cross-linking effect of glutaraldehyde on gelatin and 770
diallylphthalate on MMA-co-n-BA polymer was investigated, 771
reporting a higher film tensile strength for those fully cross- 772
linked composites. Also, the gelatin content of the film 773
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774 composite improved the tensile strength. Deselnicu et al.'”*

775 studied the rheology of blends of vinyl-acrylic copolymer
776 latexes and HC aqueous solutions, which is of interest in the
777 acquisition of biomaterials in industry, a%riculture, and
778 cosmetics among others. Moreover, Ye et al'”? reported the
779 synthesis of core—shell NPs composed by AgTiO, (core) and
780 PMMA with grafting of the HC (shell). The NPs were
781 synthesized by graft polymerization and water-in-oil EP.

782 The EF-EP proposed by Li et al,” previously addressed,
783 was also employed to produce colla%en/ PMMA hybrid NPs.
784 Following this strategy, Luque et al."”' recently reported the
785 synthesis of hybrid collagen/acrylic NPs by EF-EP of AA and
786 BA with varied HC content (from 1S5 to 50%) and H,O, as
787 hydroperoxide initiator. Despite the amount of collagen
788 incorporated being significant, with this method just a small
789 fraction could be grafted, with a GP of approximately 10%. In
790 this case they demonstrated that EF-EP resulted in an adequate
791 technique for synthesizing stable collagen/acrylic latexes with
792 particle size exceeding 500 nm. The obtained latexes presented
793 excellent film formation capability, giving place to materials
794 with different mechanical and adhesive properties, depending
79s on the percenta$e of collagen, neutralization degree, and
796 moisture content. °' This characteristic opens the opportunity
797 to obtain switchable biobased materials, where the adhesion is
798 controlled by their moisture content.

799 On the other hand, Zhang et al.'"®" synthesized AA/gelatin
800 core—shell NPs via template polymerization, in which occurs
8ol the simultaneous polymerization of AA and gelatin. At the
802 reaction conditions (pH = 2) the poly(acrylic acid) is
803 insoluble, allowing the formation of NPs. In this case, the
804 system APS/N,N,N’,N’-tetraethylmethylene diamine was used
80s as initiator, while a selective cross-linking of the shell protein
806 was produced with glutaraldehyde in order to lock the NPs
807 structure. Despite the obtained solid content of the latex being
808 very low (3%), the resultant cross-linked PAA/gelatin NPs
809 were pH-responsive and the gelatin shell made the NPs good
810 candidates to be employed in bioapplications.

811 Gelatin has been employed to produce hybrid NPs for
812 photographic coating applications.'®' ~'*> The synthesis
813 method involved obtaining polymeric latex by EP having NP
814 diameters between 30 and 500 nm and a further blending with
815 gelatin solutions having low content of Ca ions.'®* Moreover,
816 compatibilized hybrid gelatin/polymer NPs were also achieved,
817 for which covalent bonding between the amine or sulfhydryl
818 groups of gelatin and the carbonyl groups of the polymer was
819 attained through the use of carbamoylonium salts."®' On the
820 other hand, the EP of hydrophobic monomers in the presence
821 of gelatin (protein content up to 30%) was also employed in
822 aqueous photographic coating compositions.

823 Zein. Zein is the major prolamin of corn and encompasses
824 50% of the total protein of endosperm.'®* Zein is a
825 heterogeneous mixture of polypeptides classified into four
826 fractions named &-, y-, -, and a-zein (70—85% of total zein)
827 based on their amino acid sequences, molecular weight,
828 solubility, and charge.éo From 2010, commercial zein was
829 produced as a byproduct from corn gluten meal by two main
830 companies, Flo Chemical Corp. (Ashburnham, MA) and
831 Showa Sangyo (Tokyo, Japan). Then, zein as a byproduct of
832 the ethanol process was introduced to the market by Prairie
833 Gold, Inc. (Bloomington, IL).”” Nowadays, commercial zein is
834 mostly a-zein with a molecular weight between 19 and 22 kDa,
83s and its comgposition may vary according to the acquisition
836 method.®”'**

