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Preface

The environmental impact of petroleum-based polymers has led to extensive plastic waste

globally. To address this, biopolymers with various properties like biodegradability, biocompatibility,

and reasonable mechanical properties are promising alternatives in different fields such as packaging,

medicine, cosmetics, and agriculture. This reprint, intended as a reference for researchers and

scholars working on sustainable polymers and their application, features relevant instances of

bio-based polymers that can contribute to building a better quality of life and a greener environment.

The first chapter reviews the impact of functional natural compounds on the relevant properties

of edible biopolymer systems based on polysaccharides, proteins, and lipids used for food packaging

materials. The following chapters showcase cutting-edge examples of applications of bio-based

and biodegradable polymers. In particular, chapters 2 and 3 deal with advanced formulations to

develop polysaccharide hydrogels. Chapters 4, 5, and 6 report on manufacturing polyester-based

coatings and nanoparticles to develop controlled-release devices that could be applied as agricultural

fertilizers and active biomaterials. Chapter 7 highlights the recent research efforts in block

copolymer nanobiotechnology, particularly nanoscale surface assembly and interactions of functional

biomolecules, with a specific view on biosensing. Finally, the last three chapters deal with

synthesizing and modifying novel bio-based polymer formulations to pave the way for sustainable

alternatives to traditional plastics. Specifically, chapter 8 explores the microbial synthesis of polymers,

focusing on producing polyhydroxyalkanoates (PHA) from saturated fatty acids. Chapter 9 discloses

the synergistic potential of combining poly(lactic acid) with recycled polycarbonate, shedding light on

polymer compatibility. In conclusion, chapter 10 reports recent advancements in furan-based epoxy

resins, offering a glimpse into their curing kinetics and providing insights into their optimization for

applications ranging from coatings to adhesives.

Together, these papers underscore the pivotal role of bio-based polymers in shaping a more

sustainable future for the planet. From reducing dependence on fossil fuels to mitigating plastic

pollution, bio-based polymers offer tangible solutions across various industries and technologies,

leading to an era of innovation that is as eco-conscious as it is impactful.

We sincerely thank all the authors for their enthusiastic and significant contributions to this

reprint. We also appreciate the generous and effective assistance provided by Ms. Natalie Zhou,

Section Managing Editor at MDPI, throughout the publication process.

This reprint is dedicated to my daughter Sophia, my precious one, whose presence fills my life

with boundless joy and love (Yours, Arash Moeini).

This reprint is dedicated to the memory of Mario Malinconico, our beloved mentor.

Arash Moeini, Pierfrancesco Cerruti, and Gabriella Santagata

Editors

ix





Citation: Moeini, A.; Pedram, P.;

Fattahi, E.; Cerruti, P.; Santagata, G.

Edible Polymers and Secondary

Bioactive Compounds for Food

Packaging Applications:

Antimicrobial, Mechanical, and Gas

Barrier Properties. Polymers 2022, 14,

2395. https://doi.org/10.3390/

polym14122395

Academic Editor: Sergio Torres-Giner

Received: 17 May 2022

Accepted: 10 June 2022

Published: 13 June 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

polymers

Review

Edible Polymers and Secondary Bioactive Compounds for Food
Packaging Applications: Antimicrobial, Mechanical, and Gas
Barrier Properties
Arash Moeini 1,* , Parisa Pedram 1, Ehsan Fattahi 1, Pierfrancesco Cerruti 2 and Gabriella Santagata 2

1 School of Life Sciences Weihenstephan, Technical University of Munich, 85354 Freising, Germany;
parisa.pedram@tum.de (P.P.); ehsan.fattahi@tum.de (E.F.)

2 Institute for Polymers, Composites and Biomaterials (IPCB-CNR), Via Campi Flegrei 34, 80078 Pozzuoli, Italy;
cerruti@ipcb.cnr.it (P.C.); gabriella.santagata@ipcb.cnr.it (G.S.)

* Correspondence: arash.moeini@tum.de

Abstract: Edible polymers such as polysaccharides, proteins, and lipids are biodegradable and
biocompatible materials applied as a thin layer to the surface of food or inside the package. They
enhance food quality by prolonging its shelf-life and avoiding the deterioration phenomena caused
by oxidation, humidity, and microbial activity. In order to improve the biopolymer performance,
antimicrobial agents and plasticizers are also included in the formulation of the main compounds
utilized for edible coating packages. Secondary natural compounds (SC) are molecules not essential
for growth produced by some plants, fungi, and microorganisms. SC derived from plants and fungi
have attracted much attention in the food packaging industry because of their natural antimicrobial
and antioxidant activities and their effect on the biofilm’s mechanical properties. The antimicrobial
and antioxidant activities inhibit pathogenic microorganism growth and protect food from oxidation.
Furthermore, based on the biopolymer and SC used in the formulation, their specific mass ratio,
the peculiar physical interaction occurring between their functional groups, and the experimental
procedure adopted for edible coating preparation, the final properties as mechanical resistance and
gas barrier properties can be opportunely modulated. This review summarizes the investigations on
the antimicrobial, mechanical, and barrier properties of the secondary natural compounds employed
in edible biopolymer-based systems used for food packaging materials.

Keywords: edible biopolymers; secondary compounds; antimicrobials; active food packaging; essential
oils; plasticizers; gas barrier

1. Introduction

Polymer-based food packaging materials protect food from deterioration and physical
damage [1]. Currently, polyethylene terephthalate, high- and low-density polyethylene,
polyvinyl chloride, polypropylene, and polystyrene are the most common polymers used
in the packaging industry. However, apart from their numerous benefits in terms of
performance, chemico-physical, and mechanical properties, the substantial primary concern
of fossil-based packages is their end of life and their impact on environmental disposal. The
statistical data show that packaging waste represents more than one-third of the overall
plastic consumption [2]. These polymers are not biodegradable, and only one-fourth of
them can be recycled [3]. Hence, turning to eco-friendly, biodegradable food packaging
materials is absolutely unavoidableunavoidable. This is why the European Sustainable
Development, by 2030, aims at the ever-wider use of bioplastics by decreasing plastic
pollution [4]. Therefore, the attention of the academic and industrial world is focused
on the study of bio-based and natural polymers for their potential application in food
packaging. According to the European Bioplastics, biopolymers are biodegradable and
compostable polymers obtained from renewable resources [5].
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Based on the different sources, biodegradable polymers can be oil-derived poly-
mers such as polycaprolactone, polybutylene succinate, and some aliphatic-aromatic co-
polyesters [6–9], and renewable biopolymers such as polyhydroxyalkanoates, polysac-
charides, and polylactic acid coming from microorganisms, vegetables, animals, and pro-
teins [10–13]. Generally, commercial biopolymers have excellent gas barrier properties,
which are reduced by adding plasticizers and moisture [14]. Recently, there has been an
ever-increasing demand for biopolymers as edible coatings (i.e., the primary packaging
layer surrounding the food and consumed with it). The edible coatings preserve foods from
microbial contamination by exploiting suitable gas barriers and mechanical performances.
In this way, they prolong the food shelf life. Moreover, they enhance the organoleptic and
sensorial properties of the coated foods. The new packaging approach is in high demand
because the traditional food preservation techniques such as salting, and heat alter the food
flavors, odors, colors, and textural properties [15]. Therefore, the new packaging trend has
developed to keep food safe and maintain food texture and taste [16,17]. Generally, edible
coatings are a challenging solution to protect perishable food. Polysaccharides, proteins,
and lipids are the major edible biopolymers used in edible coatings. They are low-cost,
industrially scalable, biodegradable, and biocompatible biopolymers, often used as carriers
of antioxidant and antimicrobial agents to enhance the safety of the food products. Actually,
the principal idea is the addition of active compounds to the packaging system to develop
the so-called “active packaging” [18]. Then, this method has replaced the traditional food
preservation methods to protect food from deterioration via surface interactions with food
products or by modifying the headspace between the food and package surface. In the new
packaging approach, biofunctional compounds are used as active agents [19]. In addition,
there is a growing tendency to exploit natural products coming from plants such as the
secondary metabolites that resulted in a novel research approach to use natural products as
additives in active packaging [20–22].

The secondary compounds of plants and fungi such as essential oils and natural
metabolites can be considered as the most promising materials for active packaging. These
products can play various roles in the packaging system, for instance, acting as antioxi-
dant/antimicrobial agents to increase the shelf-life of food and as plasticizers to improve
the mechanical performance of the package. Secondary compounds are all-natural com-
pounds derived from living organisms. Plants, fungi, and microorganisms are the primary
sources of the secondary components. Given their peculiar structure, these compounds
show various and unique biological properties that result in their broad range of appli-
cations in the fields of agriculture [23], medicine [24], and packaging [25,26]. Concerning
active packaging applications, these products can represent a valid approach to improving
packaging functionality through food protection and preservation. These products can also
enhance the plasticizing effect of novel bioplastics, making them commercially attractive
and comparable with some synthetic polymers. While several papers have analyzed the
relevant literature on the general subject of edible coatings [27], the present review fo-
cuses on biopolymers applied for edible coatings, specifically addressing the antimicrobial,
antioxidant, and plasticizing effects of secondary metabolites as active agents in edible
biopolymers for food packaging applications.

2. Edible Biopolymers

One of the most common ways to apply biopolymers in the food packaging industry
is represented by edible coatings. In this method, a thin layer of edible polymers covers
the surface of the food and protects them from oxidation, humidity, microbial growth, and
deterioration. In addition, edible coating materials have also shown gas, vapor, and oil
barrier properties and could also be used as a carrier for active agents. Bioactive compounds
can act as antioxidants, antimicrobials, and plasticizing agents, thus improving the food
quality and extending the food shelf-life [28]. Furthermore, they can reduce the food
particle clustering and maintain their surface appearance (colors and flavors) by physically
strengthening the food products. Therefore, the biopolymers applied in edible coatings
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should pass the food approval process since they may be taken along with part of the food
products [29].

On the other hand, food poisoning results from the food’s microbial activity. This is
why antimicrobial agents are usually formulated into the coating materials, preserve the
outer food surface from bacteria activity, and protect humans from poisoning. Therefore, an
edible coating is the most utilized method in active food packaging [30]. As Figure 1 shows,
edible biopolymers are classified into three main sub-branches: polysaccharides, proteins,
and lipids [31–34]. In addition, numerous studies have investigated edible biopolymer
film-forming capabilities with potential applications in food packaging [35–39]. Therefore,
different classes of edible biopolymers, along with the well-known examples of each group
with film-forming capabilities, will be discussed in the following sections.
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2.1. Polysaccharides

Generally, polysaccharides are constituted by saccharide units linked via glycosidic
bonds. Polysaccharides for food packaging applications are widely investigated because of
their non-toxic nature, low cost, fair mechanical and gas barrier properties, accessibility,
biodegradability, and film-forming ability [40]. The film-forming ability of the polysac-
charides is mainly due to the presence of hydroxyl groups, resulting in internal hydrogen
bonding. These extensive properties make polysaccharides valid for food packaging, par-
ticularly in short-term food packaging applications [31]. The most studied polysaccharides
for edible films are alginate, chitosan, cellulose, starch, pectin, alginate, and carrageenan.

2.1.1. Chitosan

Chitosan consists of N-acetyl-glucosamine and N-glucosamine units derived from
chitin via N-deacetylation (Figure 2). Chitin is the most abundant polysaccharide after
cellulose [32]. The primary sources of chitin are shrimp shells, lobsters, crabs peritrophic
membranes, and insect cocoons. Many studies have shown that the application of chitosan
in different fields such as medicine [33], cosmetics [34], agriculture [41], and several other
applications [42]. Of note, the chitosan application in the food industry increased after 2001
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when the U.S. Food and Drug Administration (FDA) approved the edibility of chitosan [43].
Furthermore, the food packaging applications of chitosan are not only due to its film-
forming ability, but also to the natural excellent antimicrobial properties against food
filamentous fungi, yeast, and both Gram-negative and Gram-positive bacteria [44]. In
this regard, Meng et al. proved the inhibitory effects of an edible chitosan coating against
spoilage and pathogenic bacteria in pre-harvest to extend the shelf-life and quality of post-
harvest fruit [45]. In another study, an edible chitosan coating was able to increase the pre-
and post-harvest shelf-life of fruit before and during cold storage [46]. In this respect, better
performing edible chitosan coatings require us to address the physical interaction between
chitosan and the food substrate to achieve a homogenous distribution and good mechanical
resistance. For this purpose, essential oils can improve the antimicrobial properties, surface
adhesion, and O2 and CO2 gas barriers of the edible chitosan coating [47].
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2.1.2. Starch

Starch is a complex polysaccharide with (1→4)-α-D-glucopyranosyl units, arranged in
linear amylose and branched amylopectin chains [48]. Starch is the most abundant renew-
able feedstock resources extracted from numerous plants such as maize, wheat, potato, rice,
and peas [49]. Due to its biodegradability, renewability, and easy availability, starch has
been extensively investigated as a low-cost component of biodegradable plastic materials.
When mixed with some water and/or plasticizers such as glycerol, and following heat and
shearing action, starch undergoes a spontaneous destructurization, leading to a homoge-
neous melt. The thermoplastic starch (TPS) is obtained, showing a typical thermoplastic
behavior. Hence, TPS can be formulated and processed by means of standard equipment
commonly used in the industrial manufacturing of synthetic polymers [50]. Furthermore,
because of its versatility and functionality, odorless, film-forming ability, and excellent
oxygen barrier properties, starch is commonly used for food preservation [49]. Moreover,
several studies have investigated the exploitation of starch-based edible coatings as carriers
of bioactive compounds. As an example, Wongphan et al. demonstrated that starch films
could be used as carriers of specific enzymes responsible for meat tenderization [51]. Sev-

4



Polymers 2022, 14, 2395

eral studies have demonstrated that starch-based coatings could increase the shelf-life of
fresh food products, although many efforts are necessary to improve the starch’s poor water
vapor barrier properties [52]. Indeed, hydrophobic additives such as lipid and essential oils
are usually used for starch-based coating and films to drastically reduce the water vapor
permeability [53].

2.1.3. Alginate

The other polysaccharide with an application in edible coatings for food packaging is
alginate, a linear (1→4) linked polychronic acid (anionic polysaccharide) isolated from sea-
weed. Alginate film processing involves solvent evaporation; the interaction with divalent
cations, particularly calcium salt solution, induces the development of three-dimensional
networks able to resist water dissolution [52,54]. The mechanical and physicochemical
properties of the alginate edible films depend on the polyvalent cations, pH, temperature,
and composite ingredients, which can be elaborated using plasticizers and emulsifiers, and
blended with other polymers. Alginate films present good tensile strength (TS), flexibility,
tear-resistance (TR), and rigidity [53]. As with other edible polysaccharides, alginate films
are tasteless, oil-resistant, glossy, and odorless [55].

2.1.4. Pectin

Pectin or poly-α-(1-4)-D-galacturonic acid is an anionic polysaccharide extracted from
the cell walls of several plants and fruits such as apple, orange, lemon, and mango [56]. The
solubility, gelling, and film-forming properties of pectin depend on the esterification degree
(DE) [57,58]. Therefore, based on the degree of esterification, there are two categories
of pectin above and below 50% of methyl ester, so-called high and low methoxy pectin,
respectively. Furthermore, the cytocompatible and straight gelling mechanism widens the
pectin application in various medical and tissue engineering fields [59]. Pectin has also
been FDA-approved for food industry applications. Therefore, it is widely used in food
and beverage industries such as in jams, yogurt drinks, fruity milk drinks, and ice creams,
specifically as a gelling agent and colloidal stabilizer resulting from its gel-forming ability
in the acidic condition [57,58]. Furthermore, the biodegradability, compatibility, and film-
forming ability make pectin a suitable candidate for edible food packaging applications.
Pectin film can be processed by solvent casting, spray coating, and knife coating. However,
poor thermophysical properties and unsuitable mechanical performances are the two main
significant restrictions for pectin application in the food packaging industry [60].

2.1.5. Carrageenans

Carrageenan is a high film-forming polysaccharide extracted from the cell walls of
red seaweeds; it is hydrophilic, linear, and characterized by a sulfated anionic galactan
including D-galactose and 3,6-anhydro-galactose linked by α-1,3 and β-1,4 glycosidic
bonds [61]. Carrageenans are classified according to the amount of sulfate ester between
15–40% (degree of sulfation) and of the 3,6-anhydrous-α-D-galactopyranosyl content, influ-
encing the degrees of negative charge and water solubility [49]. Therefore, different classes
of carrageenans (λ, κ, ι, ε, µ) with a molecular weight ranging between 100 and 1000 kDa
can be found. The most investigated are kappa (κ) carrageenans, with one sulfate group
and one 3,6-anhydro-galactose per disaccharide, iota (ι) carrageenans with two sulfate
groups and one 3,6-anhydro-galactose per disaccharide, and lambda (λ) carrageenans, with
three sulfate groups and no 3,6-anhydro galactose per disaccharide [62]. Among them, κ-
and ι-carrageenans show gel-forming ability in water solutions of potassium and calcium
ions. At the same time, because of the high sulfate content, λ-carrageenans do not have this
ability. In addition, carrageenans have a wide range of biological and antioxidant activities
such as anticoagulant, antiviral, antitumor, immunomodulatory, antioxidant, and anti-
hyperlipidemic [63,64]. All of these activities as well as their physicochemical properties
have made carrageenans a suitable candidate for the food, cosmetics, and pharmaceutical
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industries. For example, carrageenans can act as antimicrobial and antioxidant carriers in
the food packaging industry [65].

2.2. Proteins

Proteins are promising edible biopolymers with various features such as excellent
mechanical, physicochemical, and optical properties with a selective and ideal fat barrier
property [66–68]. Among the biopolymers, proteins are the most versatile because of
the many different building blocks represented by 20 amino acids and the great variety
of functional groups. Furthermore, these materials can be enzymatically, chemically, or
physically modified, giving rise to biopolymers with improved physicochemical properties
tailorable to each specific application. Indeed, proteins have already been exploited in the
food industry to develop edible coatings that are able to preserve the food quality, thus
prolonging its shelf-life [69]. Although these are advantages, the main drawbacks of protein
are the great sensitivity to water, the poor oxygen barrier, and the severe structural integrity
impairment, seriously compromising the protein film and coating performance and dura-
bility. On the other hand, the hydrophilic and hygroscopic nature of most of the proteins
can be, in turn, positively used to develop bioactive packaging that is able to opportunely
modulate the release of functional compounds willfully introduced in a protein-based
matrix. Furthermore, the protein’s edible coating bioactivity and functionality depends
on both their specific physico-chemical properties including the size, composition, charge
distribution, peculiar secondary, tertiary and quaternary structures, and on their interaction
with the food substrate or nearby environment. Indeed, the mechanical performance and
structural integrity are strictly correlated to the molecular flexibility/rigidity in response to
the direct contact with the food substrate and to the environmental parameters (i.e., pH,
temperature, and salt concentration) [70]. The most common ingredients used in order to
obtain an active film or coating are antioxidant and antibacterial compounds [71]. Actually,
hindering the oxidation and avoiding bacteria flora growing are the main overall aims of
the active packages, also in the case of protein-based systems [72,73]. In addition, the chem-
ical or biological changes of the protein surface can deeply tailor the release of bioactive
compounds, thus ensuring prolonged and modulated food shelf-life and quality [74]. In ad-
dition, recent studies have shown that the cross-linking of proteins with transglutaminase
improved the edible film barrier properties, thermal stability, and structural integrity due
to the enhancement of the three-dimensional network’s regularity and smoothness [75].
Actually, in the design of active biodegradable packaging in which biopolymers are the
leading materials, the research on new protein sources coming from agricultural, livestock
raising, fishing wastes, or from bioderived monomers is also mandatory in order to avoid
any interference with the human or animal food chain and play a very crucial role in this
industry [76]. Proteins based on the sources are divided into plant proteins (soy protein,
corn zein, etc.) and animal proteins (casein, whey gelatin, etc.). We briefly introduce the
most common proteins in the food packaging industry [77].

2.2.1. Corn Zein

Corn zein is an alcohol-soluble protein except in high- and low-pH solutions and is
insoluble in anhydrous alcohol [78]. Therefore, corn zein cast films are made using aqueous
ethyl alcohol or isopropanol as a solution under temperature [79]. This film formation is
due to the hydrophobic, hydrogen, and disulfide bonds between the zein chains during
solvent evaporation [76,80].

2.2.2. Whey Proteins

Whey proteins can be found in precipitated casein during the cheese-making pro-
cess. Furthermore, commercial whey proteins are produced in two protein concentrations
(25–80% and >90% protein). This protein includes hydrophobic, thiol, and disulfide groups.
As a result, films with whey are transparent, flavorless, and can present varying solubility
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and mechanical properties [77]. In addition, the presence of disulfide bonding in whey
protein films causes an increase in their stiffness, water insolubility, and stretchability [81].

2.2.3. Soy Protein

Soy protein is isolated from soybean and commercially produced in three different
concentrations of soy flour: (1) 50–59%, (2) 65–72%, and (3) >90% (Gennadios, Weller, Park,
Rhim & Hanna, 2002). The soy protein cast film results from disulfide bonds and hydropho-
bic interactions. Therefore, soy protein films can be applied to all food requiring high water
permeability such as meat, fresh bakery products, vegetables, and cheese [82–84].

2.2.4. Collagen

Collagen, a hydrophilic protein, consists of glycine, hydroxyproline, and proline.
Collagen films are mainly used as packaging for meat products such as steak, beef, and
sausage to keep them fresh and cause a decrease in the shrinkage rate without any change
in color and flavor [85].

2.2.5. Gelatin

Gelatin results from collagen hydrolysis. Gelatin film formation occurs because of
cross-linking between the amino and carboxyl of the amino acid and side groups. Gelatin
can be applied for coatings and used as a bioactive compound carrier [86]. Therefore,
gelatin is widely applied as a soft gel capsule for oil-based foods and dietary supplements.

2.3. Lipids

In contrast to polysaccharides and proteins, lipids are hydrophobic and are usually
employed for protection from moisture transfer [87]. Therefore, the main application of
lipids is incorporated into edible films to provide the required moisture barrier. The lipid
component can be incorporated as a coating over the polysaccharide or protein layer or
be mixed in the hydrophilic component to form a dispersed-lipid phase. In general, the
moisture barrier properties depend on the polarity and insaturation extent of the lipid
component [88]. However, lipids can reduce food quality by changing their flavor (smooth
flavor) and appearance by altering the transparency [52]. Widely used lipid materials
employed in edible coatings include vegetable oils, waxes, and resins.

2.3.1. Vegetable Oils

The majority of vegetable oils are constituted of glycerol esters of fatty acids with
different chain lengths and structures. Phospholipids, sterols, pigments, and polyphenols
are also present as minor components. The most widely used vegetable oils are sunflower,
rapeseed, and olive oils, which have been incorporated in starch and chitosan films to
improve their mechanical and barrier properties [89].