—

—_

=

—_

—

Compared to other plant-based proteins, zein has significant 837
and unique properties due to its amino acid sequence, which is 838
mainly composed by nonpolar and uncharged amino acids as 839
glutamine (21—26%), leucine (20%), proline (10%), and s40
alanine (10%)."*° Possibly due to this structure, zein is s41
relatively heat- and pH-stable, and water insoluble, but soluble s42
in aqueous ethanol. Although this protein has both hydro- 843
phobic and hydrophilic side domains in its structure, it is 844
frequently considered to be a hydrophobic protein due to its 84s
insolubility in water."*>"*’

Since zein is not an indispensable protein for human 847
consumption due to its poor water solubility and low s4s
nutritional value (it lacks in the essential amino acids as lysine s49
and tryptophan)® and it is obtained as a byproduct of well- ss0
established processes, this biopolymer has attracted many ss1
industries to explore its potential as a feedstock material. In ss2
addition, the attention given to zein-based polymers is s8s3
primarily attributed to their ability to form films, biocompat- ss4
ibility, biodegradability, and ability to encapsulate both sss
hydrophobic and hydrophilic actives. Moreover, zein was 856
approved as a generally recognized as safe (GRAS) material by ss7
the United States Food and Drug Administration.'**'*%'® As sss
a result, reports on zein-based biomaterials for cosmetic, 8s9
biodegradable plastics, coatings, tissue engineering, biomedical sso
applications, and control drug delivery applications have s61
appeared, with zein being in different formats such as fibers, s62
micelles, nanoparticles, nanospheres, or films, where zein is 863
applied pure, in physical mixtures with other materials or as ss4
part of a hybrid material.*>'**'%*'*9"%? However, much less s6s
has been done with the incorporation of zein in the synthesis 866
of hybrid NPs with synthetic monomers. One exception is the 867
work by Allasia et al,,'*> where a dispersion of hybrid acrylic/ ses
zein/casein NPs with average diameter of 209 nm and a solid 869
content of 35% were obtained through emulsifier-free MEP. 870
The proposed synthesis strategy involved the use of the s71
stabilization power of casein to form stable miniemulsion 872
droplets, which contain both acrylic monomers (BA and s73
MMA) and zein. Two kinds of initiators were employed in s7s
order to have thermal initiation with KPS and the redox s7s
TBHP/NH,-casein radical formation.”” The hybrid material 76
had a total PC of 25%, in which only 5% of that protein was 877
zein. Despite the low concentration of hydrophobic protein, 878
the hybrid material showed improved water resistance (2.4 s79
times less of water absorption) and a more hydrophobic sso
surface (contact angle 83°) compared with zein-free hybrid ssi
material (Figure 5), due to the high compatibility achieved ss2 fs
between the different phases (GP = 75%). In addition, these ss3
hybrid materials were partially biodegradable in compost, 8s4
losing 15% of their initial weight after 14 days of being buried. 8ss

On the other hand, zein based particles could be formed by sss
stabilizing it with different biomaterials using the antisolvent ss7
method. Biomaterials such as tea polysaccharide (TPS),”*" sss
pectin,””" carboxymethylated short-chain amylose (CSA),*** sso
alginate,”” sodium caseinate (SC),”**7**® carboxymethyl s9
chitosan (CMCS),"”° chitosan,”*”*"° starch,*'' and tannic so1
acid®'? act as electrostatic and steric stabilizer for zein-based so2
particles, offering a good challenge for obtaining fully biobased 893
NPs with excellent final properties based on the synergy of the 894
combined biopolymers. A summary of these hybrid NPs, 95
including the biomaterials used, composition, size, particle 896
yield (ratio of NPs produced to initial biomaterial amount), 897
and its applications are presented in Table 3. As can be seen, it 8983
is possible to synthesize various NPs based on zein, having 899
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Figure S. Water absorption of hybrid casein based film with and
without zein and static contact angles of water onto its surfaces. The
contact angle of film obtained from casein/zein/acrylic hybrid NPs is
83°, close to that of pristine acrylic film.

different diameters and different zein/biomaterial ratios with
high particle yields (70—90%). Figure 6 shows image examples
of the morphology of the hybrid NPs of zein-SC, zein-CMCS,
and zein/tannic acid. In addition, some research has focused
on the development of a procedure that can be scalable and
economically attractive for the industry to obtain stable NPs
using some variants of the antisolvent precipitation method, as
flash nano precipitation (ENP),”"> new four-stream FNP
conﬁguration,189 dual channel microfluidization method,***
and the combination of FNP with spray-drying as fabrication
scalable processes.”” Although most of the applications of the
aforementioned NPs are aimed at control drug delivery
systems (Table 3), these zein based NPs could be employed