2.3.2. Waxes

Other important hydrophobic substances used for lipid-based edible films and coatings
include natural waxes including carnauba, candelilla, and beeswax. Unlike petroleum-
based waxes such as paraffin and polyethylene wax, these natural waxes are food-approved,
and are mainly used as glazing and coating agents in confections and fruit as they limit
water transpiration [88].

2.3.3. Resins

Resins are a class of substances produced by plants (specially conifers) or insects, or
are obtained by chemical synthesis. In food coatings, resins are used as emulsifiers, or to
improve the gloss, gas barrier, or adhesion. The most representative resins are gum Arabic,
shellac, and wood rosin. Gum Arabic is secreted by Acacia Senegal as protection for bark
wounds. It is a complex mixture of polysaccharide with low protein content, is soluble in
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water, and is used as a postharvest edible dip coating on fruit to retard decay and delaying
ripening during storage [90].

Shellac is secreted by scale insects on forest trees in India and Thailand. It is a
natural thermoplastic with good film-forming and barrier properties, and it is readily
dissolved in alcohol or in alkaline solutions. Shellac is especially employed as a coating for
pharmaceutics and fruits. and it is able to extend the shelf-life of several fruits including
apples, tomatoes, and pepper [91]. Wood rosins obtained from pine trees are mostly
constituted of abietic acid and its derivatives and are especially used as coatings for citrus
fruits [92].

3. Secondary Compounds in Food Packaging

The increase in consumer demand for healthy and safe food has resulted in the de-
velopment of a new food packaging approach [93]. The original food packaging concept
started to expand in the second half of the 20th century when natural and artificial additives
in the package system were increasingly used to provide packaging with novel function-
alities to extend the food shelf-life [94]. In recent years, many studies concerning natural
additives from natural resources (secondary compounds) for food packaging applications
have increased [95,96]. Secondary compounds include natural metabolites and essential oils
isolated from plants and fungi [97,98], which can be incorporated into the packaging system
in order to avoid food and texture changes. Recently, the number of studies concentrated
on natural secondary compounds including active natural metabolites and essential oils as
additives in biodegradable and edible packaging, has drastically increased [99–101]. Unlike
polyester-based biopolymers and conventional plastics, edible biofilms are hydrophilic
materials such as proteins and polysaccharides, commonly manufactured by casting. In
this method, active agent incorporation is conducted by dissolving both the biopolymer
and natural additives in a suitable solvent. The solution is then poured onto the flat surface,
and the solvent is allowed to evaporate (usually at room temperature) to obtain activated
biopolymer-based films [102]. This technique is frequently used to formulate essential
oils and natural metabolites, particularly thermolabile ones since the process does not
need heat [103,104]. In addition, the casting solution or the cast film is usually applied
as a bilayer of the other films with different techniques [105]. However, the secondary
compounds are mostly incorporated via emulsification or homogenization techniques
and can coat the film’s surface or food [106]. The advantage of the coating techniques in
which active agents are formulated on the surface of biofilms is that the active agent in
the inner layer of the package can protect the food without interfering with the thermal or
mechanical properties of the protective biofilm and provide the maximum activity for the
packaged food [58]. As with other additives, natural additives are classified based on their
functionality into two main groups. The first group can act as an antimicrobial, antifungal,
and/or antioxidant agent to produce active packaging and improve food shelf-life, mainly
because foods are exposed to spoilage by various microbial strains that generally attack
food surfaces [107]. The second group primarily affects the physicochemical properties and
package functionality such as plasticity, lubricity, nucleating and blowing agents, optical
brightening, ultraviolet light stabilizing, and flame retardants [108]. Therefore, active
secondary compounds can be formulated into edible coatings for different purposes. How-
ever, the performance of the edible films relies on the processing techniques, preparation
condition (temperature, pH, cross-linking, or enzymatic reactions, drying process), and
type of interaction between the biopolymers, active ingredients, and food substrate [49].

3.1. Antimicrobial and Antioxidant Effect

Antimicrobial and antioxidant secondary compounds are among the most widely
used bioadditives to manufacture functional films [106]. Antimicrobial agents can be
gradually released, inhibiting bacterial growth, thereby prolonging food shelf-life, and
preserving food quality [109]. In active food packaging, the active agents are formulated
into biopolymers during the processing. The active agent types differ in terms of the pro-

8



Polymers 2022, 14, 2395

posed application and the physical and/or chemical interaction into polymer matrices [110].
Furthermore, the main aim of active food packaging is to protect food from microbial con-
tamination to extend the food shelf-life. In general, active packaging inhibition mechanisms
are entirely based on the migration of active compounds from the package to the food [111].
Migration tests can determine the active agent migration at a particular time and tempera-
ture based on the storage conditions and packed food types [103]. Different parameters can
influence the migration rate and mechanisms such as food ingredients [112], environmental
conditions such as temperature, humidity [113], package physicochemical properties, and
thickness [114]. Among the secondary compounds, essential oils (EOs) include different
active natural metabolites with low molecular weights (monoterpenes and sesquiterpenes)
and functionality that provide a context in which EOs could show various behavior when
applied as an active agent for food packaging applications [115]. The more investigated
EOs for food packaging application are rosemary, cinnamon (cinnamaldehyde), tea tree,
lavender, thyme oil (thymol and carvacrol), lemon, and citrus. For instance, the blueberry
(Vaccinium corymbosum L.), grape seed, and green tea extracts showed the highest inhibition
against major foodborne pathogens including (1) Listeria ponocytogenes; (2) Staphylococcus;
(3) S. enteritidis; (4) S. Typhimurium; (5) E.coli; and (6) Campylobacter jejun [116,117]. In
this respect, cinnamaldehyde (CAL) or (2E)-3-phenyl prop-2-enal (55–76%) isolated from
cinnamon trees, camphor, and cassia showed excellent antibacterial and antifungal activ-
ity [118–120]. Mohammadi et al. showed the cinnamon EO antimicrobial activity against
E. coli, S. aureus, and S. fluorescence by formulating a cinnamon EO into chitosan nanofiber
and whey protein films for active packaging purposes [121]. The other common antiox-
idant and antimicrobial essential oil in active food packaging is rosemary EO, isolated
from Salvia rosmarinus or Rosmarinus officinalis, which is a native Mediterranean perennial
evergreen plant. In one study, rosemary was encapsulated into carboxyl methylcellulose.
The antimicrobial and antioxidant activity of rosemary EO against Pseudomonas spp. and
lactic acid bacteria has been proven for rosemary encapsulated carboxyl methylcellulose
coated smoked eel [122].

In fact, the bioactivity of the functional compounds is strictly correlated to their release
from the polymer matrix. This, in turn, depends on the physical interaction occurring
between the food and the packaging including the functional compounds, as demonstrated
by Leelaphiwat et al. [123]. Moreover, as previously stated, the water diffusion from
the food surface into the biopolymer network improves the swelling of the hydrophilic
macromolecular chains, which in turn enhances the macromolecular mobility and provides
an easier release pattern of the bioactive compounds [124].

Like the antimicrobial effects, the antioxidant action mechanism involves releasing
and spreading antioxidants in the package medium and absorbing undesirable compounds
such as oxygen, food-derived chemicals, and radical oxidative species by scavengers from
the food surface and package environment [125–127]. Antioxidant agents mainly apply to
fresh foods such as meat, fish, fruits, and processed and raw food.

Regarding the antioxidant activity, Origanum EO extracted from the Lamiaceae family
demonstrated excellent antioxidant and antimicrobial properties even after its formula-
tion into whey protein and could significantly decrease the lipid peroxidation of fresh
meat [128]. Fruits and vegetables are often exposed to microbial attack, mainly from phy-
topathogenic fungi. Antifungal compounds such as organic acids and various plant extracts
or essential oils, by generating a natural obstacle against bacterial flora, could prolong
the post-harvest fruits and vegetable shelf-life [129]. Aside from antimicrobial and antiox-
idant activity, essential oils could improve the polysaccharide-based film’s hygroscopic
behaviors [130]. More studies on the antimicrobial and/or antioxidant properties of other
secondary compounds are listed in Table 1.
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3.2. Plasticizing Effect

This part reviews the plasticizing effects of secondary active compounds in functional
biopolymers. Food packaging is distinguished by mechanical, optical, water vapor, and
gas permeability properties [155]. Biopolymers are usually fragile and brittle, hence with
poor mechanical properties. These drawbacks limit biopolymer applications in the food
packaging segment. Therefore, plasticizers can play a vital role in enhancing the mechanical
performance of the biopolymer. The package’s mechanical properties (elastic modulus,
tensile strength, and percentage elongation at break) can be evaluated by tensile tests
(ASTM D882, 2001) by measuring the strength versus time or distance [106]. Plasticizers are
low molecular weight compounds that occupy the intermolecular space of polymer matrix
chains and decrease their secondary forces [156]. The most common plasticizers are glyc-
erol, sorbitol, and polyethylene glycol [66]. Plasticizers formed via changing the polymer
chain backbone reduce the molecular interstitial movement and facilitate the formation of
hydrogen bonding between the chains, which improves the polymer’s mechanical perfor-
mance [157]. The plasticizer’s chemical properties such as molecular weight, functional
groups, and chemical composition affect the degree of plasticization. The final product
flexibility can differ depending on the type of plasticizer used [158,159]. A suitable plasti-
cizer was selected based on its compatibility with the polymer matrix, the final application
(packaging, medical, and others), and the processing technique [158,160,161]. However, the
main parameter is physical compatibility and depends on the polarity, hydrogen bonding,
dielectric constant, and solubility [160,161]. The formulated film physiochemical features
result from microstructural interactions between the plasticizers and polymer matrices.
This interaction depends on the amount of plasticizer content in the biopolymer, the chem-
ical properties of the additives and biopolymers, and their functional groups [162–165].
Natural metabolites and the essential oils of plants can be used as plasticizers for biopoly-
mers, improving its hydrophobicity and water absorption. Some of the incorporated active
ingredients also facilitate the plasticization of the polymers, enhancing their hydrophobicity
and modulating their water absorption [166]. However, natural compounds may have
an unpredictable impact on the package structure and mechanical properties compared
with conventional plasticizers because of their complex composition [110]. The number of
studies addressing natural metabolites as active agents in food packaging is lower than
those on essential oils. Several reasons can explain this finding; in principle, the extraction
of natural metabolites often requires severe time–cost-consuming procedures than crude
oil extraction; moreover, the yield of secondary metabolites is often lower when compared
to the essential oil recovery. In this respect, many efforts are ongoing to improve the whole
extraction procedures by exploiting more efficient green methodologies such as microwave
and/or ultrasound assisted extraction [167] and supercritical fluid extraction [168]. In
addition, secondary metabolites are volatile and need to be physically or chemically en-
trapped in protective structures to preserve their bioactivity, as successfully demonstrated
by Moeini et al. [12]. The mechanical properties of active films depend on different parame-
ters such as the polymer matrix constituents, the proportion of the samples, the preparation
technique and conditions, and the type of microstructural interaction between the polymer
and plasticizer functional groups [169,170].

In some cases, the tensile strength of polysaccharide-based films decreases because
of the replacement of strong polymer–polymer bonds with soft polymer–secondary com-
pounds [105,107,171,172]. In this respect, Hosseini et al. incorporated Origanum vulgare
EO in fish gelatin and chitosan by the casting method [36]. The mechanical properties,
namely, tensile strength and elastic modulus, significantly decreased [36]. In another study,
Otoni et al. incorporated carvacrol and cinnamaldehyde into soy protein using the casting
method. Tensile tests evaluated the essential oils, and the results demonstrated a reduction
in the tensile strength (TS) and an increase in their elongation at break (EB) [173]. In other
cases, the secondary compound additives changed the biofilm stretchability by increasing it,
as shown in the study by Shojaee-Aliabadi et al. [92], who incorporated Satureja hortensis
essential oil, extracted from the savory genus, into k-carrageenan biofilms.

12



Polymers 2022, 14, 2395

On the other hand, some studies have proven that secondary metabolites and EOs
could increase the tensile strength of the biofilms, probably due to cross-linking pro-
cesses [174,175]. In this regard, essential oils with phenolic compounds can act as cross-
linkers in protein-based films [176]. Likewise, when Citrus aurantifolia EO was incorpo-
rated by casting methods into starch/gelatin blends, the tensile test revealed improved
mechanical properties because citric acid acted as a cross-linking agent in the blend [162].
In the following table, several examples of the plasticizing role of secondary compounds in
solution cast food packaging are summarized (Table 2).

Table 2. The plasticizing effect of secondary compounds in the active biopolymer-based coating by
solution casting.

Natural Metabolites and EOS Packaging System Effect of Additives on the Mechanical
Properties Ref.

Eugenol or ginger essential oils Gelatin–chitosan A significant increase in elasticity [163]

Cinnamon oil Corn
starch/chitosan/glycerol

Tensile strength (TS) decreased and
elongation at break increased [164]

Cinnamon oil Sodium alginate TS and extension at break slightly increased [165]

Cinnamon, guarana, rosemary,
and boldo-do-chile
ethanolic extracts

Gelatin/chitosan
A reduction in elastic modulus and tensile

strength and an increase in elongation
at break

[169]

Cinnamaldehyde Soy protein Reduction of both tensile strength and
elongation at break [170]

Rosemary acid Rabbit skin gelatin The elongation at break decreased, and TS
significantly increased [177]

Cymbopogon citratus and
Rosmarinus officinalis Banana starch

The plasticizing effect of essential oil was
observed by increasing elongation at breaks

in formulated films
[178]

Rosemary essential oil Starch–carboxy
methylcellulose

TS of the films decreased and elongation at
break increased [179]

Ziziphora clinopodioides and grape
seed extract Chitosan/fish skin gelatin

Decrease tensile strength and flexibility due
to hydrogen bonding and
hydrophobic interactions

[154]

Yerba mate extract and
mango pulp Cassava starch/glycerol

Both TS and elongation at break decreased
due to heterogeneous distribution and

hydrogen bonding
[174]

Carvacrol and citral Sago starch/guar gum The film tensile strength was significantly
red, used and elongation at break increased [150]

Citral EO Alginate and Pectin The tensile strength and rigidity of the active
film were improved. [171]

Lavender essential oil Potato
starch–furcellaran–gelatin

The tensile strength of the films decreased
considerably with increasing concentration

of oil
[172]

Oregano, lemon, and
grapefruit Eos Soy protein

the film containing grapefruit essential oil
had the highest tensile strength in

comparison to other samples
[175]

4. Conclusions

Active food packaging is used with promising results to extend the food shelf-life by
protecting food from microbial microorganisms and oxidation. Today, synthetic polymers
are still the primary materials used for packaging applications. However, the environmen-
tal impact of synthetic plastic has led to the development of bio-based food packaging
materials. Furthermore recently, producers and consumers demand biopolymers that come
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from natural sources. As a result, biopolymer applications in the food packaging industry
have grown since they are biodegradable, compostable, readily available, and have mechan-
ical properties like those of conventional polymers. This review introduced different kinds
of edible biopolymers applied in food packaging. Edible films and coatings are suitable
to enhance the food quality and safety and prolong the food-shelf life. The efficiency and
functionality of edible films and coatings are primarily dependent on the biopolymer matrix
used such as polysaccharides, proteins, and resins, and on the plasticizers and additives.
In fact, these can be used as primary packaging for different foods such as fresh-cut fruits
and vegetables, cheese, and meat. The incorporation of functional molecules leads to
bioactive packaging materials showing antimicrobial and antioxidant properties. In this
review, particular attention was devoted to the use of secondary compounds of plants
and fungi exploiting the antimicrobial, antioxidant, and plasticizing action, depending
on the specific structure, functional groups, and interaction with both the polymer matrix
and food substrate. Therefore, secondary natural compounds opportunely formulated
into biopolymer-based films could successfully both exploit suitable activities against
pathogenic microorganisms and protect food from oxidation. Additionally, the mechanical
test of active biofilms showed that the effectiveness of natural additives depends on the
constituents of the polymer matrix, the specific formulation, the preparation technique
and conditions, and the type of microstructural interactions between the polymer and
plasticizer functional groups. In this review, the drawbacks related to the hydrophilic
nature of the biopolymers were highlighted, particularly concerning the barrier properties,
which can sometimes be overcome by the use of lipophilic secondary compounds. At
the same time, although interesting and versatile, the use of secondary compounds still
requires more investigation to address the likely toxicity of these molecules, and to develop
standard, green, and cost-effective procedures for their extraction. Future perspectives of
more in-depth academic and industrial research should be addressed to overcome these
barriers by unraveling the efficient edible film-forming mechanisms, optimizing the use of
secondary compounds, improving the performance, functionality, and manufacturing of
edible packaging, thus allowing for scaling-up of their production and commercial level
break-through.

Author Contributions: Conceptualization, A.M.; Validation, A.M., P.C. and G.S.; Investigation, A.M.
and G.S.; Writing—original draft preparation, AM., P.P., and G.S.; Writing—review, and editing, A.M.,
P.P., E.F., P.C. and G.S.; Visualization, P.P.; Supervision G.S., P.C. and A.M. All authors have read and
agreed to the published version of the manuscript.

Funding: The current work was partially funded by the Allianz Industrie Forschung (AiF) grant
(Funding code: ZF4025045AJ9 and KK5022302EB0) as part of the Central Innovation Program
Initiative of the Federal Government of Germany, and funding from the EU H2020 CE-BG-06-
2019 project “Developing and Implementing Sustainability-Based Solutions for Bio-Based Plastic
Production and Use to Preserve Land and Sea Environmental Quality in Europe (BIO-PLASTICS
EUROPE)” n. 860407.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

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

References
1. Risch, S.J. Food packaging history and innovations. J. Agric. Food Chem. 2009, 57, 8089–8092. [CrossRef] [PubMed]
2. Schwarzböck, T.; Van Eygen, E.; Rechberger, H.; Fellner, J. Determining the amount of waste plastics in the feed of Austrian

waste-to-energy facilities. Waste Manag. Res. 2016, 35, 207–216. [CrossRef]
3. European Commission. Closing the Loop-An EU Action Plan for the Circular Economy COM/2015/0614 Final. 2015. Available

online: https://www.eea.europa.eu/policy-documents/com-2015-0614-final (accessed on 12 February 2015).

14



Polymers 2022, 14, 2395

4. European Commission. Communication from the Commission to the European Parliament, the Council, the European Economic
and Social Committee and the Committee of the Regions Closing the Loop—An EUAction Plan for the Circular Economy. 2015.
Available online: https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX:52015DC0614 (accessed on 12 February 2015).

5. Siracusa, V.; Rocculi, P.; Romani, S.; Rosa, M.D. Biodegradable polymers for food packaging: A review. Trends Food Sci. Technol.
2008, 19, 634–643. [CrossRef]

6. Salerno, A.; Cesarelli, G.; Pedram, P.; Netti, P.A. Modular Strategies to Build Cell-Free and Cell-Laden Scaffolds towards
Bioengineered Tissues and Organs. J. Clin. Med. 2019, 8, 1816. [CrossRef] [PubMed]

7. Mallardo, S.; De Vito, V.; Malinconico, M.; Volpe, M.G.; Santagata, G.; Di Lorenzo, M.L. Poly(butylene succinate)-based composites
containing β-cyclodextrin/d-limonene inclusion complex. Eur. Polym. J. 2016, 79, 82–96. [CrossRef]

8. Mitrus, M.; Wojtowicz, A.; Moscicki, L. Biodegradable Polymers and Their Practical Utility. In Thermoplastic Starch; Wiley-VCH
Verlag GmbH & Co. KGaA: Weinheim, Germany, 2009; pp. 1–33. [CrossRef]

9. Johnson, R.M.; Mwaikambo, L.Y.; Tucker, N. Biopolymers, Rapra Technology. 2003. Available online: https://books.google.de/
books?id=QQmMY_dqqCMC (accessed on 1 January 2003).

10. Moeini, A.; van Reenen, A.; Van Otterlo, W.; Cimmino, A.; Masi, M.; Lavermicocca, P.; Valerio, F.; Immirzi, B.; Santagata, G.;
Malinconico, M.; et al. α-costic acid, a plant sesquiterpenoid from Dittrichia viscosa, as modifier of Poly (lactic acid) properties:
A novel exploitation of the autochthone biomass metabolite for a wholly biodegradable system. Ind. Crop. Prod. 2020, 146, 112134.
[CrossRef]

11. Moeini, A.; Cimmino, A.; Masi, M.; Evidente, A.; Van Reenen, A. The incorporation and release of ungeremine, an antifungal
Amaryllidaceae alkaloid, in poly(lactic acid)/poly(ethylene glycol) nanofibers. J. Appl. Polym. Sci. 2020, 137, 49098. [CrossRef]

12. Moeini, A. Fungal and Plant metabolites Formulated into Biopolymers, with Anti-Mold Activity for Food Packaging. Ph.D. Thesis,
University of Naples Federico II, Naples, Italy, 2020.

13. Mayer, S.; Tallawi, M.; De Luca, I.; Calarco, A.; Reinhardt, N.; Gray, L.A.; Drechsler, K.; Moeini, A.; Germann, N. Antimicrobial
and physicochemical characterization of 2,3-dialdehyde cellulose-based wound dressings systems. Carbohydr. Polym. 2021,
272, 118506. [CrossRef]

14. Valdés, A.; Mellinas, A.C.; Ramos, M.; Garrigós, M.C.; Jiménez, A. Natural additives and agricultural wastes in biopolymer
formulations for food packaging. Front. Chem. 2014, 2, 6. Available online: https://www.frontiersin.org/article/10.3389/fchem.
2014.00006 (accessed on 26 February 2014). [CrossRef]
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Abstract: In this research, the pectin monoliths were prepared via the sol-gel process through
different routes of crosslinking and additional freeze-drying. The crosslinking reaction was induced
by the use of calcium ions in aqueous solutions and in alcohol/water solutions. The resulting
pectin monoliths obtained by freeze-drying were macroporous with open cells, limited specific
surface area, moderate mechanical stability and moderate biodegradation rate. The presence of
alcohol in crosslinking solution significantly changed the morphology of final pectin monoliths,
which was evidenced by the reduction of their pore size for one order. The specific surface area
of pectin monoliths obtained through the calcium-water-alcohol route was 25.7 m2/g, the Young
compressive modulus was 0.52 MPa, and the biodegradation rate was 45% after 30 days of immersion
in compost media. Considering that pectin can be obtained from food waste, and its physical
properties could be tailored by different crosslinking routes, the pectin monoliths could find wide
application in the pharmaceutical, agricultural, medical and food industries, providing sustainable
development concepts.

Keywords: pectin; cryogels; alcohol gelation; biodegradation

1. Introduction

Pectin belongs to the group of heteropolysaccharides and is one of the most abundant
cellular components of the plant wall. It consists of homogalacturonans (HG), xylogalactur-
onans (XGA), rhamnogalacturonans type I (RG-I), rhamnogalacturonans type II (RG-II),
arabinans and arabinogalactans [1]. The largest part of the pectin backbone (60–70%) con-
sists of homogalacturonan, i.e., of homopolymers of D-galacturonic acid, connected by α
(1→4) glycosidic bonds, where some of the carboxyl groups are methyl-esterified, while
some O–2 and O–3 positions might be O–acetylated [2]. Pectin can be found in the pulp
and peel of lemons, oranges, limes, sunflowers, apples, potatoes, tomatoes, and carrots.
Commercially, pectin is mostly obtained from citrus fruits, as well as from apple pomace,
as secondary products in the production of juices [3]. Depending on the source, pectins can
differ in molecular weight, degree of acetylation and methylation, as well as in the content
of galacturonic acid and neutral sugars. One of the unique properties of pectin is that it
can be physically and/or ionically crosslinked by external stimuli, thus easily forming a
three-dimensional hydrogel network. The degree of esterification affects pectin gelation
and processing conditions, so pectin with a high degree of methyl-esterification is sensitive
in an acidic environment and gels at low pH values and in the presence of high concentra-
tions of sugars. On the other side, pectin, with a low degree of methyl-esterification, has
the ability to form gels in the presence of divalent cations, and the crosslinking reaction
is described by the egg-box model [4]. Moreover, in both cases (high-methylated and
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low-methylated pectin), it is confirmed that higher temperature improves the gelation
ability. Hence, hydrogen bonds, as well as hydrophobic interactions, have an important
role in the gelation of pectin [5].

The ability of pectin to undergo gelation by different external stimuli using sol-gel
technology allows the production of three-dimensional networks in the form of hydrogels
(wet gels), xerogels (vacuum drying), aerogels (supercritical CO2 drying) and cryogels
(freeze-drying). The main characteristic of wet gels is their ability to bind substantial
amounts of water, thus increasing their volume. The drying route of wet gels dictates the
textural (porosity, pore size distribution) and functional properties of final porous networks
and their application potential. During the drying process under vacuum comes pore
collapse, so final materials usually possess high density and low porosity [6]. On the other
side, it has been demonstrated that supercritical drying preserves the morphology of wet
gels, giving mesoporous materials with low density [6–8]. Furthermore, by freeze-drying, it
is possible to tailor the macropore and mesopore space within the final material [9]. These
properties, along with the non-toxicity, biodegradability and biocompatibility, make pectin-
based materials adequate for a wide range of applications such as agriculture, pharmacy,
food and biomedicine. Up to date, pectin-based three-dimensional networks have been
investigated for tissue engineering [10], drug delivery [11], wound healing [12,13], food
technology [14] and as food packaging material [15].

The aim of this work is to study the influence of different crosslinking routes of
pectin on the physical properties of final materials. Namely, three different crosslinker
solutions were used: (a) aqueous calcium bath, (b) tert-butanol bath, and (c) calcium-
tert butanol/water bath. The obtained hydrogels were freeze-dried, and their textural,
morphological, mechanical, and thermal properties were evaluated. It was previously
demonstrated that pectin and alginate could gel in the presence of different alcohols, such
as ethanol, methanol, propanol and 1-butanol and that obtained hydrogels can easily be
turned into mesoporous aerogels by supercritical drying [16–18]. In this work, tert-butanol
was chosen as a precursor for gelation since it is widely used as a green solvent and
is proven as an efficient crosslinker for various polysaccharides, providing the cryogels
with different levels of hierarchy, i.e., tailoring the macro and mesopores in the system
by different used concentrations [9]. Up to date, there are several papers reported in the
literature that deal with the characterization of pectin-calcium crosslinked aerogels or
cryogels [6–8,19,20], but to the best of our knowledge, there is no published data related to
the influence of tert-butanol and calcium ions combined together on physical properties of
final materials. Moreover, there is no comparison of the impact of different crosslinking
routes (including ionic and alcohol-induced crosslinking, separately and combined) on the
final properties of the pectin of the same origin. Finally, since pectin is a natural polymer
derived from renewable resources, the aerobic degradation rate of all obtained pectin-
based cryogels was assessed in order to evaluate if these materials can contribute to the
sustainable development goals.

2. Materials and Methods
2.1. Chemicals

Citrus pectin, with a degree of methylation of 50%, was obtained from Herbstreith &
Fox KG, Pektin-Fabriken (Neuenburg, Germany). Tert-butanol and CaCl2 × 2H2O were
purchased from Sigma Aldrich (St. Louis, MO, USA).

2.2. Preparation of Cryogels

Pectin-based cryogel monoliths were prepared through three different crosslinking
routes in a two-step process. In all cases, the primary step was the dissolution of pectin in
an aqueous solution (2.0 wt%) at room temperature. The first gelation route was by use of
CaCl2 aqueous solution (P1 sample), the second gelation route was by use of tert-butanol
(P2 sample), and the third gelation route by use of tert-butanol/water solution containing
CaCl2 (P3 sample). The final concentration of calcium ions in samples P1 and P3 was 2 wt%,
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with respect to the mass of pectin, whereas the final concentration of tert-butanol in sample
P3 was 40 wt%. The crosslinking reaction occurs through slow diffusion of crosslinking
solution into pectin solution. The mixture was left until complete gelation, which took place
after 4 h. The obtained pectin gel samples were frozen in liquid nitrogen and freeze-dried
for at least 24 h on a VirTis SP Scientific Sentry 2.0 freeze drier (New Life Scientific Inc.,
Woonsocket, RI, USA). The drying conditions were as follows: vacuum set to 100 m Torr
and a condenser temperature of −80.0 ◦C.

2.3. Morphology and Texture of Cryogels

The morphology of the prepared samples was analyzed by FEI Quanta 200 FEG
Scanning Electron Microscope (SEM) (FEI Company, Hillsboro, OR, USA) at an accelerating
voltage of 5–10 kV. Prior to the SEM analysis, the cryogels were sputtered with gold
(~7 nm). The bulk density of the samples was calculated as the mass-to-volume ratio, and
the presented results are an average of three measurements. The specific surface area
was analyzed by nitrogen adsorption-desorption test (Nova 3000e surface area analyzer,
Quantachrome Instruments, Bointon Beach, FL, USA) and mercury porosimetry test (Carlo
Erba Porosimeter 2000 equipped with the software Milestone 200, Carlo Erba, Washington,
DC, USA). Before the measurements, the samples were degassed at 75 ◦C for 24 h. The
presented results are the average values of 3 measurements; the standard deviation was
within 10%.

2.4. Calcium Content in Cryogels

An accurately weighed amount of cryogel was digested with hydrogen peroxide (30%,
w/w) and nitric acid (70%, w/w) in a microwave oven (working conditions: power = 800 W;
temperature = 200 ◦C, ramp 10 min, working time = 20 min). Upon cooling, the solution
was diluted up to 50 mL in a volumetric flask using deionized water. Appropriate dilutions
were carried out, and the calcium ion content in the cryogel was determined by the use
of Inductively coupled plasma mass spectrometry (ICP–MS) with a quadrupole detector
at 44Ca. The presented results are the average values of 3 measurements; the standard
deviation was within 5%.

2.5. Water Uptake and Solubility of Cryogels

The water uptake (WU, %) of cryogels was determined by the gravimetric method.
Firstly, the cryogels were weighed (m0, g) and placed in 100 mL of distilled water at room
temperature (25 ◦C). The cryogels were taken out from the water after 24 h; the excess
water from the surface was removed by filter paper, and the weight of the swollen cryogels
(mt1, g) was measured. The water uptake was calculated by the following equation:

WU (%) =
(mt1 −m0)× 100

m0
(1)

The solubility test was determined as the content of dry matter solubilized after 24 h
in distilled water. The swollen cryogels were taken out after 24 h and dried until constant
weight (mt2, g) in an oven at 105 ◦C. The solubility degree (SLD) was calculated according
to the following equation:

SLD(%) =
(m0 −mt2)

m0
× 100 (2)

The presented results are the average values of 3 measurements; the standard deviation
was within 10%.

2.6. Mechanical Analysis

The uniaxial compression test was performed according to the ASTM D695 standard.
Cylindrical specimens with a height-to-diameter ratio of approximately 5 were used. A
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load of 10 kN was applied. The samples were compressed upon the breaking point at a
compression rate of 2 mm/min. The force-time curves were converted to the compressive
stress (σc, MPa)-compressive strain (εc, %) curves and Young’s modulus (Ec, MPa) was
obtained from the linear part of the curve. The results are presented as the average of five
experiments, and values of compressive strength and Young’s modulus are within ±15%.

2.7. Thermal Analysis

Thermogravimetric analysis (TG) was performed using a TGA Q500 (TA Instruments
New Castle, DE, USA) instrument under dynamic nitrogen flow in the temperature range
from 25 to 600 ◦C. The nitrogen flow rate was 60 cm3/min while the heating rate was
10 ◦C/min. The weight of the samples was approximately 10 mg.

2.8. Biodegradation

The aerobic biodegradation of pectin monolith cryogels was determined according to
the ISO 14855-2:2018 standard. Each sample (~0.2 g) was ground, mixed with compost soil
and stored in a 250 mL sample chamber at room temperature. The amount of released CO2
within the time was monitored and measured by Micro-Oxymax Respirometer (Columbus
Instruments, Columbus, OH, USA). The degree of biodegradation was calculated according
to the following equation:

D =
V1 −Vb

V2
× 100 (3)

where V1 and Vb are the amount of CO2 released within the sample reactor and the blank
reactor, respectively, and V2 is the theoretical amount of CO2 available from the samples.
The presented results are the average values of 3 measurements; the standard deviation
was within 10%.

3. Results
3.1. Morphology and Texture of Cryogels

Pectin monolith cryogels were obtained by gelation in (a) an aqueous solution of
calcium ions (2 wt%), (b) tert-butanol, and (c) a solution that combines calcium ions and
tert-butanol/water solution. The morphology of obtained cryogels is presented in Figure 1.
The pore size distribution of all samples was evaluated by scanning 3 pieces of each sample
at different magnifications and presented in Table 1. It can be seen that all pectin monolith
samples have dense sheet-like morphology with some level of interconnected voids. This
type of structure is common when the slow growth of crystals occurs, caused by slow
freezing and slow drying process. A similar structure is reported for other pectin cryogel
systems in literature [6,19] and for other biopolymer-based cryogels, such as alginate [21,22]
and starch [23,24]. It is interesting to note that the structure is dense in samples that contain
tert-butanol (P2 and P3). Namely, the range of diameter of voids for samples crosslinked
only in calcium ion solution (P1) is between 150 and 400 µm, whereas in the case of samples
crosslinked in tert-butanol (P2) and Ca/tert-butanol-water (P3), the range is between 10
and 50 µm. Furthermore, the bulk density of the P2 and P3 (0.1–0.12 g cm−3) samples is
higher than for sample P1 (0.06 g cm−3). It appears that the presence of tert-butanol in
crosslinking solution increases the hydrophobic interactions of pectin chains and leads to
interpolymer bridging, thus changing the morphology and texture of final cryogels.

Table 1. Characterization of pectin-based cryogels by nitrogen adsorption.

Sample Specific Surface Area, m2 g−1 Average Pore Size, µm Density, g cm−3

Hg Porosity BET SEM

P1 17 8 150–400 0.06
P2 23 14 10–50 0.10
P3 26 19 10–50 0.12
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Figure 1. SEM morphology of cryogels: (a) P1, (b) P2 and (c) P3.

In order to get an idea about the specific surface area of samples, a mercury porosime-
try test and nitrogen adsorption test was performed, and these results are presented in
Table 1. Mercury porosimetry is a generally used method to characterize the texture of ma-
terials with large macropores. The pressure of mercury causes the contraction of biobased
cryogels, which can cause the destruction of pores, so valuable information can be obtained
sometimes only at smaller applied pressures [25]. However, during the measurement, not
only the compression of samples occurs but also the partial crushing of cryogels, so the
pore size distribution can not be determined by this technique. On the other side, the
nitrogen adsorption test is not precise enough for the evaluation of pore volume and pore
size distribution of materials that are macroporous. Hence, both techniques can give just
an idea about the specific surface area of obtained samples and its relationship between the
samples, i.e., similarities or differences among the samples.

It is demonstrated that gelation in the presence of tert-butanol (sample P2 and P3)
provides materials with higher surface areas in comparison to the pectin crosslinked in
an aqueous solution of calcium ions. The obtained specific surface area of pectin cryogels
is slightly higher by Hg porosimetry than by nitrogen adsorption test, and it ranges be-
tween 17 and 26 m2 g−1. These values are higher than for the starch freeze-dried cryogels
(7.7 m2 g−1) [23] and have a similar range for the other reported pectin cryogel systems
(10–20 m2 g−1) [6]. Apparently, the specific surface area originates from the porosity in
the walls of voids. Similar results are obtained in literature for the starch cryogels and
resorcinol-formaldehyde cryogels, where measurable, specific surface area is obtained by
nitrogen adsorption test, but SEM micrographs displayed macroporous systems with large
macropores of the 200 µm [23,26]. According to the SEM and Hg porosimetry/nitrogen
adsorption test results, the highest specific surface area and lowest pore size distribution,
but higher density exhibits the pectin-based cryogel crosslinked by the solution of Ca/tert-
butanol-water. The presence of alcohol induces the re-organization of macromolecular
chains, with competitive interactions of; (a) self-association, i.e., interpolymer bridging
through intermolecular hydrogen bonding and hydrophobic interactions, and (b) ionic
crosslinking with the Ca-ions. It has been demonstrated before that the crosslinking of
alginate in the alcoholic bath (methanol) forms the association structures through interpoly-
mer bridging [18]. Moreover, Rodriguez-Dorado et al. have reported that alginate aerogels
crosslinked in Calcium-ethanolic solution exhibit higher specific surface area than alginate
microbead aerogels crosslinked in Calcium-aqueous solution [27].

3.2. Water Uptake, Solubility and Calcium Content in Cryogels

The water uptake and solubility of pectin-based monolith cryogels after 24 h of im-
mersion in distilled water, as well as the content of calcium ions in them, are presented in
Table 2. As it is shown, the pectin sample crosslinked only by alcohol dissolves after 24 h,
confirming that occurred crosslinking reaction is only physical, through intermolecular
hydrogen bonding, thus making these cryogels less stable in aqueous solutions, in compar-
ison to the ionically crosslinked cryogels. On the other side, the solubility of the P1 and P3
samples is only 5% after 24 h of immersion in distilled water. The water uptake for these
two samples is in the range between 346 and 983%, proving that these samples have the
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ability for large water uptake, which makes them suitable for the range of applications in
the food, agriculture and biomedical sector. It is interesting to note that water uptake is
significantly higher for the P1 sample than the P3 sample. The presence of tert-butanol and
Ca in cryogel induces lower uptake of water due to the formation of a denser network. As it
is confirmed by SEM, in the presence of Ca/tert-butanol-water crosslinker, it comes to more
dense morphology of pectin cryogels, with less interconnected voids, when compared to
only Ca-crosslinker. In addition, this result can be related to calcium ion content entrapped
into pectin cryogel. Namely, it is shown that the P3 sample contains more calcium ions
than the P1 sample. Apparently, the competitive interaction of tert-butanol and Ca-ions
with pectin chains induces the better physical re-organization of chains, allowing better
entrapment of calcium ions in comparison to the samples crosslinked only by calcium ions.

Table 2. Water-related properties of pectin-based cryogels.

Sample WU, % SLD, % Ca Content, ppm

P1 983 5 70
P2 dissolved 100 –
P3 346 5 103

The main ionic crosslinking process of pectin is described by the physical entrapment
of divalent cations (in this case, calcium ions) between non-methyl esterified galacturonate
units from pectin, where the junction zones are formed in so-called “egg box” model [28].
Further research has confirmed that ionic crosslinking does not involve only physical
entrapment but also the interaction of calcium ions with the oxygen atom from the car-
boxylate group of pectin, making the stable three-dimensional and thermos-irreversible
network [29]. It has been also demonstrated that, at some level, hydrophobic interactions
also contribute to network development [30,31]. On the other side, Oakenfull et al. have
shown that alcohol presence can stabilize the junction zones to form three-dimensional
pectin networks through hydrogen bonds and hydrophobic interactions of ester methyl
groups from pectin [5]. In both crosslinking processes, the stabilization of hydrogel, i.e., the
gelation process, depends on the degree of methylation and distribution pattern of these
groups. Taking into consideration the results presented in Section 3.1 and in Table 2, it can
be concluded that the presence of tert-butanol and calcium ions in crosslinking bath has a
synergic effect on developing a more stable three-dimensional network.

3.3. Mechanical Properties

Mechanical properties of pectin-based cryogels, in terms of compressive Young Modu-
lus and compressive strength, were studied by uniaxial compression test and presented in
Figure 2. The Young compressive modulus represents the level of stiffness or resistance
to deforming until applied load (compression). In this work, the obtained Young modu-
lus values for samples P1, P2 and P3 are 0.18 MPa, 0.33 MPa and 0.52 MPa, respectively.
This trend is predictable due to pore size distribution and density results obtained for
pectin-based cryogels (see Section 3.1). Generally, the materials with higher porosity and
lower density negatively impact the Young modulus in comparison to the materials with a
more dense structure and less porosity. Moreover, it is demonstrated in the literature that
ethanol, used as a co-solvent in calcium crosslinking solution, improves the mechanical
strength of alginate films in comparison to the film crosslinked with an aqueous solu-
tion of calcium ions [32]. The maximum compressive strength represents the maximum
compressive stress that the material can withstand until it breaks. The lowest compres-
sive strength (0.14 MPa) is obtained for the P1 sample, whereas the highest compressive
strength exhibits the sample P3 (0.3 MPa). Also, it is important to note that all samples
plastically deform until strain between 67% and 82%. Overall, the presence of tert-butanol
and calcium ions presents a synergic effect for the formation of more mechanically stable
three-dimensional networks. Chen et al. have reported the Young compressive modulus
of neat pectin cryogels between 0.04 (2.5 wt% content of pectin in cryogel) and 48 MPa

27



Polymers 2022, 14, 5252

(15 wt% content of pectin in cryogel) [19]. Moreover, the addition of clay significantly
improved the mechanical performances and Young modulus of pectin cryogels, reaching a
range between 0.16 and 114 MPa. Furthermore, Yang et al. have obtained a Young modulus
of neat pectin cryogels of 0.09 MPa, and enhanced by 119% with the inclusion of boron
nitride nanosheets into the pectin matrix [33]. The difference in Young modulus value
presented in this work and literature is due to different types of used pectin and different
degree of methylation of pectin. Namely, it is proved that degree of methylation, but also
the distribution pattern of methylated and non-methylated galacturonic units, influences
the pectin hydrogel strength [4,34–36]. In addition, the pectin concentration used to make
hydrogels and cryogels give contribution too to the mechanical strength of final materials.
In this work, the cryogels are made of 2 wt% of pectin because the focus was to evaluate the
lowest possible concentration of raw material. i.e., pectin to obtain cryogels without any
visible surface damage and to characterize them. Our preliminary results (not presented
here) showed that cryogels with pectin content of 1 wt% and 1.5 wt% had visible cracks and
“peeling off” surfaces. On the other side, cryogels reported in literature usually contained
2.5–6 wt% of pectin, which provided better mechanical stability. Nevertheless, the influence
of different pectin concentrations on the physical-chemical properties of cryogels obtained
by the most efficient crosslinking route established in this work will be assessed in the
future and part of the forthcoming paper.
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3.4. Thermal Analysis

There are three types of absorbed water in hydrophilic materials: free unbound water,
freezing bound and non-freezing water or bound water. Free water does not interact, via
hydrogen bonding, with the polymeric chains, and it is released from samples up to 100 ◦C.
The freezing-bound water interacts only weakly with the polymeric chain, while the non-
freezing water is represented by molecules of water bound to the polymeric chains through
hydrogen bonds [37]. Generally, these two types of water are released from samples between
100 ◦C and 200 ◦C. On the basis of the above claims, it can be concluded by the analysis
of the pectin-based cryogels thermograms (Figure 3 and Table 3) that the mass loss in the
first region up to 100 ◦C is associated with the evaporation of free water (or free absorbed
moisture), while the second region up to 200 ◦C represents a loss of freezing and non-
freezing bound water. All tested samples contain free water because they are macroporous
materials subjected to the fast absorption of moisture. The highest content of bound water
is in sample P1, according to the weight loss percentage at 200 ◦C (see Table 3, WL200, %).
This result is expected since it is already confirmed by SEM that pectin crosslinked only by
calcium ions provides the materials with the highest pore size distribution and less dense
structure, thus being more subjected to moisture absorption in comparison to the samples
that contain tert-butanol. In all cases, the decomposition process of pectin chains starts
above 200 ◦C, which includes the random split of the glycosidic bonds, vaporization and
elimination of volatile products [1,15]. It is interesting to note that there is a significant shift
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of Tonset (the onset temperature at which starts degradation) to lower values for samples P2
and P3 when compared to the P1 sample, indicating that hydrogen bonds formed between
pectin chains are easier to break at increasing temperature, than bonds formed ionically
with calcium ions. However, it is important to highlight that the second and third step of
degradation of the P1 sample is a continuous process, where it is not possible precisely to
say where one degradation step ends, and another starts. In the case of samples P2 and
P3, the onset temperature of the third degradation step is clear since these two samples do
not contain too much-bound freezing and non-freezing water; hence no continual steps
are occurring. Although the main degradation of pectin chains starts earlier for cryogels
that contain tert-butanol, the Tdeg is shifted to a higher value for the P3 sample and to a
lower value for the P2 sample, in comparison to the P1. This result confirms once again that
the self-associated hydrogen bonds of pectin chains are less thermally stable than bonds
occurred by ionic crosslinking of calcium ions with pectin chains and bonds formed in
combination with ionic (Ca2+) and physical (tert-butanol).
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Table 3. Thermal properties of pectin monolith cryogels, where WL100 and WL180 present the weight
loss at 100 ◦C and 200 ◦C, respectively, Tonset is the temperature at which starts degradation, and
Tdeg is the temperature of maximum degradation rate.