Figure 6. Examples of the morphology of some zein/biomaterial
hybrid NPs. (a) TEM image of zein/SC NPs. Reprinted in part with
permission from ref 20S. Copyright 2017 Dovepress. (b) SEM images
of VD3 encapsulated zein-CMCS NPs complex with calcium.
Reprinted from ref 190. Copyright 2012 American Chemical Society.
(c) Field emission scanning electron microscopy image of zein/tannic
acid (1:0.2). Reprinted from ref 212. Copyright 2015 American
Chemical Society.

as precursors for the formation of new protein/synthetic 913
polymer hybrid NPs, paving the way for the use of this 914
biomaterial in other industrial applications. 915

Other Proteins. A few more examples of hybrid protein/ 916
polymer NPs—or available tools for their development— 917
employing other less common proteins are given in this 918
section. For each case a brief description of the protein, the 919
method of synthesis of the hybrid NPs, and the NPs 920
application is presented. An interesting method for the 921
development of protein/polymer NPs is given in the work 922
by Xue et al,*'® in which hybrid NPs including BSA were 923
synthesized and used to stabilize water-in-water (w/w) 924
emulsions. Albumins are a family of water-soluble proteins 925
which can be found in egg, milk, and blood. This protein 926
contains many ionizable groups, which makes albumin one of 927
the most soluble plasma proteins.”’” It has found many 928
applications in medicine, food industry, and in research studies 929
as a protein model. Emulsions are interesting systems for the 930
synthesis of functional materials, and in particular w/w 931
emulsions are attractive for an eco-friendly process, because 932
the use of organic solvents is avoided. However, the 933

—_

Table 3. Summary of Zein Based NPs Synthesized Using Some Variants of the Antisolvent Precipitation Method

zein/X“ particle yield
system ratio (%) size (nm) applications ref
zein/TPS 1:0.07 20-70 130—495  anticancer drug delivery system 200
—1:0.7
zein/pectin 1:0.32 >92 250 controlled release of dietary supplements 201
zein/CSA 1:2 —1:13 nonspecified ~ 140—200  oral drug delivery 202
zein/alginate 1:0.25 95 160 nanodelivery systems for bioactive molecules 203
Zein/SC 1:1 nonspecified ~ 110—500  encapsulation and/or controlled release of therapeutic drugs, bioactive components, 205"
and food pigments
1:1-5:1 nonspecified 100—130 206
1:0.1-1:2 nonspecified ~ 120—150 204
1:0.75 74—82 177-240 207
—1:1.25
zein/CMCS 1:0.5-1:2 nonspecified ~ 86—200 encapsulation and controlled release of fat-soluble vitamin 190*
zein/chitosan 1:0.05 nonspecified 211-862  controlled release of bioactive agent 209
—-1:0.2
1:0.02 nonspecified ~ 60—1000  pickering emulsion stabilizer 210
-1:0.1
zein/SC with PDC-  1:0.25 nonspecified ~ 141—421  oral drug delivery 208
CA —1:0.8
zein/starch 1:2—1:10 nonspecified ~ 115—564  pickering emulsion stabilizer 211
zein/tannic acid 1:0.1-1:0.5 nonspecified ~ 96—250 pickering emulsion stabilizer 212!

“X represents the biomaterial used to produce the zein-based particles. Corresponding NPs morphologies are shown in "Figure 6a, *6b, and léc,

respectively.
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934 stabilization of w/w emulsions is not straightforward due to
935 the low tension of water—water interfaces and the associated
936 large interfacial thickness. Xue et al.,”'¢ have demonstrated that
937 methoxy polyethylene glycol (mPEG)/BSA NPs have the
938 ability to stabilize w/w emulsions. In their work, mPEG/
939 protein conjugate was achieved by reacting BSA protein with
940 mPEG-acetaldehyde via Schiff base chemistry at a pH near to
941 the protein IEP. Moreover, they showed that the NPs diameter
942 (200—500 nm) can be easily tuned with the reaction time.