Sample WL100, % WL200, % Tonset, ◦C Tdeg, ◦C Char Residue at 600 ◦C, %

P1 10 20 216 248 34
P2 12 13 212 245 16
P3 11 14 209 252 26

3.5. Biodegradation

Biodegradation of materials is essential for the balance of nature. Although there
is increased awareness about the sustainable development of biodegradable materials
and promotion of new approaches to replace plastic materials or upgrade them to be
biodegradable, there are still not enough data in the literature related to this topic, where is
studied on which conditions polysaccharides degrade, and how to speed their process of
degradation. Hence, in this work, the aerobic biodegradation of pectin-based cryogels was
performed by a respiratory method and monitored within the period of 30 days, and results
are presented in Figure 4. As can be seen, the aerobic biodegradation rate is in the range
of 43 and 62%, and the equilibrium plateau is reached within 15 days. The highest rate
of aerobic biodegradation has sample P1, whereas there is no significant difference in the
biodegradation rate between samples P2 and P3. It appears that the presence of tert-butanol
decreases the aerobic biodegradation of pectin cryogels. This result is expected since it is
well known that samples with higher moisture/water content promote the propagation of
microorganisms, which as a result, increase the respiration rate, as well as biodegradation.
A similar biodegradation rate determined by the respiratory method is obtained for the
polysaccharide cryogels. Chen et al. have demonstrated that control pectin cryogel reaches
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a biodegradation rate of 60%. However, the equilibrium plateau is reached within 10 days,
which is faster than in this work. Also, Praglowska et al. obtained a biodegradation rate of
80% for chitosan cryogels within 11 days of immersion in compost media [38]. On the other
side, the alginate-calcium xerogel beads degrade only 32% after 2 months [39], ammonium
alginate-phytic acid cryogel 92% after 45 days [40], cellulose powder degrades 83% after
45 days [41].
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4. Conclusions

In this work, calcium ions and tert-butanol, separately and in combination, were
used as the precursors for crosslinking of pectin. The hydrogels were freeze-dried and
subjected to several different characterization techniques in order to evaluate their textural,
morphological, mechanical, thermal and biodegradable property. It was shown that a
combination of tert-butanol and calcium ions provides materials with higher density but
also higher specific surface area and smaller pore size distribution. The highest Young
modulus was obtained for this sample, too and reached a value of 0.55 MPa. On the other
side, tert-butanol had a negative influence on the thermal stability of pectin-based cryogels,
causing the shift of the onset degradation temperature to lower values of 7 ◦C. Moreover,
the biodegradation rate of pectin-based samples that contain tert-butanol was 45% after
30 days of immersion in compost media, whereas the pectin sample crosslinked by calcium
ions had a biodegradation rate of 62%. The results obtained in this work demonstrate
that different crosslinking routes can significantly impact the morphology and also final
properties of materials, dictating the direction of application. Pectin, as a natural polymer
from renewable sources, presents a suitable feedstock for the processing of sustainable and
biodegradable materials with tailored macroporosity through different crosslinking routes.
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Abstract: Spontaneously formed hydrogels are attracting increasing interest as injectable or wound
dressing materials because they do not require additional reactions or toxic crosslinking reagents.
Highly valuable properties such as low viscosity before external application, adequate filmogenic
capacity, rapid gelation and tissue adhesion are required in order to use them for those therapeutic
applications. In addition, biocompatibility and biodegradability are also mandatory. Accordingly,
biopolymers, such as hyaluronic acid (HA) and chitosan (CHI), that have shown great potential
for wound healing applications are excellent candidates due to their unique physiochemical and
biological properties, such as moisturizing and antimicrobial ability, respectively. In this study, both
biopolymers were modified by covalent anchoring of catechol groups, and the obtained hydrogels
were characterized by studying, in particular, their tissue adhesiveness and film forming capacity for
potential skin wound healing applications. Tissue adhesiveness was related to o-quinone formation
over time and monitored by visible spectroscopy. Consequently, an opposite effect was observed for
both polysaccharides. As gelation advances for HA-CA, it becomes more adhesive, while competitive
reactions of quinone in CHI-CA slow down tissue adhesiveness and induce a detriment of the
filmogenic properties.

Keywords: hyaluronic acid; chitosan; catechol; tissue adhesive

1. Introduction

Hydrogels are polymers based on three-dimensional networks capable of retaining
large amounts of water due to their hydrophilic nature, while remaining insoluble due
to polymer chains crosslinking [1]. Crosslinking by covalent bonds results in covalently
crosslinked networks, and when polymers are joined by non-covalent interactions such as
hydrogen bonds and hydrophobic or dipole–dipole interactions, physical hydrogels are
formed [2]. Dried hydrogels behave similarly to a hard solid, but in an aqueous medium,
water penetration between the polymer chains causes the swelling of the network [3,4].
Water content affects dramatically the mechanical properties of these gels [1], leading to soft,
elastic and permeable materials for which its properties are similar to those of biological
tissues [5]. For this reason, hydrogels are well known as interesting materials in biomedical
applications [6].

Hydrogel characteristics make them interesting candidates for wound healing applica-
tions. On the one hand, their hydrophilic nature allows the required moist environment
in the wound for extracellular matrix formation and re-epithelialization and provides
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protection against infections. On the other hand, the incorporation of therapeutic agents
into hydrogels acting as wound dressings provides their topical release in the wound that
has been shown to be more effective than systemic treatment [7]. Indeed, the promotion
of an effective wound healing or regeneration, which consists of a series of complex bio-
chemical reactions that aims to repair the wound, is highly demanded. This process occurs
in three stages that can take place simultaneously. Firstly, the inflammation phase takes
place, which can be summarized as the elimination of bacteria and the migration of cells
that act in the second stage. Secondly, the proliferation phase comprises an increase in
collagen with the aim of forming new tissues and blood vessels, as well as the contraction
of the wound. Lastly, in the last phase called maturation, the elimination of the excess
cells and the repositioning of the collagen occur. This entire process is complex and highly
susceptible to be interrupted or fail [8]. Due to the latter, this process can be supported
by healing species, which can help by functioning as antibacterial barriers or by acting as
cellular scaffolds that enhance wound closure [6].

Hydrophilic polymers, due to their ability to mimic physical and biological properties
of tissues, can promote damaged tissue regeneration. In this sense, it is worth highlighting
that hydrogels are derived from natural polymers, especially polysaccharides, which
have been widely investigated and exploited in recent years due to their abundance,
biocompatible, filmogenic, and beneficial biological properties that make them interesting
candidates for wound dressing applications [2]. The most studied polysaccharides include
alginates, chondroitin, chitosan and chitin, cellulose, dextran, hyaluronic acid and heparin.

Hyaluronic acid (HA) is a natural polysaccharide based on a D-glucuronic acid and
N-acetyl-D-glucosamine (Figure 1b) that is used in various biomedical applications, such
as wound healing, visco-supplementation for wrinkle fillers, drug delivery carriers and
tissue scaffolds. Furthermore, this polysaccharide is completely degraded in the body
by hyaluronidase, in which the velocity of biodegradation is influenced by its molecular
weight [9]. HA can interact intra/intermolecularly thanks to hydrogen bonds or ionic
interactions by its carboxylic groups and their deprotonated form, carboxylates. It also can
be easily modified by its carboxyl or hydroxyl groups. There are many examples of HA
modified hydrogels for healing, such as hyaluronic acid modified with bromo acetate or
those modified with polyhydrazides [10].
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Chitosan (CHI) is also a natural polymer that comes from the partial deacetylation of
chitin, a natural polymer synthesized by some arthropods, fungi and insects [11,12]. Thus,
chitosan has a D-glucosamine structure mixed with N-acetylglucosamine structures for the
acetylated monomer, as observed in Figure 1a. Chitosan is degraded in the human body
by the action of lysozyme and colonic bacterial enzymes and its biodegradation strongly
depends on its deacetylation degree and molecular weight [2]. It is considered one of
the most promising materials in the fields of pharmacy, chemistry and the food industry
due to its highly reactive hydroxyl and amino groups, as well as being a biocompatible,
antibacterial and nontoxic polymer [13]. It is also noteworthy its ability to form films,
which it is able to cause the suppression of essential nutrients for microbial growth, in other
words protecting the open wound from the outside due to its good barrier properties [14].

Due to the presence of cited chemical groups in its structure, CHI is very good at
interacting through hydrogen bonds, and by electrostatic interactions with negative charges
at the appropriate pH due to the protonation of its amino groups (-NH3

+) [2].
Since wound healing treatment requires prolonged time periods, the development of

filmogenic materials with tissue adhesiveness, such as adhesive hydrogels, is crucial for a
suitable performance on the skin. For this, acrylate derived hydrogels have been typically
developed in the last decades based on their adhesive properties [11,15].

Tissue adhesion (Figure 2) is promoted by the interaction of tissues with many func-
tional groups that are present along hydrogels polymeric chains through covalent bonds,
such as imine formations or Schiff bases and Michael additions, among others. Moreover,
tissue adhesion promoted by physical interactions such as hydrogen bonding is the most
frequent. However, these interactions are reversible, which causes a decrease in the ability
of the hydrogel to remain attached to tissues [16].
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Figure 2. Intermolecular interactions between polymer chains and tissue.

In nature, the adhesive ability of mussels has been ascribed to the presence of an amino
acid: L-3,4-dihydroxyphenylalanine (DOPA), which is responsible of their adhesion to both
inorganic and organic surfaces, especially in humid conditions. This dihydroxy group is
called catechol (CA) [17,18].

Taking the inspiration of these natural organisms, the strategy of modifying polymers
with catechol groups has recently been developed to discover new materials, such as
hydrogels with adhesive properties [12]. The derivatives of catechol are particularly
interesting, as they are also natural and, therefore, biodegradable and biocompatible. The
main advantage of natural polysaccharides chitosan and hyaluronic acid relies on the fact
that they are easily modifiable through chemical reactions by their amine or carboxylic
acid groups, respectively [9,19]. Moreover, the CA group can be oxidized at basic pH
or even in the presence of the oxygen of the atmosphere [9], and it is transformed to o-
quinone (Figure 3a). It can also be oxidized intentionally and at a higher rate with sodium
periodate [20]. This spontaneously formed group behaves as a Michael acceptor and reacts
with specific substrates, such as amines, thiols, alcohols, etc. [21,22].
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In the case of organic surfaces that contain electron donor groups such as alcohols,
thiols or amines, quinone reacts irreversibly, making more resistant covalent bonds than
physical interactions of catechol [23]. Once CA is oxidized to quinone, the polymer that car-
ries this substituent begins to react with itself (Figure 4) [22,23], causing its self-crosslinking,
increasing viscosity, while a change of colour takes places and becomes brownish. This reac-
tion results in a rapid hardening of the product (Figure 3b) that can be seen as an advantage,
because it is a method for spontaneously promoting the gelation of the polymer, which
proceeds from a viscous liquid state to a gelled state without the addition of any external
crosslinking agents. However, to the best of our knowledge, the effect of this spontaneous
gelation on the tissue adhesiveness and filmogenic properties of these polysaccharides has
not been explored and comparatively analyzed.
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Taking all this into account, this work aims to explore the formation of hydrogels of
catechol derivatives obtained by the chemical modification of chitosan and hyaluronic acid
as tissue adhesive and filmogenic materials for potential wound healing purposes.

2. Materials and Methods
2.1. Materials

For the synthesis of the hydrogels, chitosan (CHI, 1.2 × 106 ± 153.9 g/mol, Sigma-
Aldrich, St. Louis, MO, USA; DD = 80%), hyaluronic acid (HA, 1.9–2.2 × 106 g/mol, Con-
tripo, Dolní Dobrouč, Czech Republic), hydrochloric acid (HCl, 37%, Panreac, Barcelona,
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Spain) and ethanol (EtOH, 99.8%, Panreac, Barcelona, Spain) as solvent were used. 3,4-
Dihydroxycinnamic acid or hydrocaffeic acid (HCF, 98%, Sigma-Aldrich, St. Louis, MO,
USA) and dopamine hydrochloride (DOPA, 98%, Sigma-Aldrich, St. Louis, MO, USA) were
employed to introduce the catechol group. To carry out the conjugation of the catechol
to the polymer, N-hydroxysuccinimide (NHS, 98%, Sigma-Aldrich), St. Louis, MO, USA
and N-(3-Dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride (EDC, 98%, Sigma-
Aldrich, St. Louis, MO, USA) were used. Subsequently, to clean the modified polymer, a
dialysis was carried out with 12,000 Da membranes (Medicell Membranes Ltd., London,
UK). The magnesium chloride salt (MgCl2, 98%, Sigma-Aldrich) was used to control hu-
midity in a closed atmosphere. Sodium metaperiodate (NaIO4, 99%, Sigma-Aldrich, St.
Louis, MO, USA) was used for catechol oxidation in spectroscopy calibration. In order to
prepare a phosphate buffer saline or PBS, monobasic sodium phosphate (NaH2PO4, 99%,
Sigma-Aldrich, St. Louis, MO, USA) and sodium hydroxide (NaOH, 99%, Panreac) were
used. PET films (75 µm) were supplied by HIFI Film Industria (Stevenage, UK).

2.2. Experimental Synthesis
2.2.1. Synthesis of Hyaluronic Acid-Catechol (HA-CA)

The synthesis of hyaluronic acid with catechol was carried out following the described
method [24]. Briefly, high molecular weight hyaluronic acid (1 g, 2.5 mmol) was dissolved
in distilled water (200 mL) for 12 h and under a nitrogen atmosphere. EDC (959 mg and
5 mmol) and NHS (575 mg and 5 mmol) (Figure 4) were then slowly added to the reaction
flask. After 20 min under stirring, dopamine hydrochloride (948 mg, 5 mmol) was added
at pH 4–5 for 4 h. It was left to react overnight and dialyzed in 12,000–14,000 Da dyalisis
membranes against acidified deionized water (pH 5) for 3 days. Finally, the product was
lyophilized and stored in a vacuum desiccator at 3 ◦C.

2.2.2. Chitosan-Catechol Synthesis

The synthesis of chitosan modified with the catechol group was carried out following
the described method [17]. Briefly, high molecular weight chitosan (591 mg and 1.6 mmol)
was dissolved in 22.5 mL of water together with 2.5 mL of 1 M HCl overnight under a
nitrogen atmosphere. The next day, hydrocaffeic acid (600 mg and 3.25 mmol), previously
dissolved in 1.5 mL in distilled water, was added. Then, EDC (930 mg and 4.75 mmol)
and NHS (558 mg and 4.75 mmol) (Figure 5), dissolved in 50 mL of an ethanol/water
solution (1:1, v/v), were added. The reaction was left overnight, and the pH value was
between 4 and 5. The product was dialyzed on 12,000–14,000 Da membranes in acidified
deionized water (pH 5) for 3 days. Finally, the product was lyophilized (Benchtop Freeze
Dryer operating at −50 ◦C, 0.1 mBar) and stored in a vacuum desiccator at 3 ◦C.
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2.2.3. Films

HA-CA and CHI-CA films were prepared by using a doctor blade technique to form
wet films with well-defined thicknesses from solutions at a concentration of 7 g/L in water
at room temperature. Films that were 1-millimeter-thick were obtained onto the PET sheet.
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2.3. Characterization Techniques

Proton nuclear magnetic resonance (1H NMR) spectra were performed at room tem-
perature on a Bruker AV-500 spectrometer (500 MHz for 1H), using deuterated acetic acid
and water as solvents. Chemical shifts (δ) are expressed in parts per million with respect
to deuterated water. The concentration of quinone group was determined by ultraviolet
and visible spectroscopy (UV-VIS) measuring the absorbance at 414 nm, respectively, in
the Double beam Cintra303 GBC equipment. The gelation time of prepared hydrogels was
determined at different polysaccharide concentrations by the known inverted tube test [9],
in which it is considered that the gelation point corresponds to the moment in which the
solution stops flowing once inverting the tube. An inverted optical microscope Olympus
IX71 from Japan was used as a non-destructive technique. Photographs were obtained in
order to study the stability of the films during and after drying. A Hitachi S-4800 brand
scanning electron microscope (FEG-SEM) from Japan was used in order to obtain high
resolution images of the films at micron scale. In the case of polymers, a layer of gold
was applied to allow the mobility of the electrons because they are not conductive. The
adhesion of the synthesized hydrogels was determined by measuring the force necessary to
detach gels from a piece of tissue with mechanical test equipment (Metrotec, MTEf), using
a 20 N load cell. For this purpose, porcine skin without external fat was cut into circular
sections of 196 mm2 and kept for 4–5 h in a PBS solution (pH ≈ 7.4) at 37 ◦C to simulate
physiological conditions [15,25]. Then, skin was fixed with cyanoacrylate (Loctite®) [26] to
a test tube and placed on the surface of the gel sample. Finally, the force per area required
to detach it from the sample was measured. The stress–displacement curves were obtained
for each sample. All measurements were conducted with the following parameters: test
speed: 2 mm/min; skin/sample contact time: 1 min; contact area: 196 mm2; preload: 0 N;
drop: 100%.

3. Results
3.1. Catechol Conjugation

CHI and HA were chemically modified, as described in the Experimental Section, in
order to introduce catechol groups along polysaccharides chains to promote gelation and
enhance adhesiveness to biological tissue. This conjugation was confirmed and quantified
by 1H NMR and UV analyses. Figure 6 compares the 1H-NMR spectra of initial HA,
dopamine hydrochloride reagent and the finally modified HA-CA.

1H-NMR Hyaluronic acid (D2O, 500 MHz, 20 ◦C): δ (ppm) = 4.30 (s, 2H, anomeric
CH), 3.00–4.00 (m, 10H, ring CH and CH2), 1.99 (s, 3H, acetamide).

1H-NMR Dopamine Hydrochloride (D2O, 500 MHz, 20 ◦C): δ (ppm) = 6.70 (m, 3H,
CH aromatic ring), 3.15 (d, 2H, -CH2N), 2.75 (d, 2H, -CH2Ar).

1H-NMR Hyaluronic acid-catechol (D2O, 500 MHz, 20 ◦C): δ (ppm) = 6.75–7.30 (m,
3H, CH aromatic ring), 4.30 (s, 4H, anomeric CH), 3.00–4.00 (m, 20H, ring CH and CH2),
2.82 (d, 2H, CH2N), 2.80 (d, 2H, -CH2Ar), 1.99 (s, 6H, acetamide).

The appearance of new peaks corresponding to the phenyl hydrogens of catechol
moieties (Figure 6c) at 6.5–6.75 ppm and those appearing at 2.75 ppm ascribed to the
aliphatic carbons of catechol [9] demonstrates the successful conjugation of HA with
catechol functionality. In addition, the integration of the peaks at 6.5–6.75 ppm with
respect to 1.99 ppm peak corresponding to the methyl protons of the acetamide group of
HA allows the quantification of the percentage of introduced catechol groups, obtaining
average substitution values of 38 ± 8%.
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In the CH-CA spectrum (Figure 7c), the appearance of the characteristic peaks of
catechol groups (6.5–6.75 ppm) can be observed, indicating that the reaction takes place
successfully. In addition, the peaks at 2.5 ppm corresponding to the aliphatic carbons of
hydrocaffeic acid and the appearance of the signal at 4 ppm, which corresponds to the
hydrogen of the C2 of the glucosamine unit of the chitosan bound to catechol, were also
observed. The percentage of substitution of catechol was calculated by the integration of the
peak at 6.5–6.75 ppm with respect to that of chitosan appearing at 1.99 ppm, knowing the
degree of deacetylation. Different synthesis conditions were explored in CHI modification.
On the one hand, the following results were obtained: CHI-CA 1 with 24 h of reaction and
1:2 CHI:HCF feed ratio, CHI-CA 2 with 8 h of reaction and 1:2 CHI:HCF feed ratio and,
finally, CHI-CA 3 with 12 h of reaction and 1:1 CHI:HC feed ratio. The resulting percentage
of catechol varied according to these synthetic conditions (Table 1). Indeed, lower reagent
equivalents (CHI-CA 3) and reaction time (CHI-CA 2) resulted in a significant decrease in
the conjugation with catechol.

Table 1. Substitution percentages of catechol in the samples.

Sample Catechol % (1H NMR) a

HA-CA 38 ± 8

CHI-CA 1 82 ± 10

CHI-CA 2 8 ± 2

CHI-CA 3 2 ± 2
a n = 3.

1H-NMR Chitosan (D2O, 500 MHz, 20 ◦C): δ (ppm) = 4.50 (s, 2H, anomeric CH),
3.30–4.00 (m, 10H, ring CH and CH2), 3.10 (s, 2H, CH -N ring), 1.99 (s, 3H, acetamide).

1H-NMR Hydrocaffeic acid (D2O, 500 MHz, 20 ◦C): δ (ppm) = 6.5–6.75 (m, 3H, CH of
the aromatic ring), 2.60 (d, 2H, CH2COOH), 2.50 (d, 2H, CH2Ar).

1H-NMR Chitosan-catechol (D2O, 500 MHz, 20 ◦C): δ (ppm) = 6.5–6.75 (m, 3H, CH of
the aromatic ring), 4.50 (s, 3H, anomeric CH), 4.20 (dd, 1H, CH-N (catechol)), 3.25–3.80 (m,
15H, ring CH and CH2), 3.10 (s, 2H, CH-N), 2.60 (d, 2H, CH2COOH), 2.30 (d, 2H, CH2Ar),
1.99 (s, 3H, acetamide).

3.2. Hydrogel Formation of Catechol Derivatives

The spontaneous oxidation of the catechol group leads to their transformation to the
quinone group that presents an absorption in the visible spectrum at λ = 380–480 nm (de-
pending on the degree of oxidation) [27]. Accordingly, the quantification of quinone moiety
was carried out by using the calibration curve obtained with a standard solution of 1 mM
dopamine hydrochloride previously oxidized with sodium periodate (1:1 Dopa/Periodate).
When periodate was added to the dopamine solution, it immediately took on a yellow hue,
and after 10 min, it became reddish and brown, since the absorption spectrum varies with
oxidation time. For this reason, the calibration was carried out at the isosbestic point, at
which absorption is not a function of time [27] (λ = 413.6 nm, Abs = 1112C + 0.009R2 = 0.991).
This color change allows monitoring the oxidation of catechol-modified polysaccharides.
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It is known that this oxidation of catecholized polymers solution with air [9,12,23]
causes sol–gel transition that changes adhesion to skin. Taking all this into account, the
oxidation of HA-CA and CHI-CA was analyzed along the time for different polymer
concentrations in terms of the variation of tissue adhesion and quinone concentration
(Figures 8 and 9). As expected, as the time of exposure to air increases, as a consequence
of the appearance of the oxidized species, o-quinone, the increase in coloration took place
(Figure 8) and the characteristic absorption band at 413.6 nm was observed for both
polymers. It is also shown that higher concentration of catechol-derived polymer in the
solution leads to a greater quinone concentration. For instance, in the case of 11 g/L of
HA-CA, the presence of quinone during the first 30 min is four times higher than that of
4.6 g/L solution. In addition, an increase in viscosity was observed, caused by the gelling
of the polymers through the formation of covalent bonds between quinones, originating a
covalent three-dimensional network that results in the formation of the hydrogel [22]. This
spontaneous formation of the gels can be considered a great advantage since, as mentioned
above, it allows obtaining cross-linked systems without additional reactions or reagents.
The gelation time, determined by the vial inversion method [9], is indicated in Figure 8
(yellow star) for all studied concentrations.
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Regarding CHI-CA, it is worth highlighting that the quinone concentration is higher
than that for HA-CA for all studied concentrations. This difference can be ascribed to the
higher degree of catechol substitution in the CHI-CA (82%) in comparison with HA-CA
(38%). Tissue adhesion tests were also carried out at different modified polysaccharide
concentrations (4.6, 7, 11 g/L). The stress–displacement curves were obtained, and the
maximum stress points required for tissue-polymer detachment were analyzed (Figure 9).

It could be observed (Figure 9) for both polymers that as the concentration of initial
catechol groups and oxidation time increases, where quinone content increases, a greater
detachment force is measured. As it is known, in organic surfaces such as porcine skin,
which contains thiol and amino groups [12], quinone is more adhesive than catechol [17]
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due to the covalent nature of the formed quinone bonds compared with the weaker physical
interactions established by catechol groups [9,12,21]. When HA-CA and CHI-CA are
compared, it can be highlighted that a higher adhesion was measured for HA-CA than
CHI-CA samples, despite the higher catechol content of CHI-CA samples. This is because
CHI-CA undergoes faster and additional self-crosslinking [12]. Moreover, in addition to
intramolecular reactions between quinones, the amine group from the deacetylated CHI
segments also reacts through Michael additions with quinone [22]. Thus, there is a lower
content of quinone moieties available to tissue interaction than in the case of the HA-CA
system. Additionally, hydration is a key factor in adhesion, as it enhances the mobility of
the polymer chains that promotes tissue adhesion [28]. In this sense, HA is one of the most
hydrating polymers known [29,30], which can interestingly enhance the tissue adhesion of
HA-CA gels.

Figure 10 shows specifically the stress applied at the detachment (Figure 10a) and the
displacement produced by the gels before breakage (Figure 10b) for both catechol modified
polysaccharides after 4 and 24 h of oxidation by air exposure. As it is observed in the stress
graphs (Figure 10a), the adhesion of HA-CA is greater than that of CHI-CA even though a
greater content of quinone was determined by VIS spectroscopy.
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Figure 10. Comparative graph between the studied systems that gathers (a) the maximum stress
applied to detach the sample from the skin and (b) the maximum elongations until rupture of the
systems studied after 4 h (green) and after 24 h (orange) for HA-CA and CHI-CA hydrogels. n = 5.

As it is observed in the stress graphs (Figure 10a), the adhesion of HA-CA is greater
than that of CHI-CA even though there is a greater content of quinone determined by
VIS spectroscopy. In addition to this, it is known that CHI hydrates more slowly than
HA [29,31], which has a negative influence on adhesion, as we have already mentioned.
Indeed, hydration, which has the function of a lubricant, seems to increases the mobility of
HA chains in contrast to CHI, which improves adhesion properties.
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3.3. Microscopy Analysis of the Film

The filmogenic ability of wound dressing materials is a valuable property due to the
fact that it promotes wound protection and reduces bacterial growth [14]. For this reason,
the films of the studied systems were developed by casting CA-modified polysaccharide
solution, as described in the experimental section. After 4 h (Figure 11a,b) and 24 h
(Figure 11c,d) of drying, photographs were taken under the light microscope to HA-CA
and CHI-CA hydrogel films in order to study the possible formation of fractures and the
homogeneity of the films as a non-destructive technique. High resolution images were
also obtained by scanning electron microscopy (SEM) for HA-CA (Figure 11e) and CHI-CA
(Figure 11f) after 24 h of drying for more information on the micron scale [32].
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(c) HA-CA photographs taken with microscope after 24 h (×4 lens and 1.62 µm/pixel) (d) CHI-CA
photographs taken with microscope after 24 h of drying with ×4 lens (1.62 µm/pixel) (e) HA-CA
SEM images after 24 h of drying and (f) CHI-CA SEM images after 24 h of drying.

After 4 h of drying, noticeable differences between some systems can be appreciated.
In the case of HA-CA films (Figure 11a), photographs indicate high homogeneity of the film
without cracks or wrinkles. However, for CHI-CA films (Figure 11b), high roughness can
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be observed, probably due to lower solubility in the water of polymers. In addition, its poor
filmogenic capacity is observed as a consequence of its high drop forming ability during the
casting process that is indicative of the existence of important cohesive forces [32], which
corresponds to those derived from highly crosslinked CHI-CA (quinone-NH2) [12,22].

After 24 h of drying, the HA-CA hydrogels do not display difference with 4 h of
drying (Figure 11c), while signs of increased crosslinking were observed as roughness or
irregularities due to the formation of small aggregates in the case of CHI-CA. Indeed, CHI-
CA (Figure 11d) shows fiber-like structures as a consequence of solvent evaporation from
its previous gelled aggregates. The rapid crosslinking of CHI-CA seems to decrease the
homogeneity of the film, and high cohesion forces do not allow smooth surface formation.

Finally, SEM images taken after 24 h of drying confirmed that highly stable films are
obtained for HA-CA gels (Figure 11e). However, regarding CHI-CA (Figure 11f), fibers
remained after the total elimination of the solvent in high resolution due to its poor ability
to spread, high cohesion and crosslinking forces [22].

4. Conclusions

The conjugation of CHI and HA with catechol groups was successfully developed and
quantified by 1H-NMR spectroscopy. The spontaneous oxidation of introduced groups to
o-quinone by the action of air resulted in hydrogel formation that could be easily observed
by the change of color along the polymeric chains where crosslinking took place. Higher
catechol content, derived from higher polymer concentration as well as higher modification
degree, resulted in greater quinone concentrations that resulted in faster gelation for both
polymers. In addition, it was demonstrated that gelation induces a clear variation on tissue
adhesiveness of these catecholized polymers. As HA-CA and CHI-CA air induced gelation,
an increase in tissue detachment force was measured in stress–strain curves due to the
stronger interactions of quinone groups with tissue in comparison with initial catechol
moiety. CHI-CA spontaneous hydrogels showed reduced adhesiveness in comparison with
HA-CA, even though its initial catechol content was greater higher due to the additional
reaction of quinone groups with free amine groups present along CHI polymer. In addition,
the analysis of the comparative filmogenic ability of CHI-CA and HA-CA points out a lower
homogeneity of CHI-CA, possibly ascribed to the lower solubility of this conjugate, as well
as for its additional crosslinking and consequent viscosity. The spontaneous gelation of HA-
CA and CHI-CA allows obtaining highly cross-linked systems without additional reactions
or reagents, which in the case of HA-CA interestingly show also excellent filmogenic
properties and n enhanced tissue-adhesive ability.
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Slow-Release Nitrogen Fertilizers

with Biodegradable

Poly(3-hydroxybutyrate) Coating:

Their Effect on the Growth of Maize

and the Dynamics of N Release in

Soil. Polymers 2022, 14, 4323.

https://doi.org/10.3390/

polym14204323

Academic Editors: Gabriella

Santagata, Arash Moeini and

Pierfrancesco Cerruti

Received: 22 September 2022

Accepted: 12 October 2022

Published: 14 October 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

polymers

Article

Slow-Release Nitrogen Fertilizers with Biodegradable
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Abstract: Fertilizers play an essential role in agriculture due to the rising food demand. However, high
input fertilizer concentration and the non-controlled leaching of nutrients cause an unwanted increase
in reactive, unassimilated nitrogen and induce environmental pollution. This paper investigates the
preparation and properties of slow-release fertilizer with fully biodegradable poly(3-hydroxybutyrate)
coating that releases nitrogen gradually and is not a pollutant for soil. Nitrogen fertilizer (calcium
ammonium nitrate) was pelletized with selected filler materials (poly(3-hydroxybutyrate), struvite,
dried biomass). Pellets were coated with a solution of poly(3-hydroxybutyrate) in dioxolane that
formed a high-quality and thin polymer coating. Coated pellets were tested in aqueous and soil
environments. Some coated pellets showed excellent resistance even after 76 days in water, where
only 20% of the ammonium nitrate was released. Pot experiments in Mitscherlich vegetation vessels
monitored the effect of the application of coated fertilizers on the development and growth of
maize and the dynamics of N release in the soil. We found that the use of our coated fertilizers
in maize nutrition is a suitable way to supply nutrients to plants concerning their needs and that
the poly(3-hydroxybutyrate) that was used for the coating does not adversely affect the growth of
maize plants.

Keywords: slow-release; nitrogen fertilizers; coating; poly(3-hydroxybutyrate); ammonium nitrate;
biodegradable; dioxolane; biomass; control-release; maize

1. Introduction

The importance of fertilizers for the human population is indisputable. Without
the Haber–Bosch synthesis of ammonia (commercialized in 1913), and the subsequent
synthetic nitrogen compounds and their applications, we would not be able to produce
more than half of today’s world food [1]. Due to the rapid growth of the population by
2–3 million people in the next 80 years, more crop production will be needed, which will
also increase the need for fertilizers [2,3]. Fertilizers provide plants with fundamental
macronutrients (nitrogen/phosphorus/potassium), where nitrogen is essential to plant
growth [4]. However, crops’ poor absorption of nutrients from fertilizers and the related
losses of nitrogen in the soil, water, and air caused a cascade of environmental problems [5].
Despite the fact that the use of nitrogen fertilizers plays an essential role in meeting the
demand for crop production, nitrogen use efficiency is relatively low due to their excessive
use (in general between 25 and 50%), which often leads to losses of redundant nitrogen from
agroecosystems [6]. Environmental problems include eutrophication and the expansion of
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dead zones in coastal ocean waters resulting from the leaching of nitrates into rivers, lakes,
ponds, and ground waters. The atmospheric deposition of ammonia and nitrates affects
natural ecosystems; nitrous oxide (N2O) is now the third most crucial greenhouse gas,
following CO2 and CH4 [1,4]. The excessive use of fertilizers can cause soil acidification,
depletion of soil cations, reduction of carbon uptake, and contamination with heavy metals.
All this negatively influences animal and human health, the environment, biodiversity, and
the climate [7,8]. Even more significant losses of nitrogen in the environment (that will occur
with a growing population) could be reduced by more moderate meat consumption, low-
protein animal feeding, better agronomic management, and a portfolio that includes split
applications and balanced use of fertilizers, precision farming, optimized crop rotations,
and the use of expensive slow-release compounds [1].

Controlled- and slow-release fertilizers (CRFs and SRFs) provide a more efficient,
economical, and safe way to deliver nutrients to plants. They are able to retain nutrients
in the soil for a longer period, as they are available for the plants at the desired rate
or concentration level. Thus, nutrient utilization efficiency (NUE) improves due to less
frequent dosing and reduced nutrient removal from the soil by rain or irrigation, which
also reduces environmental hazards [4,9–12]. Slow- or controlled-release fertilizers are a
good alternative to conventional mineral fertilizers, and their use allows for a reduction of
the fertilizer rate by 20% or 30% of the recommended value to achieve the same yield [13].
Slow-release fertilizers are described as “low solubility compounds with a complex/high
molecular weight chemical structure that releases nutrients through either microbial or
chemically decomposable compound” [4,14]. Controlled-release fertilizers (CRFs) can be
described as “products containing sources of water-soluble nutrients, the release of which
in the soil is controlled by a coating applied to the fertilizer” [4,15]. SRFs are usually
classified into “condensation products of urea-aldehydes, fertilizers with a physical barrier
(coated or incorporated into the matrix), and super granules. CRF is a subset of SRF, which
falls under the category of fertilizer with a physical barrier” [4].

Current commercial CRFs with polymer coatings are often made of a thermoplastic
resin such as polyolefin, polyvinylidene chloride, and copolymers, which cannot degrade
easily in soil and accumulate over time. Generally, these CRFs containing synthetic, non-
biodegradable polymers accumulate up to 50 kg/ha per year in the soil after releasing
their nutrients, remaining and causing white pollution [4,16]. With the agreement of the
European Green Deal, EU Fertilizing Products Regulation (FPR), and Circular Economy
Action Plan, manufacturers are faced with significant challenges; they will have to adapt
their current practices to the new FPR requirements, including biodegradability criteria for
polymer coatings of controlled-release fertilizers [4,17].

The present study aimed to prepare CRFs with a coating of a biodegradable nature. The
pelletization of powder fertilizer ammonium nitrate with dolomite (CAN) with selected
additive materials (poly(3-hydroxybutyrate) P3HB, struvite, dried biomass containing
P3HB) has become the most technologically feasible. Using struvite and biomass from
P3HB extraction meets the requirements of the circular economy. P3HB can be made from
waste cooking oil and a variety of byproducts [18–21]. However, pellets alone without a
non-defective coating would not meet the requirements of slow release. A 6% solution of
fully biodegradable P3HB with green solvent dioxolane [22] was applied to the pellets by
6-fold immersion [23] and produced a good quality coating.

The kinetics of fertilizer release from coated pellets in an aqueous environment was
monitored by the conductometry method. The results showed the high quality of the
prepared water-barrier polymer coating. The dynamics of mineral nitrogen release of
these CRFs were studied under laboratory conditions, followed by an evaluation of the
effectiveness of the newly developed coated fertilizers on maize growth and an assessment
of their effects on soil mineral nitrogen content. We assumed that the coated CAN-based
fertilizers would reduce the environmental load in the soil without simultaneously limiting
plant growth.
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2. Materials and Methods
2.1. Preparation of Coated and Encapsulated Fertilizers
2.1.1. The Fertilizer

The fertilizer used in pellets was calcium ammonium nitrate (CAN) supplied by
Lovochemie, a.s. (Lovosice, Czech Republic) [24]. CAN is a nitrogen fertilizer containing
27% of nitrogen (up to 13.5% N-NH4

+ and 13.5% N-NO3
−) and 21% of dolomite (CAS

16389-88-1). It is a mixture of ammonium nitrate with finely ground dolomite in the form
of whitish to light brown granules. Most particles (up to 90%) of CAN had a size in the
range of 2–5 mm. Before pelletization, it was necessary to grind CAN into a powder on a
grain mill (Sana Products Ltd., České Budějovice, Czech Republic) and sieve (Sana mesh
sieve, pore size 0.5 × 0.5 (mm × mm)). Thus, the CAN was finally below 0.5 mm.

2.1.2. Filling Material in Pellets

The primary filler material (together with the fertilizer) in the pellets prepared manu-
ally using a hydraulic press was poly-3-hydroxybutyrate (P3HB, ρ = 1.23 g·cm−3,
Mw = 450,000 g·mol−1, purity 98–99%) supplied by TianAn Biopolymer (Ningbo, Peo-
ple’s republic of China) [25] and commercially purified in acetone as a white powder
(Nafigate Corporation, Prague, Czech Republic) [26].

Another filler material used in some fertilizer mixtures was a struvite
(NH4MgPO4 · 6H2O). A homogenized mixture of struvite from Nafigate and Aldrich
(Merck KGaA, St. Louis, Missouri, USA) [27], in the form of a white powder, free of lumps
by sieving, was used.

Dried biomass was also used in some mixtures with fertilizer as a filler material. The
biomass was supplied by Nafigate Corporation and was produced from waste cooking oil
by fermentation with a bacterial culture of Cupriavidus necator H16. The specific procedure
for biomass production is described in [18]. After cultivation, the biomass was concentrated
by centrifugation to 50% dry matter and stored frozen at −20 ◦C. It was dried at 105 ◦C to
constant weight before use. Before pelletization, the lumps were removed by sieving. The
dried biomass contained about 60% P3HB.

2.1.3. Preparation of Fertilizer Pellets

Pelletization was performed by compressing powdered materials of fertilizer CAN
and other filler materials (P3HB, struvite, dried biomass containing P3HB) into pellets
using a manual hydraulic press SPECAC (Orpington, Great Britain) [28] with a compressive
force equivalent to 2 tons. Each resulting pellet had weight = 0.5 g, height = 4 mm, and
diameter = 10 mm (approx.). Before the powder mixture preparation and homogenization,
the fertilizer powder and P3HB powder were dried in an oven at 60 ◦C overnight and freed
of lumps with a sieve (other filler materials: struvite and biomass were also sieved, and
the sieve pore size was 0.5 × 0.5 (mm × mm)). Several series of cold-pressed pellets were
prepared and composed of: 50% fertilizer CAN + 50% P3HB, 50% CAN + 50% biomass,
50% CAN + 25% P3HB + 25% struvite and 100% CAN serving as reference.

2.1.4. The Material for the Coating Solution

Coatings were prepared with a 6% solution of P3HB dissolved in chloroform with
amylene ((CHCl3, Mr = 119.38; 99.93%, stabilized with amylene max. 55 ppm, supplied by
Lach-Ner Ltd. (Neratovice, Czech Republic) [29]), then a 7% solution of P3HB in chloroform
with ethanol ((99.8%, stabilized with approx. 1% ethanol p.a., supplied by PENTA Ltd.
(Chrudim, Czech Republic) [30]) and 6% solution of P3HB in 1,3-dioxolane ((C3H6O2,
Mw = 74.08 g·mol−1, density 1.07 kg/L, stabilized with 0.03% BHT (2,6-Di-Tert-Butyl-4-
Methylphenol), supplied by VWR International Ltd. (Stříbrná Skalice, Czech Republic) [31]).
The solutions were prepared for preliminary tests of coating solutions and for dip coating
of pelletized fertilizers purposes.
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2.1.5. Coating of Fertilizer Pellets and Encapsulation

Finally, after preliminary tests of coating solutions, dioxolane was chosen as the best
solvent for preparing the coating solution. The prepared pellets were coated manually by
dipping them six times in a beaker with a 6% coating solution of P3HB in dioxolane.

The preparation of 6% P3HB in dioxolane for manual coating was first carried out by
dissolving in an oven at a temperature of 90–95 ◦C approx. 1.5–2 h. However, new and
faster ways of preparing larger volumes of solutions (at least 2000 mL) for later coating in a
coating drum were sought (will be part of another article).

The resulting coating solution had suitable viscosity, and the final coating weight was
only 12–17% of the original pellet weight (depending on the composition of the pellet to
which the coating was applied).

The prepared pellets of 50% CAN + 50% P3HB were also encapsulated in an experi-
mental biodegradable film based on P3HB, thermoplastic starch TPS, and PLA instead of
coating. The biodegradable film was prepared by Panara Nitra (Slovakia, [32]) with Slovak
University of Technology in Bratislava (Bratislava, Slovakia, [33]). The intention was to use
biodegradable films based on P3HB and auxiliary polymers that were developed for com-
plete decomposition in environmental components. These foils were prepared to use fully
degradable agricultural foils, both in compost and in soils. An annular welding head was
tailor-made for encapsulation that was electrically heated to a suitable temperature close to
the melting point of the film (approx. 160 ◦C). By applying the appropriate pressure and
time, a defect-free connection around the entire pellet was achieved. These encapsulated
pellets were also tested in aqueous and soil environments.

2.2. Testing Nitrogen Release from Coated Fertilizer

The conductometric method monitored the release of ammonium and nitrate nitrogen
in the aqueous medium from our six times hand-coated and encapsulated pellets prepared
on a hydraulic press.

Ammonium nitrate is an inorganic, highly soluble fertilizer that dissociates into
individual ions in aqueous environments: ammonium (NH4

+) and nitrate (NO3
−). The

solubility of ammonium nitrate is 213 g/100 g H2O [34], and conductometry can be used
to determine the solvated fraction. Conductometry is a method based on measuring the
conductivity of the second type of conductor: a solution whose conductivity is ensured by
the ions present. The specific conductivity of the solution (κ) is related to the conductance
(G), which can be determined by measuring the electric current flowing between the two
electrodes of the conductometric probe through free charge carriers (ions). The conductance
(G) is a quantity depending on the geometry of the measuring probe, and therefore it is
used only to obtain a specific conductance (κ). Since, in the case of fertilizer analysis, there
is a fundamental relationship between ion concentration (cIon) and specific conductance (κ),
we describe the dependence of conductivity on ion concentration by the molar conductivity
quantity (Λm):

G = κ· A
l

(1)

G . . . conductance (S)
κ . . . specific conductivity (S · cm–1)
A . . . probe electrode area (cm2)
l . . . probe electrode distance (cm)

κ = Λm·cIon (2)

Λm . . . molar conductivity (S · cm2 · mol−1)
cIon . . . ion concentration (mol · cm−3) [35]

The measurements of nutrient loss from the prepared pellets were performed in clos-
able plastic test tubes with a volume of 50 mL. For all tests, one pellet (approx. 0.5 g) of
fertilizer compressed into the form of a carrier with additives was placed in test tubes with
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a volume of distilled water of 40 mL. Ten pellets were measured for each experimental
formulation, and the results were averaged. The measurements were performed at labora-
tory conditions (temperature 22 ◦C). The current signal was electronically converted to a
frequency. The dependence of the change in the frequency of the alternating current on
time was measured using a METEX® M-3850D multimeter (Metex Corporation, Toronto,
Canada) [36]. Values were recorded initially after 24 h, and then the frequency of monitor-
ing was reduced as necessary, and the time interval between measurements was usually
48 h. The method of calibration dependence between the frequency of alternating current
and electrolyte concentration was used to monitor the mass transport of the nutrients
from controlled release fertilizer. The calibration dependences were fitted using the Origin
program (OriginLab, Northampton, MA, USA) [37] with two exponential fits to obtain the
calibration dependence equation. Finally, the weight loss of the fertilizer was determined
from this calibration dependence equation. We counted 21% dolomite content in the CAN
fertilizer in the calculations of ammonium and nitrate loss from the pellets.

2.3. The Greenhouse Pot Experiment

The pot greenhouse experiment aimed to verify the effect of the application of coated
fertilizers on the development and growth of maize and the dynamics of N release in the
soil. A pot experiment was established in the vegetation hall of Mendel University in
Brno (Brno, Czech Republic), evaluating the effect of fertilizing of coated fertilizers applied
during the sowing period of maize.

2.3.1. Experimental Design

The experiment was performed in Mitscherlich vegetation pots (on 6.5 kg of soil). Five
kg of soil was weighed into each pot. Maize (6 seeds per pot) was sown on the soil surface
followed by uniform coverage with soil (750 g). Fertilizers were manually spread on the
surface of this layer and evenly covered with another 750 g of soil (Figure 1). The basic
agrochemical properties of the soil used in the pot experiment are presented in Table 1.
SY Orpheus maize variety from Syngenta (Oseva, a.s., Bzenec, Czech Republic) [38] was
used in the experiment. The pot experiment was performed under semi-natural conditions
(rain shelter) in the vegetation hall. An identical controlled watering regime was used for
all pots during the experiment. Plants were watered to 70% of maximum water holding
capacity throughout the growing season. The pots were hand-watered with demineralized
water on the soil surface.
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Table 1. Agrochemical properties of used soil in the pot experiment.