943 A method to fabricate core—shell particles, where the shell is
944 made of an albumin and the core is a water-insoluble material,
945 was reported in a patent by Jaromir and Atkins.”'® The method
946 consists in dispersing a water-immiscible material in an
947 aqueous solution of a coagulable protein, such as egg albumin
948 or blood albumin, to form a particles dispersion. The following
949 step involves the coagulation of the protein onto the surface of
950 the particles as a result of an increase in the temperature of the
951 particles. The rise in temperature is achieved by the previous
952 incorporation of carbon black infrared absorbers in the water-
953 immiscible material, and a further exposure to infrared
954 radiation for a certain time. The size of the core—shell

“

particles is set by the size of the water-immiscible particle 9ss
(liquid or solid) in the oil-in-water emulsion. This method was 9s6
proposed a priori as a useful tool to encapsulate materials, but 9s7
depending on the employed materials it could be suitable for oss
other ends. 959

Another interesting combination of an animal-derived 960
protein with other materials (such as synthetic polymers and 961
inorganic compounds) is given by silk protein-based composite 962
materials. Silk proteins are mainly obtained from the silkworm 963
specie Bombyx mori, and from spiders such as the Araneus g4
diadematus or Nephila clavipes. Silk protein materials have 96s
been used for applications such as papers, strings, textiles, and 966
tissues due to the excellent mechanical properties and good 967
biocompatibility of silk.”'” Because these materials are oss
acquired naturally, their application at the industrial scale has 969
not been achieved. However, spider silk-like proteins can be 970
produced using recombinant DNA technology.””’ Hybrid ¢71
particles composed of Bombyx mori fibroin and poly- 972
(acrylonitrile-co-methyl acrylate) have been obtained in the 973
work by Sun et al.”*' These particles were simply formed by 974
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975 blending both components, establishing hydrogen bonds
976 between the protein and the polymer particles.

977 Synthesis of Hybrid Protein Based NPs. The main
978 applications of the hybrid latexes were film forming material,
979 coatings, adhesives, leather finishing agents, pigments, and
980 textile. A summary of the synthesis method, PC, mean
981 diameter, and applications of the NPs are summarized in
982 Table 2. The EP process has been the main route to obtain
983 hybrid protein/synthetic polymer latexes. Most of the
984 proposed strategies involve a free-emulsifier mechanism, in
98s which the amphiphilic character of proteins or the grafted
986 molecule formed with the synthetic polymer self-assemble to
987 form the precursors of core—shell compatibilized particles in
988 an EP. Also, an important improvement in the performance of
989 hybrid latex is reached when compatibilization between the
990 protein and synthetic polymer is enhanced by protein
991 modification previous to the EP. In this direction, this session
992 summarizes the main features of EF-EP, involving hybrid NP
993 formation (Figure 7), and the more efficient and scalable
994 protein modification proposals (Figure 8).

995 The EP process includes a monomer-in-water emulsion
996 leading, with the addition of a radical initiator, to a dispersion
997 of colloidal polymer particles (latex). Several mechanisms have
998 been proposed to explain the formation of particles during EP.
999 Among them, the homogeneous nucleation mechanism was
1000 able to explain the EP of water-soluble monomers.”*>**® Tt
1001 involves the formation of oligoradicals by the interaction of a
1002 radical initiator and the monomer in the aqueous phase, which
1003 become insoluble and form particle precursors by precipitation.
1004 On the other hand, in the micellar (or heterogeneous)
1005 nucleation the radicals diffuse into monomer swollen micelles
1006 where the polymerization occur.”***** For a given polymer-
1007 ization system, the determination of the nucleation mechanism
1008 is not straightforward since it is a function of several
1009 characteristics, including the monomers, initiator, emulsifier,
1010 temperature, and kinetics parameters among others. Moreover,
1011 the EP process is highly complex because it involves multiple
1012 steps on different time and length scales. A detailed description
1013 of the method and proposed nucleation mechanisms can be
1014 found in the literature."***~>**