Soil Parameters Value Ref.

Clay 20%
[39]Dust 27%

Sand 53%
Oxidizable C content (Cox) 0.80% [40]

pH (CaCl2) 6.09

[41]

Cation exchange capacity 164 mmol/kg
Noverall 0.19%

NH4
+ (K2SO4) 1.48 mg/kg

NO3
− (K2SO4) 17.2 mg/kg

P (Mehlich 3) 36.4 mg/kg
K (Mehlich 3) 400 mg/kg
Ca (Mehlich 3) 2720 mg/kg
Mg (Mehlich 3) 214 mg/kg

The fertilization treatments used in the experiment are presented in Table 2.

Table 2. Scheme of the pot experiment with maize.

Treatment Composition of Pellets Used in Vegetation Tests Number of Pellets
(pcs/Pot)

N Dose
(g/Pot)

CAN-c 100% CAN with P3HB coating 4 0.54
CAN/P-c 50% CAN + 50% P3HB with P3HB coating 8 0.54

CAN/P/S-c 50% CAN + 25% P3HB + 25% struvite with P3HB coating 8 0.54
CAN/P/B-c 50% CAN + 50% biomass with P3HB coating 8 0.54
CAN/P-bf 50% CAN + 50% P3HB encapsulated in biodegradable film 8 0.54

CAN 100% CAN (positive reference) 4 0.54
CON-c without fertilizer (negative reference) 0 0

Each of these treatments was based on 12 replicates (pots) distributed in the vegeta-
tion hall at random. Maize was sown on 18 March 2021. The influence was monitored
of the applied fertilizers on plant growth and nitrogen content in the soil profile after
the establishment of the experiment (sowing) in regular 3-week intervals (t1 = 8 April;
t2 = 29 April; and t3 = 20 May 2021). After emergence (29 March 2021), the maize plants
were adjusted to a final number of three plants per pot. Soil and plant analyses were
performed during the vegetation.

2.3.2. Soil and Plant Sampling and Analyses

Soil sampling was carried out at the observed intervals (t1–t3) for each variant (each
variant from four pots in each term). Soil samples were collected from each pot from three
soil profile depths (upper, middle, and bottom layer, Figure 1). The contents of mineral
nitrogen (Nmin)—ammonium (NH4

+) and nitrate (NO3
−) were determined in the soil

samples [42].
The effects of the coated fertilizers on the growth of maize plants were monitored

during the experiment at identical intervals (terms t1–t3). Chlorophyll content (N tester
value), vegetative index (NDVI), basic photosynthetic parameters based on the action and
measurement of light signal in PS II, dry weight of maize aboveground biomass (AGB),
nitrogen content in AGB and capacitance of the root system were evaluated in plants
(Table 3).
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Table 3. Observed plant growth parameters.

Plant Parameter Device Used Terms Ref.

Chlorophyll content (N-tester value) Yara N-Tester chlorophyll meter (Yara International ASA, Oslo,
Norway) t1–t3 [43]

Vegetation index (NDVI) PlanPen NDVI310 device (Photon Systems Instruments, Drásov,
Czech Republic) t1–t3

Quantum yield of the PSII (ΦPSII)
PAR-Fluorpen FP110-LM/D device (Photon Systems Instruments,
Drásov, Czech Republic) t1–t3 [44]

Dry weight of AGB Laboratory-scale PCB Kern (KERN & Sohn GmbH, Balingen,
Germany) t1–t3

N content in AGB Kjeltec 2300 device (Foss Analytical, Hillerød, Denmark) t1–t3 [45]
Root electrical capacitance (CR) VOLTCRAFT LCR 4080 (Conrad Electronic GmbH, Wels, Austria) t3 [44]

2.3.3. Statistical Data Analysis

The soils and plants were analyzed in STATISTICA 12 software [46] using Tukey’s
analysis of variance followed by testing at the 95% level of significance (p ≤ 0.05). Normality
and homogeneity of variances were checked using the Shapiro–Wilk test and Levene’s
test. In the case of the greenhouse pot experiment, the results are expressed as arithmetic
mean ± standard error (SE).

3. Results

Several mixtures (formulations) of fertilizer and filler materials were successfully
prepared by compressing powdered fertilizer (CAN) with filler materials (P3HB, struvite,
dried biomass containing P3HB) into pellets using a manual hydraulic press. The coating
was performed manually by dipping them six times in a beaker with a 6% coating solution
of P3HB in dioxolane.

3.1. Preliminary Tests of Coating Solutions

Dioxolane was finally chosen as a solvent for P3HB in the coating solution based on
preliminary tests that compared coating solutions of 6% P3HB in dioxolane, 7% P3HB in
chloroform with ethanol, and 6% P3HB in chloroform with amylene. A solution of 6%
P3HB in dioxolane was prepared for this test in an oven at 90–95 ◦C for 2 h (however, now,
we are able to reduce the time required to prepare the solution to only 25 min using stirred
autoclave with a heating jacket). Coating solutions of P3HB with chloroform were prepared
under reverse reflux at 65 ◦C for 1 h. Pellets prepared on a manual press composed of 50%
CAN + 50% P3HB were selected for preliminary coating solution tests. After preparing
the individual P3HB coating solutions, the pre-weighed pellets were soaked in beakers
with these individual solutions, pulled out after 2–5 s, and dried on glass material for at
least 30 min (under laboratory conditions). After each soaking and drying (coating layer
formation), the pellets were weighed again. Six layers of the coating were applied in this
way. The pellets were weighed again the next day to determine the final weight of the
pellets after applying six coats of coating to ensure all solvents were evaporated. For clarity,
we present the final evaluation of coating weights of the pellets after applying six layers of
coating (see Table 4) and the overall evaluation of individual coating solutions.

Table 4. Average coating weights (in%) and standard deviation of the weight of the original pellets
(n = 10) after applying six layers of coating.

Coating Solution Coating Weights of the Pellets (%)

7% P3HB in chloroform with ethanol 82.4 ± 4.6
6% P3HB in dioxolane 19.9 ± 1.5

6% P3HB in chloroform with amylene Failed to form an acceptable coating
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A solution of 7% P3HB in chloroform with ethanol seemed to be more gel-like. It
was harder to apply and evaporated more slowly but created a quality coating that did
not crack. Still, the resulting coating is too heavy. Boyandin et al. [23] acquired after the
application of 6 layers approx. 60% extra pellet weight. A solution of 6% P3HB in dioxolane
was applied well and quickly (lower viscosity), evaporated faster than chloroform, created
a quality coating that does not crack, and the significant advantage was that the resulting
6-times coating was only (19.9 ± 1.5)% of the weight of the original pellet. A solution of 6%
P3HB in chloroform with amylene was unusable; the solution was applied well at first, but
the coating cracked at the second layer and was highly defective (see Figure S1). Although
six-layer pellets were finally weighed, the resulting weight was irrelevant.

Although these individual solutions were not tested on a large number of pellets, the
differences were so significant that in terms of quality and weight of the formed 6-times
coating, a solution of 6% P3HB in dioxolane was a clear choice. A solution of 7% P3HB in
chloroform with ethanol also produced a quality coating. However, due to the enormous
weight of the applied coating (due to the high viscosity of the solution), this solution is
disadvantageous and not so well used for manual coating on a laboratory scale, even when
coating in a coating drum. Using a solution of P3HB in dioxolane, which has a suitable
viscosity, we achieved a high-quality multiple coating: only 20% of the extra coating weight
on the pellet is a significant improvement. Therefore, the solution of P3HB in dioxolane
was best for application; dioxolane evaporated the fastest, and the resulting 6-times coating
had excellent quality and the lowest weight. Legislative changes (Green Deal) have also
contributed to the choice of dioxolane as a coating solvent. The advantage is also lower
health risks when working with dioxolane. The disadvantages are its flammability and
high price compared with chloroform.

3.2. Slow-Release Fertilizers

Pellets of various formulations were successfully prepared on a hydraulic press for
further testing in aqueous and soil environments. These pellets contained CAN fertilizer,
P3HB, struvite, and biomass in different composition. Approximately 120 pellets for each
formulation were prepared. The pellets were coated manually with six layers using a
solution of P3HB in dioxolane. Schematic representation of coated pellets can be seen in
Figure 2 and coated pellets of different experimental formulations in Figure S2. Details of
the pellet preparation and coating process were already described in the experimental part.
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Figure 2. Schematic representation of coated pellets.

From each formulation, ten pellets were weighed before manual coating, and after
pellets were coated with six layers of P3HB coating in dioxolane. The weighing of the coated
pellets did not take place until the second day after manual coating so that the solvent
could evaporate. Table 5 presents the calculated arithmetic mean ± standard deviation
of the weight of the 6-fold coating applied to the pellets of different formulations (% of
the original weight of the pellets). The resulting 6-fold coating of P3HB in dioxolane had
finally even less weight than expected. In the case of pellets 50% P3HB with 50% CAN,
the coating was approx. 17% by weight of the original pellet. For pellets that contained
50% CAN + 25% P3HB + 25% struvite or 50% CAN + 50% biomass, the resulting coating
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had approx. 14% by weight of the original pellet. Finally, for pellets containing 100% CAN
fertilizer, the coating had only approximately 12% by weight of the original pellet.

Table 5. Calculated average weight (%, n = 10) and standard deviation of manually applied 6-fold
coating for all pellet formulations prepared on a hydraulic press.

Formulation
6-Fold Additional Coating Applied (% of

Original Pellet Weight, Average and
Standard Deviation)

100% CAN 11.9 ± 1.6
50% CAN + 50% P3HB 16.9 ± 2.5

50% CAN + 25% P3HB + 25% struvite 13.8 ± 2.8
50% CAN + 50% biomass 14.4 ± 2.4

3.3. Pellets Encapsulated in Foils

A special foil was used for the manual encapsulation of 0.5 g pellets with a composi-
tion of 50% CAN + 50% P3HB instead of coating (details described in Section 2). Pellets
were created on a hydraulic press in the laboratory, and an experimental biodegradable
film marked NR/75/267 (Manufacturer Panara Nitra, Slovakia, P3HB content 13%, thermo-
plastic starch TPS 22%) was used for encapsulation. The film achieves 50% decomposition
in the soil, measured on the basis of exhaled CO2 after 420 days. The biodegradability test
leading to the complete decomposition of the film has not yet been completed.

The first versions of the pellets with the starch-containing films were too permeable
in the weld. Foil welds were first solved by folding the foil and closing with a weld on
three sides. As it turned out, it was not possible to prepare a weld without a defect in the
corners. Therefore, the encapsulation geometry was changed to a circular shape. Thus, an
annular welding head was made to measure, which was electrically heated to a suitable
temperature close to the melting point of the film (approx. 160 ◦C). Both welded foils were
placed in the mating piece between the Teflon foils to prevent the molten foil from adhering
to the welding head and the mating piece. A defect-free connection around the entire pellet
was achieved by applying the appropriate pressure and time. Thus, 120 pellets with a
composition of 50% fertilizer CAN + 50% P3HB were encapsulated in the film for further
testing in aqueous and soil environments (see Figures S3 and S4).

3.4. The Nitrogen Release from Coated Fertilizer in the Aquatic Environment

Measuring the loss of fertilizer from the prepared defined carriers in the aquatic
environment (distilled water, laboratory conditions, conductometry method described in
the experimental part) provided us only an indicative prediction for the subsequent use of
fertilizers in the soil in terms of their “slow-release” quality. Nevertheless, it could early
on be deduced from these tests whether the pellets and their subsequent coating were
designed correctly in terms of their chemical composition and whether they were well
prepared and coated so that there would be a gradual release of nitrogen in the soil.

The compositions of the individual manually coated fertilizer formulations prepared
on a hydraulic press that were tested in the aqueous medium can be seen in Table 6. The
release of ammonium nitrate (AN) in the aqueous medium from our six-fold manually-
coated pellets (containing CAN fertilizer) was investigated by the conductometric method.
Figure 3 shows the results of the measurement completed on day 76.
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Table 6. The composition of six-fold manually coated fertilizer formulations prepared on a hydraulic
press and tested in the aqueous medium.

Composition of 6-Fold Manually Coated Fertilizer Pellets

CAN/P/B-C 50% CAN + 50% biomass + coating P3HB in dioxolane

CAN/P-C 50% CAN + 50% P3HB + coating P3HB in dioxolane

CAN/P/S-C 50% CAN + 25% P3HB + 25% struvite + coating P3HB in dioxolane

CAN-c 100% CAN + coating P3HB in dioxolane

CAN 100% CAN (positive reference)

CAN/P-bf 50% CAN + 50% P3HB + biodegradable polymeric film (encapsulation)
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Figure 3. Release of ammonium nitrate (AN) from pellets of different compositions in the aquatic
environment as a function of time. Total ammonium nitrate release in% is expressed as mean (n = 10),
and the error bars represent the standard deviation. CAN-c: 100% CAN with P3HB coating; CAN/P-c:
50% CAN + 50% P3HB with P3HB coating; CAN/P/S-c: 50% CAN + 25% P3HB + 25% struvite with
P3HB coating; CAN/P/B-c: 50% CAN + 50% biomass with P3HB coating; CAN/P-bf: 50% CAN +
50% P3HB encapsulated in biodegradable film; CAN: 100% CAN (positive reference).

As can be seen, all ammonium nitrate fertilizer was released immediately (in 1 h in the
aquatic environment) from the reference (100% CAN without coating). The rapid release of
fertilizer was also observed in coated pellets containing 100% CAN. Half of the AN was
released from these pellets after approximately 1.5 days and all in 6 days. The adhesion of
the 6-fold coating prepared on these pellets containing 100% CAN fertilizer was probably
not as great as for pellets containing P3HB in addition to the fertilizer.

The release of AN from the coated pellets containing struvite, biomass, and pellets
with foil instead of coating showed a similar course of fertilizer release. Half of the AN
was released from pellets containing struvite on day 53, from pellets containing biomass
approximately day 48, and from pellets with foil approximately day 49. However, at the
end of the measurement (day 76), all ammonium nitrate was released from the foil pellets,
while 95% of AN was released from the struvite-containing pellets and 85% of the AN from
the pellets containing biomass. Significantly, the least AN was released from coated pellets
containing 50% CAN and 50% P3HB. After 76 days, only 20% of the ammonium nitrate
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was released. The nitrogen ammonium release curve of the fertilizer has an almost linear
course in this interval (lag phase and linear phase [4]), which indicates a perfectly flawless
coating. This flawless coating could have been formed due to the high adhesion of the
P3HB coating (dissolved in dioxolane) to the pellets of this composition. This indicates
that P3HB inside the pellet is essential as an adhesion promotor. In this case, a well-made
coating acts as a polymer layer almost impermeable to water.

The results of water tests show that these pellets have the potential for the gradual
release of nitrogen even in the soil environment. It is also clear that for a quality coating
that adhered well to our pellets, it was necessary to add P3HB as an additive. On the 100%
CAN pellets without P3HB, no coating was formed that would withstand the action of
water for a long time. In comparison, the coating on the pellets containing 50% P3HB
showed high resistance even after 76 days in water.

3.5. Efect of Coated Fertilizers in Greenhouse Experiment

Based on the identified potential of the coated and encapsulated fertilizers under
aqueous test conditions, the pot vegetation experiment aimed to verify the effect of our
different fertilizer formulations on the development and growth of maize and the dynamics
of N release in the soil. The experiment took place in Mitscherlich’s vegetation pots in the
vegetation hall at the Mendel University Brno (Figure S5).

3.5.1. The Nitrogen Release from the Fertilizers in the Soil

During plant growth, soil sampling was performed at regular 3-week intervals to
determine the mineral nitrogen content (described in the experimental part). Based on
the content of mineral N (NH4

+ and NO3
−) determined in individual soil layers of the

pot (upper, middle, and bottom layer) over time, the effect of coating on the dynamics of
nitrogen release from our tested fertilizers was assessed.

In the first term (t1) of soil collection (3 weeks after sowing/fertilization), it is evident
that from uncoated fertilizer (CAN), nitrogen is released very quickly and leaches in the
lower layer of soil profile due to watering. The NH4

+ nitrogen supply in this treatment is
relatively low, which is a consequence of the rapid release of this form N from fertilizer
and its rapid nitrification (Figure S6a,b).

Coated fertilizers (CAN-c, CAN/P-c, CAN/P/S-c, and CAN/P/B-c) showed the
ability to gradually release N. This was evidenced by the significantly high contents of
ammonium N in the upper layer of the soil. In contrast with uncoated fertilizer (CAN),
NH4

+ was later released from modified coated fertilizers. The gradual release of N from
these fertilizers was also evidenced by the low content of nitrates in the lower soil layer
(Figure S6b). Its lowest values were reached in treatment with encapsulated fertilizer
CAN/P-bf. The hydrolysis of encapsulated fertilizer was slowed down, and thus, the
nitrification of the released NH4

+ did not occur so intensively). Thus, the CAN/P-bf
fertilizer (encapsulated pellets) showed the slowest N release. This is evidenced by the
content of ammonium N in the soil (all layers), which was statistically the lowest in this
treatment option.

The gradual nutrient release from coated fertilizers is evident in the soil analysis
results performed 6 weeks after sowing of maize (t2). The significantly highest NH4

+

content in the upper and middle soil layer was recorded for all treatments with coated
(CAN-c, CAN/P-c, CAN/P/S-c, and CAN/P/B-c) and encapsulated fertilizer CAN/P-
bf (Figure S7a). There was a quite change in the content of soil N, especially at CAN-c
(100% CAN with P3HB coating). The determined NH4

+ content was the lowest of the
coated fertilizers. This indicates its nitrification and horizontal shift (between t1 and t2).
In the treatment fertilized with uncoated fertilizer (CAN), the nitrogen released from the
fertilizer has long been uptake by plants or nitrified and leached into the lower layers,
as evidenced by the ammonium ion supply in the soil, which was at the level of the
non-fertilized treatment (CON-nf).
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The highest nitrate nitrogen content in the soil was also recorded in the upper and
middle part of the soil profile in treatments fertilized with coated fertilizers, especially
in treatments CAN/P/S-c, and CAN/P/B-c (Figure S7b). Its increased amount in the
soil is due to the gradual release of nitrates from coated CAN and gradual nitrification of
ammonium N. The content of nitrates in the lower soil layer was compared between the
treatments. If we compare this amount of NO3

− with the values found in the term t1 for
treatment CAN (79.6 mg/kg), the use of coated fertilizers significantly reduced the risk of
its leaching.

In soil analyses performed 9 weeks after sowing (t3), it is evident that the plants
depleted mineral nitrogen from the soil. This is evidenced by the very low contents of
the ammonium and nitrate forms of N in all soil layers (Figure S8a,b). However, for both
forms of acceptable nitrogen, there are apparent differences between the fertilizers used at
this time. The significantly highest supply of NH4

+ and NO3
− was found on treatments

fertilized with coated fertilizers (especially CAN/P/S-c, CAN/P/B-c) and encapsulated
fertilizer CAN/P-bf.

The dynamics of the release of the monitored forms of mineral nitrogen from fertilizers
are presented in Figure 4a,b. It is clear that coated fertilizers tend to retain nitrogen in the
soil (soil profile), delay its conversion into leachable N (nitrate), contribute to eliminating
its loss by leaching, and thus increase the efficiency of fertilization using nitrogen by plants.
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Figure 4. Development of ammonium (a) and nitrate (b) soil nitrogen content (mg/kg of soil) over
time. CAN-c: 100% CAN with P3HB coating; CAN/P-c: 50% CAN + 50% P3HB with P3HB coating;
CAN/P/S-c: 50% CAN + 25% P3HB + 25% struvite with P3HB coating; CAN/P/B-c: 50% CAN +
50% biomass with P3HB coating; CAN/P-bf: 50% CAN + 50% P3HB encapsulated in biodegradable
film; CAN: 100% CAN (positive reference); CON-nf: without fertilizer (negative reference).

3.5.2. Effect of Coated and Encapsulated Fertilizers on Plant Biomass of Maize

In addition to the nitrogen content in the soil, the effect of the tested fertilizers on
the production of plant matter and its quality was evaluated in a pot experiment. Plant
biomass production was evaluated based on the assessment of the dry weight of maize
plants in terms of t1–t3 and root system size (t3). Biomass quality was determined by
measuring chlorophyll content (N tester), development of vegetation index (NDVI), and
selected photosynthetic parameters during vegetation (t1–t3).
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Above-Ground Biomass Production and Root Size

The development of dry weight of maize aboveground biomass (AGB) production is
presented in Figure 5. The dry weight of AGB was not significantly affected by fertilization
in the initial stage (t1). No significant differences between the fertilized treatments were
found in other plant collection dates (t2 and t3) either. In this growth phase, the expected
reduction in dry matter of AGB on the nitrogen unfertilized treatment (CON-nf) was
confirmed. While the relatively highest dry matter yield of AGB was found on the CAN at
t2, at the end of the experiment (t3) the highest dry matter production was obtained on the
CAN/P/B-c coated fertilizer treatment.
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Figure 5. Dry matter weight of maize AGB (g/1 plant). The weights of AGB are expressed as mean
(n = 4); the error bars represent the standard deviation. Different letters above error bars denote
statistically significant differences among treatments using Tukey’s post hoc tests. CAN-c: 100% CAN
with P3HB coating; CAN/P-c: 50% CAN + 50% P3HB with P3HB coating; CAN/P/S-c: 50% CAN +
25% P3HB + 25% struvite with P3HB coating; CAN/P/B-c: 50% CAN + 50% biomass with P3HB
coating; CAN/P-bf: 50% CAN + 50% P3HB encapsulated in biodegradable film; CAN: 100% CAN
(positive reference); CON-nf: without fertilizer (negative reference).

The size (capacity) of the root system of maize plants was determined only at term
t3 using the so-called electric root capacity (CR). The CR values are presented in Figure 6.
The size of plant roots strongly correlates with the weight of AGB dry matter in a given
phase (r = 0.851; p < 0.001). The significantly highest value was reached in treatment with
relatively highest AGB production (CAN/P/B-c). On this variant, CR was 16.5% higher
compared to maize grown on the variant fertilized with CAN.
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Figure 6. The maize root system size (nF) determined by root electrical capacitance (CR). The values
of CR are expressed as mean (n = 4); the error bars represent the standard deviation. Different letters
above error bars denote statistically significant differences among treatments using Tukey’s post hoc
tests. CAN-c: 100% CAN with P3HB coating; CAN/P-c: 50% CAN + 50% P3HB with P3HB coating;
CAN/P/S-c: 50% CAN + 25% P3HB + 25% struvite with P3HB coating; CAN/P/B-c: 50% CAN +
50% biomass with P3HB coating; CAN/P-bf: 50% CAN + 50% P3HB encapsulated in biodegradable
film; CAN: 100% CAN (positive reference); CON-nf: without fertilizer (negative reference).