1015 In this scenario, most of the approaches for obtaining
1016 protein based NPs by EF-EP included in this review involve

the particle formation mechanisms summarized in Figure 7. In 1017
all the cases, EF-EP proceeds with the protein soluble in the 1018
water phase (or its water-soluble fraction), containing different 1019
functional and reactive groups, which depend on its origin 1020
and/or its previous chemical modification. As schematized in 1021
Figure 7 different pathways of particle formation can be found, 1022
which are governed by the employed protein, that is, its 1023
hydrophilic/hydrophobic balance (capability to form micelles), 1024
concentration, and its chemical modification, as well as the 1025
type of initiation system. The use of persulfate initiators, such 1026
as APS and KPS, produces sulfate radicals’ ions which could 1027
easily abstract labile hydrogen from protein functional groups 1028
and form radical sites onto the protein backbone. Also, the 1029
interaction between persulfate and carboxylate in the aqueous 1030
phase forming radical carboxyl species is well accepted.””® 1031
These radical species on protein backbone could initiate the 1032
polymerization of the available monomer in the water phase, 1033
leading to the grafting between the protein and the synthetic 1034
polymer (Figure 7b, left). The amphiphilic protein/polymer 1035
chains then self-assemble to form compatibilized core—shell 1036
NPs (Figure 7c, left). The presence of sulfate radical anions 1037
may also lead to the aqueous phase polymerization of the 103s
water-soluble monomers, until being absorbed into the protein 1039
micelles swollen with the monomers or its precipitation 1040
followed by the stabilization with ungrafted protein (Figure 1041
7b,c, middle). These two alternatives promote the formation of 1042
noncompatibilized NPs. The nucleation of noncompatibilized 1043
NPs was not proven for the case of persulfates initiators, since 1044
the amount of grafted and ungrafted polymer and protein was 1045
not experimentally assessed.”* 1046

On the other hand, when hydroperoxides or peroxides 1047
(ROOH) are employed as initiators, a redox pair between the 1048
protein and the ROOH specie is created (Figure 7, right). Li et 1049
al.”’ proposed this method in which amino radicals in the 1050
protein backbone and alkyl radicals are formed. At the 1051
temperature at which the reaction was explored, the ROOH 10s2
initiator does not thermally decompose, and therefore it reacts 10s3
mainly with the amino groups of the protein generating a 1054
nitrogen centered radical and an alkoxy radical (RO-). Then, 1o0ss
the amino radicals promoted the graft copolymerization of 10s6
vinyl monomers in the water phase by forming the grafted 10s7
copolymer protein/synthetic polymer which acts as a macro- 10s8
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surfactant in the self-assembling of the microdomains (Figure
7b,c, right). Monomer polymerization takes place inside the
hydrophobic microdomains to form amphiphilic core—shell
NPs. On the other hand, the homopolymerization of the
monomer initiated by the alkoxy radicals is also present during
the process. This is related to a second method of nucleation in
which the formation of noncompatibilized particles occurs by
hydrophobic radicals’ coagulation or absorption into the
protein micelles, as identified by Picchio et al** for the
synthesis of casein/acrylate latexes (Figure 7c, middle).

When Cu(III) and Ni(IV) are used as initiators’"® a similar
situation to the propagation and nucleation stages of the
hydroperoxides route is developed. The metals induce the
formation of radicals in the protein backbone, creating sites of
grafting and polymerization of the synthetic monomers. Then,
the formation of compatibilized NPs is promoted in a
subsequent stage of particle nucleation.

As it could be observed in Figure 7, it was found that the
incorporation of water-soluble initiators (persulfates and
alkylhydroperoxides) in an EF-EP and in the presence of a
protein could promote one or another of these two
competitive mechanisms, which can be favored by tuning the
protein concentration, as it was identified by Picchio et al.”* In
the cases where the protein concentration is low, grafting
extent is high and the biomaterial availability is limited for
micelles formation or stabilization of noncompatibilized NPs.
Consequently, the predominant way of progress of the
polymerization is the compatibilized particles, resulting in
highly compatibilized hybrid latexes. In contrast, when the
protein concentration is high, formation of noncompatibilized
NPs is promoted by the available ungrafted protein, which acts
as a macro-emulsifier. Although it has been not appropriately
addressed, these nucleation pathways are expected to also
occur when supernormal valence transitional metals are used as
initiators. Thus, the development of protein chemical
modification strategies to improve compatibility of protein-
based hybrid NPs with high biomaterial content is highly
desirable for reducing the products carbon footprint and a
better exploitation of renewable resources.