Nitrogen Content in Plant, Chlorophyll Content, NDVI, and Quant Yield of PSII

The nitrogen content determined in AGB of maize plants decreased logically over time
(t1 to t3). The effect of fertilizer application on its amount in tissues was observed mainly in
treatment CAN-c (see Table 7). The nitrogen content in plants was the significantly highest
in t1 and t2 after fertilization with this treatment. The nitrogen contents in the AGB of
maize plants were equal in the fertilized variants at the end of the experiment (t3). These
contents of N in plant correlate with the state of mineral N amount in the soil, especially
the NO3

− form (t1: r = 0.729, p < 0.001; t2: r = 0.753, p < 0.001; t3: r = 0.845, p < 0.001).
In addition to the N content in the AGB of maize plants, the normalized difference

vegetation index (NDVI) and chlorophyll content, expressed as N-tester value, were deter-
mined (Table 7). The amount of chlorophyll in the plants was also determined using a Yara
N-tester. N tester values significantly correlated with nitrogen contents in AGB (r = 0.740,
p < 0.001). Since the chlorophyll content in the plant is directly dependent on the amount
of nitrogen in the tissues, this fact can be explained by the gradual release of nutrients
from coated fertilizers in time and its relative deficiency in the later stages of growth (t3) in
plants fertilized with conventional, non-coated fertilizers. While in the terms t1 and t2, the
plants fertilized with uncoated CAN showed the significant highest N tester value, in the
term t3 the significant highest content of chlorophyll was found in treatments CAN/P-c,
CAN/P/S-c and CAN/P-bf.
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Table 7. Nitrogen content in the above-ground mass of maize plants (% DM), N tester value, NDVI,
and quantum yield of photosystem II (ΦPSII) in maize. The values represent the mean (n = 4) ±
standard deviation. Different letters denote statistically significant differences among treatments
using Tukey’s post hoc tests. CAN-c: 100% CAN with P3HB coating; CAN/P-c: 50% CAN + 50%
P3HB with P3HB coating; CAN/P/S-c: 50% CAN + 25% P3HB + 25% struvite with P3HB coating;
CAN/P/B-c: 50% CAN + 50% biomass with P3HB coating; CAN/P-bf: 50% CAN + 50% P3HB
encapsulated in biodegradable film; CAN: 100% CAN (positive reference); CON-nf: without fertilizer
(negative reference).

Term of
Measured Treatments N Content in AGB

(% of DM ± SD) N-Tester Value NDVI ΦPSII

t1

CAN-c 5.99 a ± 0.25 519 def ± 8 0.75 cdefgh ± 0.01 0.835 abc ± 0.006
CAN/P-c 5.81 ab ± 0.04 529 def ± 12 0.77 abcde ± 0.01 0.835 abc ± 0.006

CAN/P/S-c 5.70 ab ± 0.20 518 def ± 8 0.75 defgh ± 0.02 0.838 abc ± 0.005
CAN/P/B-c 5.58 bc ± 0.08 506 ef ± 7 0.76 abcdefg ± 0.02 0.825 abcd ± 0.006
CAN/P-bf 5.57 bc ± 0.07 506 ef ± 13 0.76 abcdefg ± 0.02 0.825 abcd ± 0.006

CAN 5.64 ab ± 0.06 565 abc ± 7 0.76 abcdefg ± 0.02 0.825 abcd ± 0.006
CON-nf 5.25 c ± 0.08 498 f ± 10 0.77 abcdef ± 0.01 0.833 abc ± 0.005

t2

CAN-c 3.54 d ± 0.25 574 ab ± 20 0.79 abcd ± 0.01 0.833 abc ± 0.005
CAN/P-c 3.32 de ± 0.13 538 cd ± 9 0.80 abc ± 0.01 0.840 ab ± 0.000

CAN/P/S-c 3.47 de ± 0.11 530 de ± 12 0.80 a ± 0.00 0.840 ab ± 0.008
CAN/P/B-c 3.30 de ± 0.16 543 bcd ± 16 0.80 ab ± 0.01 0.835 abc ± 0.013
CAN/P-bf 3.14 e ± 0.23 541 cd ± 9 0.79 abcd ± 0.01 0.843 a ± 0.005

CAN 3.29 de ± 0.12 579 a ± 3 0.78 abcd ± 0.02 0.825 abcd ± 0.010
CON-nf 1.48 f ± 0.20 397 g ± 13 0.75 bcdefg ± 0.02 0.830 abc ± 0.008

t3

CAN-c 1.57 f ± 0.04 366 hi ± 19 0.71 gh ± 0.02 0.823 abcd ± 0.010
CAN/P-c 1.50 f ± 0.04 405 g ± 7 0.71 gh ± 0.01 0.823 abcd ± 0.010

CAN/P/S-c 1.58 f ± 0.06 399 g ± 3 0.70 h ± 0.01 0.820 bcd ± 0.000
CAN/P/B-c 1.55 f ± 0.06 358 hi ± 23 0.73 efgh ± 0.02 0.818 cd ± 0.010
CAN/P-bf 1.62 f ± 0.06 388 gh ± 8 0.72 gh ± 0.01 0.823 abcd ± 0.013

CAN 1.52 f ± 0.06 350 i ± 7 0.72 fgh ± 0.00 0.808 de ± 0.010
CON-nf 0.80 g ± 0.04 249 j ± 8 0.62 i ± 0.05 0.790 e ± 0.008

A significant dependence was found between the measured values of N tester and
NDVI (r = 0.822, p < 0.001). However, fertilization did not have a significant effect on the
values of the vegetation index, as shown in Table 7.

Quantum yield of photosystem II (ΦPSII) is a measure of photosystem II (PSII) effi-
ciency and corresponds to the FV/FM ratio, where FV is the maximum variable chlorophyll
fluorescence yield in the light-adapted state and FM is the maximum chlorophyll fluo-
rescence yield in the light-adapted state. The quantum yield thus provides an accurate
estimate of photosynthetic activity. The value of ΦPSII was not significantly affected by
coated fertilizer fertilization (Table 7). The actual capacity of the PSII for photochemical
processes by availability of reaction centers of the photosystem II significantly corelated
with NDVI values (r = 0.713, p < 0.001). Nevertheless, its values at the end of the vegetation
(t3) were relatively highest in plants fertilized with coated and encapsulated fertilizers
(0.821), compared to the ΦPSI value on the CAN (0.808) and unfertilized treatment (0.790).

4. Discussion

Several controlled-release fertilizer formulations have been successfully prepared:
coated pellets containing CAN fertilizer and fillers that align with the circular econ-
omy’s intentions (fully biodegradable P3HB, struvite, and biomass). The behavior and
release dynamics of the fertilizer in aqueous environments and vegetation pot experiments
were tested.

Boyandin et al. [23] investigated the release of ammonium nitrate in an aqueous
medium in pellets with a 6-fold coating of P3HB in chloroform. Its pellets contained only
25% of ammonium nitrate, and the rest was made up of P3HB or other additives (wood
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flour). Testing in water in research lasted seven days. (18.3 ± 7.9)% of fertilizer was
released after seven days from its coated pellets containing ammonium nitrate and P3HB,
and (13.4 ± 7.9)% of fertilizer was released from its coated pellets also containing wood
flour. Our coated pellets containing fertilizer with 50% P3HB, or struvite, or biomass had
only 3.5–5.7% released ammonium nitrate after seven days. Pellets in foils released 11.5%
of ammonium nitrate. The differences in a more extended experiment would be even more
pronounced. In addition, we also achieved a small coating thickness on the pellets (approx.
12–17% of the weight of the original pellet for various formulations) due to using “green”
dioxolane as a P3HB solvent [22].

The release of fertilizer into water is also described, e.g., by Rashidzadeh and Olad [47].
Their slow-released NPK fertilizer, encapsulated by superabsorbent nanocomposite and pre-
pared via the in situ free radical polymerization of sodium alginate, acrylic acid, acrylamide,
and montmorillonite in the presence of fertilizer compounds, also possessed excellent slow-
release property. The release of fertilizer was 14.66% on the first day, 28.54% after one week,
and 57.66% after one month.

Our coated pellets containing 50% fertilizer with 50% P3HB showed excellent resis-
tance even after 76 days in water. After 76 days, only 20% of the ammonium nitrate was
released. According to a review of controlled-release fertilizers by Lawrencia et al. [4], such
fertilizer release in the water environment corresponds more to fertilizer with a synthetic
polymer-based coating than fertilizer with a natural polymer-based coating. We proved the
feasibility of P3HB as a filler and coating material. By adjusting filler content and coating
thickness, we could design the period of the agrochemical release from the formulation.
Effective P3HB coating could also be used for seed protection [48].

The pot experiment results proved coated CAN fertilizers as a possible option to
improve nutrient use efficiency, reduce nitrogen losses, and minimize environmental
pollution while providing nitrogen to plants more gradually during vegetation, which
is also described by several authors [9,49–52]. The release of nitrogen from coated CAN
fertilizers affected dynamic changes in the soil mineral N content during the vegetation
of maize. Contents of Nmin and its ionic forms (NO3

−, NH4
+) were determined in the

soil in three terms (t1–t3). Although enough of the available nitrogen can be essential for
direct plant consumption, the excessive content may inevitably increase its loss in soil [53].
One of the important aspects of coated fertilizers is the longevity of nutrient release at
optimal levels for plant uptake. The application of coated CAN fertilizers showed a positive
effect on the Nmin (NO3

−, NH4
+) release pattern, as seen in Figures S6–S8. The statistically

lowest values of nitrogen content in the soil in the t1 term were observed after CAN/Pbf
treatment, possibly because of the encapsulation, which slowed down the hydrolysis of
this fertilizer and resulted in more gradual nitrogen release. This fact possibly resulted in
slower nitrification and thereby reduced loss from leaching. Positive effects were found of
fertilizers coated with different types of polymers such as polyolefin [54,55], multiorganic
polymer, diamide of oxalic acid [55,56], and sulfur [57] on nitrate leaching. The results
obtained from t2 and t3 clearly demonstrate the effects of coated fertilizers: each treatment
provided a higher amount of nitrogen (both ammonia and nitrate) in comparison with
common uncoated CAN. Nitrogen after this treatment was taken up by the plants and
leached in the middle and lower layers of the soil, while the coated treatments continued
to provide both forms of nitrogen more gradually. One of the highest supplies of nitrogen
in both later terms was provided by coated treatments CAN/P/B-c and CAN/P/S-c; a
similar result was also provided by encapsulated treatment CAN/Pbf. Zheng et al. [58]
similarly describe the enhanced content of soil mineral nitrogen in later vegetation stages
after applying sulfur-coated fertilizers. Figure 4 describes the development of nitrogen in
the soil layers over time; a similar result with gradually increasing content of N in the top
layer while maintaining the high amount of nitrogen in the middle layer is also presented
by Xiao et al. [59]. Their controlled-release N fertilizer coated with paper-plastic composite
material (composed of paper and polyethylene) reduced nitrogen leaching and ammonia
evaporation from soil.
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The aboveground biomass of maize after fertilization with coated CAN treatments
was, as expected, higher in comparison with unfertilized treatment and comparable with
the treatment without coating (CAN). These results proved that coated fertilizers present
a potential alternative to common fertilizers, as their application has no negative effect
on yield while minimizing the environmental losses of nitrogen. The same conclusions
are presented by Škarpa et al. [60]. Trenkel [13] even describes the possibility of lowering
the application doses of coated fertilizers while achieving similar yields. Some authors
also describe increases in crop yields after coated fertilizer application [61–65]. After
the use of CRF fertilizers based on polyhydroxyalkanoate, a significant increase in total
fresh plant biomass was found compared with the quick-release NPK fertilizer [66]. In
our experiment, the increase in aboveground biomass was observed only in t3 after the
treatment CAN/P/B-c in comparison with uncoated CAN. A strong correlation between
aboveground biomass and root size was observed in our experiment. The highest value of
root size was measured on the treatment CAN/P/B-c with the highest biomass production.
The correlation between the nitrogen content (especially nitrate form) in the soil and N
content in the aboveground biomass of plants was observed, the same as the correlation
between nitrogen content in AGB and N-tester values. Similar findings were presented by
Koning et al. [67]. The content of chlorophyll plants is dependent on the amount of nitrogen
in the tissues [68]; these results can be explained by the gradual release of nitrogen from
coated treatment in time and its relative deficiency in the later stages of growth (t3) in plants
fertilized with conventional, non-coated fertilizers. Although the effect of fertilization was
not significant in terms of N-tester values and NDVI index, the coated treatment CAN/P/B-
c and encapsulated treatment CAN/Pbf provided one of the highest values, especially
in later terms of vegetation. A single pre-planting application of these controlled-release
fertilizers can fill a crop’s nutritional requirements throughout its growing season.

Our research on controlled-release fertilizers with biodegradable coating involved
coated formulations with urea and P3HB filler. We were able to prepare these pellets on
a quarter-operational pelletizing device and coat them in larger quantities in a coating
drum. This technology could be transferable to the industry. A careful study of the
biodegradation of these fertilizer formulations in soil and research into the long-term effect
on soil composition under field conditions will also be needed.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/polym14204323/s1. Figure S1: Six coating layers applied manually
to pellets composed of 50% P3HB with 50% CAN: coated with a solution of (a) 7% P3HB in chloroform
with ethanol, (b) 6% P3HB in dioxolane, (c) 6% P3HB in amylene; Figure S2: Manually-coated pellets
of different experimental formulations (prepared on a hydraulic press); Figure S3: Encapsulation of
pellets containing 50% CAN and 50% P3HB into a biodegradable film; Figure S4: The final appearance
of the encapsulated pellets; Figure S5: Grown maize in Mitscherlich vegetation pots in the rain shelter;
Figure S6: The ammonium (a) and nitrate (b) soil nitrogen content (mg/kg of soil) in the first term
(t1) of soil collection (3 weeks after sowing/fertilization). The nitrogen contents of the different soil
layers (up—upper, mi—middle, bo—bottom) are expressed as mean (n = 4); the error bars represent
the standard deviation. The mean values marked with an asterisk are significantly different (p ≤ 0.05)
from the treatment without coated (CAN) by the Tukey test (each of the soil layers was statistically
evaluated separately). CAN-c: 100% CAN with P3HB coating; CAN/P-c: 50% CAN + 50% P3HB with
P3HB coating; CAN/P/S-c: 50% CAN + 25% P3HB + 25% struvite with P3HB coating; CAN/P/B-c:
50% CAN + 50% biomass with P3HB coating; CAN/P-bf: 50% CAN + 50% P3HB encapsulated
in biodegradable film; CAN: 100% CAN (positive reference); CON-nf: without fertilizer (negative
reference); Figure S7: The ammonium a) and nitrate b) soil nitrogen content (mg/kg of soil) in the
second term (t2) of soil collection (6 weeks after sowing/fertilization). The nitrogen contents of the
different soil layers (up—upper, mi—middle, bo—bottom) are expressed as mean (n = 4); the error
bars represent the standard deviation. The mean values marked with an asterisk are significantly
different (p ≤ 0.05) from the treatment without coated (CAN) by the Tukey test (each of the soil
layers was statistically evaluated separately). CAN-c: 100% CAN with P3HB coating; CAN/P-c: 50%
CAN + 50% P3HB with P3HB coating; CAN/P/S-c: 50% CAN + 25% P3HB + 25% struvite with
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P3HB coating; CAN/P/B-c: 50% CAN + 50% biomass with P3HB coating; CAN/P-bf: 50% CAN
+ 50% P3HB encapsulated in biodegradable film; CAN: 100% CAN (positive reference); CON-nf:
without fertilizer (negative reference); Figure S8: The ammonium (a) and nitrate (b) soil nitrogen
content (mg/kg of soil) in the third term (t3) of soil collection (9 weeks after sowing/fertilization).
The nitrogen contents of the different soil layers (up—upper, mi—middle, bo—bottom) are expressed
as mean (n = 4), the error bars represent the standard deviation. The mean values marked with
an asterisk are significantly different (p ≤ 0.05) from the treatment without coated (CAN) by the
Tukey test (each of the soil layers was statistically evaluated separately). CAN-c: 100% CAN with
P3HB coating; CAN/P-c: 50% CAN + 50% P3HB with P3HB coating; CAN/P/S-c: 50% CAN + 25%
P3HB + 25% struvite with P3HB coating; CAN/P/B-c: 50% CAN + 50% biomass with P3HB coating;
CAN/P-bf: 50% CAN + 50% P3HB encapsulated in biodegradable film; CAN: 100% CAN (positive
reference); CON-nf: without fertilizer (negative reference).
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Abstract: Implantation failure due to bacterial infection incurs significant medical expenditure
annually, and treatment tends to be complicated. This study proposes a method to prevent bacterial
infection in implants using an antibiotic delivery system consisting of vancomycin loaded into
poly-L-lactic acid (PLLA) matrices. A thin layer of this antibiotic-containing polymer was formed
on stainless steel surfaces using a simple dip-coating method. SEM images of the polymeric layer
revealed a honeycomb structure of the PLLA network with the entrapment of vancomycin molecules
inside. In the in vitro release study, a rapid burst release was observed, followed by a sustained
release of vancomycin for approximately 3 days. To extend the release time, a drug-free topcoat of
PLLA was introduced to provide a diffusion resistance layer. As expected, the formulation with
the drug-free topcoat exhibited a significant extension of the release time to approximately three
weeks. Furthermore, the bonding strength between the double-layer polymer and the stainless
steel substrate, which was an important property reflecting the quality of the coating, significantly
increased compared to that of the single layer to the level that met the requirement for medical
coating applications. The release profile of vancomycin from the double-layer PLLA film was best
fitted with the Korsmeyer–Peppas model, indicating a combination of Fickian diffusion-controlled
release and a polymer relaxation mechanism. More importantly, the double-layer vancomycin-PLLA
coating exhibited antibacterial activity against S. aureus, as confirmed by the agar diffusion assay,
the bacterial survival assay, and the inhibition of bacterial surface colonization without being toxic
to normal cells (L929). Our results showed that the proposed antibiotic delivery system using the
double-layer PLLA coating is a promising solution to prevent bacterial infection that may occur after
orthopedic implantation.

Keywords: PLLA coating; orthopedic coating; vancomycin; antibacterial coating; controlled release;
double-layer coating; adhesive strength

1. Introduction

Implant-associated osteomyelitis is a common problem in orthopedic surgery and
is caused by bacterial infection, mostly from the Gram-positive bacterium Staphylococcus
aureus (S. aureus), leading to bone destruction and necrosis [1]. The standard treatment for
infections caused by implants consists of the removal of the infected implant, debridement
of damaged tissue, and long-term antibiotic administration [2]. However, systemic antibi-
otic therapy may not be effective, as the bacteria can adhere to the surface of the implant
and form a biofilm, preventing antibiotics from penetrating the infected area and causing
bacterial resistance toward antibiotic treatment [3]. Local antibiotic delivery using poly
(methyl methacrylate) (PMMA) or bone cement was then suggested. Although PMMA
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bone cements containing antibiotics are commercially available, many surgeons still manu-
ally mix antibiotics into PMMA during a revision procedure [4]. Only a limited amount of
antibiotics (approximately 10–15 wt%) is recommended to be loaded into PMMA cement,
as it can significantly compromise the mechanical strength of PMMA cement [5]. Another
major shortcoming of this method is its drug elution kinetics. An initial burst release of
antibiotic drugs from PMMA cement was observed in the first 4 h, followed by a steep
decrease until day 9 [6]. A burst release in drug delivery is undesirable, as it can lead to
a high antibiotic concentration at the target site, which can cause tissue toxicity [7]. In
addition, since PMMA is nonbiodegradable, a second surgery is required to remove the
bone cement, which could impair healing and increase treatment costs as well as patient
risk. Therefore, the development of prostheses with local antibiotic delivery in a controlled
manner could aid in successful infection management.

Recently, antibiotic delivery systems for alloy medical devices have been developed
to prevent bacterial infection. One approach is to permanently crosslink an antibiotic
drug onto a metal surface of an implant. A study by Martin Rottman et al., in which
vancomycin was tethered on titanium discs, showed that the tethered discs displayed
satisfactory outcomes to inhibit bacterial growth [8]. However, since the drug molecules are
permanently fixed to the metal surface, they are not able to diffuse to the adjacent tissues or
to body fluids through the biofilm [9]. In addition, the antimicrobial activity of the active
agents can be lost due to irreversible binding to bacteria, making the antibiotic surface
spent [10].

The concept of antibiotic release coatings was proposed to reduce bacterial adhesion
and avoid biofilm formation on implant surfaces. In this technology, antimicrobial com-
pounds are mixed with polymeric materials (biodegradable or nonbiodegradable) and
deposited on the surface of an implant by impregnation, physical adsorption, conjugation or
complexation [11]. The clear advantage of this method is that the polymer used for coating
can be tailored to control the release of a drug molecule at a desired rate and duration [12].
One of the most commonly used polymers in medical applications as an antibiotic carrier
is polylactic acid-based polymer (PLA) because of its biodegradable properties and its ap-
proval by the FDA for use in medical devices [13]. PLA exists in three forms: poly(L-lactic
acid) (PLLA), poly(D-lactic acid) (PDLA), and their racemic mixture, poly(DL-lactic acid)
(PDLLA). While both are semi-crystalline, PLLA exhibits higher crystallinity than PDLA,
leading to better chemical stability, more structural integrity and a slower degradation rate,
which is suitable for use in drug delivery applications [14,15]. More importantly, PLLA
degrades to L-lactic acid, which is the only form of lactic acid already produced by humans
and mammals. On the other hand, D-lactic acid, the by-product of PDLA degradation, can
cause health problems [16]. These properties make PLLA attractive for use with orthopedic
implants due to its high tensile strength, which can withstand the mechanical loading
applied in implant applications.

Although PLA-based coatings have already been studied by various groups to deliver
a variety of antibiotic active agents [17,18], the isoforms of these coatings have not been
specified. Different PLA stereoisomers possess different characteristics, specifically the
degree of crystallinity, which directly affects their degradation rates, leading to entirely
different drug release behaviors from the polymer matrix [19]. Another important character-
istic of drug delivery coatings that has rarely been studied is the adhesion strength between
the coatings and the substrates. Not only does the adhesion strength reveal the ability of
the coating to withstand the process of implantation, it also controls the performance and
outcome of any coated orthopedic implants [20]. The separation of the coating from the
substrate, either by cracking or delamination, can lead to decreased levels of drug release
and poor performance of the drug delivery system.