In this direction, two principal strategies were identified. The
first one consisted in increasing the emulsifying capability of
the protein in order to create stable micelles which serve as a
substrate for a subsequent monomer polymerization inside
them, as schematized in Figure 8a. This route was followed by
Ma and co-workers®””>*" in the EF-EP of casein in the
presence of VAC, acrylate monomers, and PDMS. This protein
modification approach consisted in the condensation polymer-
ization between CPL and the carboxyl and amine groups of
casein, through the ring opening of the CPL molecules. The
incorporated pendant groups in the casein backbone acted as
blockers of the polar groups of the protein increasing its
emulsifier capability, resulting in more stable casein micelles. In
this way, CA-CPL micelles acted as self-emulsifier and as
substrate for the polymerization of the hydrophobic mono-
mers.

Another approach to increase the grafting efficiency between
protein and synthetic polymer consisted in adding vinyl
functionalities to the protein, which then serve as propagatin
sites in a radical polymerization. With this aim Picchio et al."’
synthesized functionalized casein through the reaction of
protein with AA, in the presence of N-(3-dimethylaminoprop-
yl)-N'-ethylcarbodiimine hydrochloride (EDC). In this way, an
amide bond is formed between the casein and the AA**°

providing new acrylic functionality able to propagate via radical
polymerization. This modified casein improved the compatibi-
lization degree of hybrid NPs obtained by EP of acrylic
monomers. However, significantly enhanced results were
obtained in the latter work by Picchio and co-workers®>'**
where HMC was used in the EF-EP in the presence of MMA
and BA. HMC was prepared through a glycidyl ether reaction
to incorporate pendant methacrylic groups onto the protein
backbone (Figure 8b). These pendant groups and the primary
amino groups serve as propagation sites during the polymer-
ization, favoring the formation of compatibilized hybrid NPs
following the mechanisms summarized in Figure 7. Also,
Zheng et al."*® proposed the vinyl functionality incorporation
to soy protein using N-methylolacrylamide as functional agent.
A possible esterification reaction between carboxylic acid of the
protein and hydroxyl groups of N-methylolacrylamide was
proposed.

Although EF-EP was the main polymerization strategy
employed for obtaining protein based hybrid NPs, also a few
proposals employed MEP.*”” Fapeng et al."*° used MEP to
obtain soy protein/acrylic NPs, which were then used to
fabricate wood adhesive films. Neat and modified soy proteins
were used, where the latter case increased the compatibility
with the polymer and the films homogeneity. The emulsifiers
employed to stabilize the miniemulsion were alkylphenol
ethoxylates and SLS. N-Hexadecane was employed as
cosurfactant, and the polymerization reaction was initiated by
using APS. This approach also involved the modification of soy
protein by the denaturation of the protein in aqueous solution
of sodium hydroxide at 70 °C. The modified protein showed
an increased surface energy due to the rise of unsaturated
bonds, which provided more reaction sites able to be
combined with the acrylate monomers in the posterior MEP
process.

Another example of the use of MEP was given by Allasia et
al,'** where a emulsifier-free latex of acrylic/zein/casein NPs

1122
1123
1124
1128
1126
1127
1128
1129
1130
1131
1132
1133
1134
113§
1136
1137
1138
1139
1140
1141
1142
1143
1144
1148
1146
1147
1148
1149
1150
1151
1152
1153
1154
1155
1156
1157

having a high solids content (35%) was obtained. The use of 1158

neat and methacrylated casein was tested as stabilizer, instead
of emulsifier, resulting in hybrid latexes with improved
compatibility and water resistance.

B SUMMARY AND PERSPECTIVES

Waterborne polymeric NPs are nowadays a widespread
product for obtaining high-quality materials at large scale.
However, despite their many advantages, polymeric NPs are
still mainly produced from petroleum-based monomers. The
continuous demand for this resource, the reserves of which are
of exhaustible nature is nonsustainable, and for this reason the
exploration of renewable feedstocks to prepare a new
generation of waterborne NPs with low carbon footprint and
environmental impact is imperative for both academics and
industries. In this context, this review collects the works done
to obtain hybrid protein/polymer NPs, which have been
employed or have the potential to be used in industrial
applications. The incorporation of proteins in the waterborne
NPs formulation puts latex technology at a higher level,
offering the possibility to improve its structural, functional, and
biodegradability features. In that sense, hybrid protein-based
latexes have been used to produce and study final products,
includin: coatings,gz’w"100’128’129’132 adhesives, 2129131 and
films,*””>"** which have shown improved properties in
comparison with the synthetic polymer latexes (without
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protein). Moreover, properties comparable to existent
commercial products were obtained in some cases.’”'?>"*¢

The main synthesis route for obtaining these protein/
synthetic polymer latexes involves the emulsion polymerization
in the absence of emulsifier,”*””**'** which paves the way
for its industrial implementation without significant techno-
logical upgrades. The efforts made have allowed the achieve-
ment of producin§ high solids hybrid latexes with elevated
protein content®>*>?*'*'33 and compatibility,*>"** highly
desirable for an efficient exploitation of this sustainable
resource. These features were in most cases the result of a
prepolymerization stage of protein modification, which pursues
introducing extra active sites onto the protein backbone to
promote its grafting with the synthetic polymer®”'** or to
modify its hydrophilic—hydrophobic balance.”””>** In this
scenario, highly compatibilized hybrid materials showed
superior properties than the simple constituents’ addition,
demonstrating a synergetic contribution of both components
due to the intimate contact between phases. Some of these
synergetic improvements observed in the applications of
protein-based hybrid NPs were partial biodegradabil-
ity, 0907 728H 120132 thermal  stability,” film formation with
low requirement of formulation agents (better NPs coales-
cence),“’131 solvent resistance,24 water resist-
ance)72,82,102,103,125 and mechanical strength103,125,126,153
among others.

The most explored incorporated protein was casein, and
hence the more advanced reported developments were with
this protein.””®”!°>'* This is because casein is a commonly
employed reagent in the formulation of many industrial
products, due to its excellent film-forming features, and
therefore it is highly available in large volume and with
acceptable purity. There are many protein alternatives which,
though less explored, offer the opportunity to incorporate
additional functionalities into waterborne hybrid latexes and
put many biomaterials obtained as byproducts of other
industries into a second step of the chain values. In this
regard, it is remarkable the few efforts for incorporating whey
protein, which is obtained from a polluting effluent, to
formulate biobased products such as bioplastics and coat-
ings.| 19120

One drawback reported for many protein-based hybrid
products was their low resistance to waterborne solvents,
because most of these biomaterials are hydrophilic. Many
attempts focused on solving this limitation involved the
chemical modification of the protein to improve its
compatibility with the synthetic phase. One unexplored
alternative was the formulation of cross-linkable hybrid latexes,
which is a commonly used strategy in the coating and adhesive
industry for obtaining high-performance products.”**** It is
expected that the incorporation of functionalities into protein-
based hybrid NPs that promote cross-linking during film-
forming, that is, a biobased self-cross-linkable latex, could open
the opportunity to increase their biocomponent content and
reach improved features for producing high-performance
alternative materials.

One important point arising from the composition of
protein-based hybrid latexes is that the explored systems
considered the incorporation of only one protein. An exception
is the work by Allasia et al,"** in which the synergetic balance
between a hydrophilic and a hydrophobic protein with acrylic-
based NPs was proposed. The incorporation of a low fraction
of zein counteracted the hydrophilic character of casein, by

reaching a film surface hydrophobicity similar to that of pure
acrylics. Under this context, a material design involving an
accurate combination of proteins, or otherwise a protein with
other biomaterials, may provide the opportunity to produce
novel waterborne hybrid latexes with high biocontent and an
end-use performance governed by the synergetic joining of
their functional components. Following this basis, many
authors have investigated the formation of zein-based particles
stabilized with different biopolymers,'®!'?%1942007213,230,231
Although these zein-based NPs offer a good challenge for
obtaining fully biobased materials, this strategy could be
exploited as precursors for producing a new generation of
proteins/synthetic polymer hybrid NPs in many industrial
applications.

Finally, although most of the proposed strategies pursue
reducing the employment of oil-based materials by incorporat-
ing an industrially available protein, few articles focused on
investigatin§ the involved mechanism of hybrid particles
nucleation,”””? the effect of protein interaction on the
polymerization process and its kinetics,” and the influence
of protein content on the end-use materials and their final
properties,” #0393 129 127129131 1t ¢ expected that advances on
the fundamental knowledge about the interplay of protein with
synthetic polymer will contribute to rationalize the design of
both the waterborne hybrid NPs and the synthetic pathway. In
this regard, future research should aim to expand the
assortment of proteins explored up to now, encompassing
those which are of great interest in biological catalysis and
other technological applications.
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