In this study, a controlled release system using double-layer PLLA for antibiotic
delivery from a metal implant was developed. Vancomycin, a commonly used antibiotic to
treat osteomyelitis [21], was selected as an antibiotic drug model in this study. A dip coating
method was used to fabricate the drug-containing PLLA film with a drug-free topcoat
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on stainless steel with prolonged drug release. A mathematical model was developed to
predict and understand the mechanism of vancomycin release from the double-layer PLLA
system. In addition, the bonding strength between the polymer layer and the stainless steel
substrate was evaluated. The antibiotic activities against S. aureus and the biocompatibility
of the vancomycin-PLLA delivery system were also investigated.

2. Materials and Methods
2.1. Coating of Vancomycin-PLLA on Stainless Steel Plates

A 316 L stainless steel sheet purchased from a local supplier was cut to a size of
3 cm × 3 cm using an electrical discharge machining (EDM) wire cut. Abrasive scrubbing
was employed to ensure a smooth surface, followed by immersion in 65% nitric acid at
60 ± 5 ◦C for 30 min.

Vancomycin hydrochloride powder (Siam Bheasach, Bangkok, Thailand) and PLLA
(5 dL/g pellets, M.W. ~325,000–460,000), supplied by Polysciences, Warrington, PA, USA,
were mixed at a ratio of 1:5 by weight using dichloromethane (Sigma-Aldrich, Singapore)
as a solvent. The concentration of vancomycin was maintained at 10 mg/mL for all
experiments. The completely mixed solution was used for coating immediately. The
pretreated stainless steel plates were dipped vertically in the polymer solution using
forceps. The thickness of the coating was controlled by an immersion duration of 10 s with
15 s of withdrawal time. The coated plates were then dried in a vacuum oven at 37 ◦C for
24 h. To determine the loading of vancomycin in the PLLA coating, stainless steel substrates
were weighed before and after the coating procedure. The amount of vancomycin in the
coating was calculated according to the formulation of the PLLA solution. To fabricate
a drug-free topcoat, the vancomycin-polymer-coated plates were dipped into the PLLA
solution without vancomycin as described previously. Afterwards, the plates were dried in
a vacuum at 37 ◦C for an additional 24 h. A schematic diagram of the preparation procedure
for the double-layer PLLA coating is presented in Supplementary Materials Figure S1.

2.2. Characterization of the Vancomycin-Loaded PLLA Coating
2.2.1. Morphology and Thickness

Both the surface morphologies and the cross-section of the coating were observed
using a scanning electron microscope (SEM, JEOL, JSM-6610LV, USA). Image analysis
software (ImageJ, NIH) was used to estimate the average pore diameter and thickness.
The degree of uniformity was indicated by a coefficient of variance (%CV), as shown in
Equation (1):

%CV =
SDd
dave

× 100 (1)

where dave is the average thickness of the coating and SDd is the standard deviation of the
thicknesses of the coating.

The dispersion of vancomycin in the PLLA matrix was investigated using elemental
mapping of chlorine atoms, as chlorine was only present in vancomycin.

2.2.2. Adhesive Strength between the Vancomycin-PLLA Layer and Stainless Steel Substrate

The adhesive strength of the coating was measured by a universal tensile testing
machine (SHIMADZU, AG-X, Japan). The test method was modified from ASTM D5179-16,
a standard test method for measuring the adhesion of organic coatings in the laboratory by
the direct tensile method [22]. The one-sided-coated stainless steel plate was attached to
the holder using Epoxy-2216 Gray. The samples were heated to 60 ◦C for 10 min and left at
room temperature for at least 24 h to accelerate the curing process. The test was carried out
at a pulling rate of 0.5 mm/min under dry conditions at room temperature and terminated
at the point of coating separation.
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2.3. In Vitro Release of Vancomycin

The coated plates were immersed in simulated body fluid (SBF) to simulate the human
body’s condition and placed in a 37 ◦C incubator. The composition and preparation of SBF
are described in Supplementary Materials Table S1. SBF solution was removed every hour
and replenished with an equal volume of fresh SBF solution. The amount of vancomycin
released was analyzed and fitted to various kinetic models.

The concentration of vancomycin was determined by the colorimetric method de-
scribed by Fooks, J. R. et al. [23]. The sample containing vancomycin was treated with 5%
sodium carbonate solution and 25% Folin–Ciocalteu reagent at a ratio of 2:2:1 by volume.
Next, sonication was used to homogenize the solution. Color development occurred after
the addition of the Folin–Ciocalteu reagent. Because the color intensity changed over time,
the absorbance of the sample at a wavelength of 725 nm had to be measured two hours after
the reaction for signal stability. The calibration curve between vancomycin concentration
and its absorbance is shown in Supplementary Materials Figure S2.

2.4. Antibacterial Activity

The methods to test the antibacterial activity of the polymeric controlled release system
using a survival assay and an agar diffusion assay were modified from Ordikhani et al. [24].
The test samples were 3 m × 3 cm stainless steel plates coated with vancomycin-PLLA,
drug-free PLLA as a negative control, and a 10 mg/mL vancomycin solution-immersed
paper filter as a positive control. The surfaces of these samples were sterilized by 70%
ethanol, according to the protocol by Graziano et al. [25] Briefly, 70% ethanol was applied
directly on all the sample surfaces, with a period of contact of at least 10 s, before being
wiped clean with a sterile cloth. This process was repeated 3 times to ensure that there was
no contamination. For the survival assay, S. aureus (ATCC25923) was inoculated in nutrient
broth at 37 ◦C overnight. Five hundred microliters of S. aureus bacterial suspension at
5.0 × 105 CFU/mL was dropped on the coated plate samples and incubated at 37 ◦C. After
12 h of incubation, 100 µL of the exposed culture was serially diluted, plated on nutrient
agar, and incubated overnight at 37 ◦C to determine the residual bacteria. The CFUs of the
surviving bacteria were counted, and the bacterial reduction percentage was calculated,
according to Equation (2).

%Reduction =
B− A

B
× 100 (2)

where B is the initial concentration of bacteria and A is the concentration of bacteria after
12 h of incubation.

In the agar diffusion assay, S. aureus bacteria at a density of 3.8 × 1010 CFU/mL were
applied uniformly to an agar plate and further incubated for two hours. The coated plate
samples, as described previously, were placed on the surface of each plate. After 24 h at
37 ◦C incubation, the average inhibition area was calculated with three replications. The
equivalent diameter (Deq) of inhibition was calculated as in Equation (3).

Deq =

√
π·Area

4
(3)

The relative percentage of inhibition was calculated using Equation (4), where Deq+ is
the equivalent diameter of inhibition of the positive control. In this study, the control was a
10 mg/mL vancomycin solution-immersed paper filter.

Relative Percentage of Inhibition =
Deq,sample

Deq,+
× 100 (4)

Another antibacterial activity was crystal violet staining to study bacterial attachment
to substrate surfaces. S. aureus was grown overnight in trypticase soy broth (TSB) at 37 ◦C
and 200 rpm. Bacterial cells were collected by centrifugation at 10,000× g for three minutes
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and resuspended in normal saline solution (0.85% NaCl) to a final cell concentration of
108 CFU/mL (OD600 = 0.08–0.12). The cell suspensions were 100-fold diluted in TSB to
a final cell concentration of 106 CFU/mL. Next, the broth was poured into Petri dishes
containing samples and incubated at 37 ◦C for 24 h without shaking. The assay was
performed in parallel with negative controls, which were an uncoated stainless steel plate
and a PLLA-coated stainless steel plate without vancomycin. After incubation, the bacterial
culture was removed by pipetting, and the samples were rinsed with PBS to remove
planktonic cells. The contact surfaces were stained with 0.1% aqueous crystal violet for
30 min at room temperature. Bacterial colonization was determined by the presence of the
violet color on the contact surface.

2.5. Cytotoxicity Study

The biocompatibility of the vancomycin-loaded PLLA coating was evaluated following
the protocol of ISO-10993-5 [26] using the MTT assay. In this study, 3× 3 cm2 plain stainless
steel plates, PLLA with and without vancomycin coated on stainless steel plates, were
sterilized using 70% ethanol, as previously described, before being incubated in Dulbecco’s
modified Eagle’s medium (DMEM) with low glucose (Sigma Aldrich, St. Louis, MO, USA)
for 24 h at 37 ◦C. L929 mouse fibroblast cells (Mouse C3H/An) were seeded on a 96-well
plate at a density of 10,000 cells/well and allowed to grow until confluence overnight.
Afterwards, 100 µL of the media previously incubated with the test samples was added
to monolayers of confluent L929 cells and further incubated for another 24 h. The cells
cultured in growth medium served as a positive control, while the cells treated with 1%
phenol served as a negative control. After 24 h of incubation, the spent medium was
discarded and replaced with MTT solution according to the manufacturer’s instructions
(Thermo Fisher Scientific, Waltham, MA, USA). The absorbance of dissolved formazan
salt was measured at 570 nm (Infinite® 200 Tecan, Grödig, Austria). The cell viability is
presented as a percentage of the control cells, as shown in Equation (5).

Cell Viability (%) =
Absorbance at 570 nm o f the treated sample
Absorbance at 570 nm o f the control sample

× 100 (5)

2.6. Statistical Analysis

Data are presented as the mean ± standard deviation (SD). All results were analyzed
by an unpaired t test. A statistically significant difference was defined at a 95% confidence
level (p < 0.05).

3. Results and Discussion
3.1. Characterization of the Vancomycin-Loaded PLLA Coating

Fabrication of polymeric coatings can be achieved using various techniques, including
dip coating, spin coating, spray coating, and solvent casting. Among these methods, dip
coating is the most commonly used in laboratories and industries because of its simplicity,
cost-effectiveness, reliability and reproducibility [27]. This method is especially useful for
researchers to quickly and inexpensively optimize processing parameters for their studies.
The thickness of the films fabricated by dip coating can be controlled with the duration of
immersion, speed of withdrawal, and rheological properties of the coating solution [28].

The PLLA coating in this study appeared opaque and was uniformly distributed on
the surface of the stainless steel. According to Figure 1, the SEM images of the PLLA coating
on stainless steel without vancomycin (Figure 1A,B) show a honeycomb network of the
polymer with pore sizes of 14.85 ± 3.07 µm. The formation of the honeycomb structure,
previously explained by Escalé, L. et al. [29], began with the rapid evaporation of the organic
solvent causing a quick temperature drop at the surface under the dew point, leading to fast
condensation of water vapor into water droplets on the cold surface. The water droplets
were, then, self-organized into an ordered hexagonal lattice. In a solution with a thermal
gradient, the convection flow promoted the regular stacking of the water droplets. After
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the evaporation of both organic solvent and water droplets was completed, a polymer film
was formed with an organized pattern of small pores, which were previously occupied
by water droplets. Factors influencing the formation and morphology of a honeycomb
structure include the relative humidity, volatility of solvents, air velocity, and polymer
concentration [30]. For example, the pore size can be decreased with an increase in the
polymer concentration due to less space for water droplets to occupy, while a low air
velocity results in a larger pore diameter.

Polymers 2022, 14, x FOR PEER REVIEW 6 of 18 
 

 

The PLLA coating in this study appeared opaque and was uniformly distributed on 
the surface of the stainless steel. According to Figure 1, the SEM images of the PLLA coat-
ing on stainless steel without vancomycin (Figure 1A,B) show a honeycomb network of 
the polymer with pore sizes of 14.85 ± 3.07 μm. The formation of the honeycomb structure, 
previously explained by Escalé, L. et al. [29], began with the rapid evaporation of the or-
ganic solvent causing a quick temperature drop at the surface under the dew point, lead-
ing to fast condensation of water vapor into water droplets on the cold surface. The water 
droplets were, then, self-organized into an ordered hexagonal lattice. In a solution with a 
thermal gradient, the convection flow promoted the regular stacking of the water drop-
lets. After the evaporation of both organic solvent and water droplets was completed, a 
polymer film was formed with an organized pattern of small pores, which were previ-
ously occupied by water droplets. Factors influencing the formation and morphology of 
a honeycomb structure include the relative humidity, volatility of solvents, air velocity, 
and polymer concentration. [30] For example, the pore size can be decreased with an in-
crease in the polymer concentration due to less space for water droplets to occupy, while 
a low air velocity results in a larger pore diameter. 

 
Figure 1. SEM images of the PLLA-coated layer: top view at (A) 50× and (B) 500×, and (C) cross-
sectional view at 500× (the scale bars represent 500 μ, 50, and 10 μm, respectively). SEM images for 
the PLLA-coated layer containing vancomycin: top view at (D) 50× and (E) 500×, and (F) cross-sec-
tional view at 500× (the scale bars represent 500, 50, and 10 μm, respectively). 

The cross-sectional view revealed that the polymer had uniform thickness (Figure 
1C), as confirmed by % CV in Table 1. When vancomycin was incorporated into the sys-
tem, uniformly distributed drug particles were observed on the polymer surface (Figure 
1D). When focusing on each drug particle, it was found that the particles did not incorpo-
rate themselves into the polymer network but rather were trapped inside the polymer 
layer (Figure 1E). This was confirmed by a cross-sectional view in which the vancomycin 
molecules filled in the space within the PLLA network structure, resulting in a denser 
matrix (Figure 1F). The porous network of PLLA remained the same, with an average pore 
size of 12.43 ± 4.08 μm. Judging from a cross-sectional view (Figure 1C,F), vancomycin 
clearly did not affect the average thickness of the coating, but the uniformity of the coat-
ing’s thickness decreased, which was indicated by an increase in the coefficient of variance 
(Table 1). As the porous network of PLLA remained unchanged, it indicated that vanco-
mycin did not interfere with the microscopic structure of the polymer. This was possibly 
because of the immiscibility of the hydrophobic PLLA and hydrophilic vancomycin mol-
ecules [31]. One of the important factors for long-term drug release is the hydrophobicity 
of the matrix, which provides a significantly slow degradation rate [32]. The loading of 

Figure 1. SEM images of the PLLA-coated layer: top view at (A) 50× and (B) 500×, and (C) cross-
sectional view at 500× (the scale bars represent 500 µ, 50, and 10 µm, respectively). SEM images for the
PLLA-coated layer containing vancomycin: top view at (D) 50× and (E) 500×, and (F) cross-sectional
view at 500× (the scale bars represent 500, 50, and 10 µm, respectively).

The cross-sectional view revealed that the polymer had uniform thickness (Figure 1C),
as confirmed by %CV in Table 1. When vancomycin was incorporated into the system, uni-
formly distributed drug particles were observed on the polymer surface (Figure 1D). When
focusing on each drug particle, it was found that the particles did not incorporate themselves
into the polymer network but rather were trapped inside the polymer layer (Figure 1E).
This was confirmed by a cross-sectional view in which the vancomycin molecules filled in
the space within the PLLA network structure, resulting in a denser matrix (Figure 1F). The
porous network of PLLA remained the same, with an average pore size of 12.43 ± 4.08 µm.
Judging from a cross-sectional view (Figure 1C,F), vancomycin clearly did not affect the
average thickness of the coating, but the uniformity of the coating’s thickness decreased,
which was indicated by an increase in the coefficient of variance (Table 1). As the porous
network of PLLA remained unchanged, it indicated that vancomycin did not interfere with
the microscopic structure of the polymer. This was possibly because of the immiscibility of
the hydrophobic PLLA and hydrophilic vancomycin molecules [31]. One of the important
factors for long-term drug release is the hydrophobicity of the matrix, which provides a
significantly slow degradation rate [32]. The loading of vancomycin into the PLLA coating
was measured to be 0.57 ± 0.07 mg/cm2. The amount of vancomycin loaded in the PLLA
coating in this study was consistent with other studies using different polymer matrices,
which demonstrated successful outcomes in treating bacterial infection [33,34].

The SEM images of the PLLA-vancomycin layer with a drug-free topcoat (Figure 2A)
show a morphology similar to that of the coating of the PLLA network (Figure 1B). The
drug particles were not easily seen from the top view due to the topcoat. In the cross-
sectional view, a clear interface between the base layer and the topcoat could not be seen,
possibly because the coating redissolved into the solvent during the second coating process,
resulting in no clear interface between the two layers (Figure 2B). The thickness of the
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coating was found to be 54.09 ± 3.46 µm, which consisted of 41.35 ± 2.53 µm of the base
vancomycin-PLLA layer and 12.74 ± 0.93 µm of the drug-free PLLA topcoat. According
to the %CV, adding the drug-free topcoat remarkably improved the thickness uniformity
from that of the PLLA containing vancomycin coating.

Table 1. Thickness of the PLLA films and their coefficients of variance.

Formulation Average
Thickness (µm)

Coefficient of
Variance (%)

PLLA coating 44.57 ± 2.51 5.63
Vancomycin-PLLA coating 44.43 ± 10.13 22.79
Vancomycin-PLLA coating with a drug-free topcoat 54.09 ± 3.46 6.39
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Figure 2. SEM images of the PLLA layer containing vancomycin with the drug-free topcoat: (A) top
view at 500×, and (B) cross-sectional view at 500× (scale bars represent 50 µm).

The adhesive bond strength between the coating layer and the substrate is a major con-
sideration in practice. The detachment of the coating from the substrate incurs unpleasant
effects on the implants and the surrounding tissue [35,36]. The adhesion strengths between
the coating and the stainless steel substrate determined by the direct tensile method are
reported in Table 2. The bonding strength between the PLLA coating and a stainless steel
substrate was 1.80 ± 0.49 MPa. The adhesion strength between the PLLA coating loaded
with vancomycin and a stainless steel substrate was 1.87 ± 0.45 MPa, which was not signif-
icantly different from that of the PLLA coating without vancomycin. The bond strength
between the PLLA layer and the stainless steel substrate in this study was of the same
level as the bond strength between PLLA and metallic magnesium [37,38]. However, the
double-layer PLLA coating with a topcoat exhibited a considerably higher bonding strength,
which exceeded the epoxy strength (approximately 5 MPa). This could be explained by
the longer processing time of the coating. Similar to the study by Morris B., an increase in
the processing time reduced the stress within the coating layer, leading to a thicker film
and stronger bond strength [39,40]. Although there is currently no ISO requirement for
orthopedic implant coatings, the requirement for dental implant coatings can be used as
a reference. According to ISO 10477, the adhesive bond strength at the interface between
biocomposites and substrate should be greater than 5 MPa [41]. Only the adhesive bond
strength of the vancomycin-PLLA coating with a topcoat met the ISO requirement. The
topcoat layer clearly produced a stronger and more durable bond with the metal substrate,
leading to the long-term reliability of the coating in implant applications.
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Table 2. Bonding strength between the polymeric coatings and stainless steel substrates using a direct
tensile method.

Sample Bonding Strength (MPa)

PLLA coating and stainless steel 1.80 ± 0.49
Vancomycin-PLLA coating and stainless steel 1.87 ± 0.45
Vancomycin-PLLA coating with a topcoat and stainless steel >5 MPa

3.2. Release Profile and Release Mechanism of Vancomycin from the PLLA Coating

The in vitro cumulative release of vancomycin from PLLA-coated stainless steel was
investigated for up to 72 h (Figure 3A). The release profile of vancomycin shows a sudden
burst release of approximately 95% of the total release in the first 12 h. After 72 h, there was
no noticeable amount of vancomycin released into the receiving medium. The cumulative
amount of vancomycin released from the system was calculated to be approximately 55%
of the amount of vancomycin loaded. To investigate the kinetics of the drug release, several
theoretical and empirical models were used to fit the experimental release data up to 24 h,
as the amount of vancomycin release after 24 h was considered negligible. Table 3 shows
the equations, rate constants (k) and exponents (n) of several selected kinetic models with
their coefficients of determination (R2) to evaluate the goodness of fit of different models.
The release data of vancomycin from the PLLA coating fit best with the Korsmeyer–Peppas
kinetic model, with the highest coefficient of determination (R2) close to 0.99. Using the
Korsmeyer–Peppas model, the initial release rate of vancomycin during the burst release
period in the first six hours was calculated to be 1.6 mg/h with a calculated release exponent
(n) of 0.21.
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Figure 3. Release profiles of vancomycin from (A) a single PLLA layer and (B) double layer of PLLA
with a drug-free topcoat.

A drug-free PLLA topcoat was added to the existing vancomycin-PLLA coating to
extend the drug release, as shown in Figure 3B. No initial burst release was observed
from the double-layer coating. In the first 2 days, the initial release rate was reduced
from 1600 µg/h in the single-layer vancomycin-PLLA coating to 50 µg/h with another
layer of drug-free PLLA topcoat (double layer), which was an approximately 95% reduc-
tion. Furthermore, the release duration was remarkably extended to longer than 20 days.
Postoperative bacterial infection leading to acute osteomyelitis typically occurs within
2 weeks [42]. The administration of antibiotics was recommended for the first three weeks
after the surgery [43]. The current vancomycin release duration would be able to treat an
early bacterial infection, which could subsequently prevent osteomyelitis.

Elemental mapping of chlorine was performed to track the location of the vancomycin
molecules and allow for the observation of vancomycin dispersion in the polymer matrix
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before and after the release experiment. Figure 4A displays the uniform dispersion of
vancomycin in the polymer system before the in vitro release study. The cross-sectional
view confirmed that the vancomycin molecules were entrapped under the layer of the
PLLA matrix (Figure 4B). After immersion in the release medium for three weeks, chlorine
element mapping illustrated a significant change in the vancomycin density in the polymer
matrix (Figure 4C). Significantly less vancomycin was observed in the PLLA layer after three
weeks, and the vancomycin molecules were mostly located near the surface of the coating.

Table 3. Equations and parameters of the theoretical and empirical kinetics models for the
vancomycin-PLLA coatings: single layer and double layer.

Model Equation Vancomycin-PLLA Coating Vancomycin-PLLA Coating
with a Drug-Free Topcoat

K n R2 k n R2

Zero order Mt
M∞

= k0t 0.0702 - 0.7284 0.0032 - 0.3945
First- order Mt

M∞
= 1− e−k1t 0.2253 - 0.9191 0.0096 - 0.9744

Higuchi Mt
M∞

= kH
√

t 0.2882 - 0.9401 0.0557 - 0.9689
Korsmeyer–Peppas Mt

M∞
= ktn 0.315 0.206 0.9907 0.049 0.54 0.9995

Note: where Mt is the cumulative mass of an active agent in the receiving medium over time t; M∞ is the total
mass of the active agent in the receiving medium at time ∞; k0, k1, kH and k are the release constants for the
zero-order, first-order, Higuchi, and Korsmeyer–Peppas models, respectively; and n is the release exponent.

Polymers 2022, 14, x FOR PEER REVIEW 9 of 18 
 

 

Table 3. Equations and parameters of the theoretical and empirical kinetics models for the vanco-
mycin-PLLA coatings: single layer and double layer. 

Model Equation 
Vancomycin-PLLA Coating 

Vancomycin-PLLA Coating 
with a Drug-Free Topcoat 

K n R2 k n R2 

Zero order 0
tM k t

M∞

=  0.0702 - 0.7284 0.0032 - 0.3945 

First- order 11 k ttM e
M

−

∞

= − 0.2253 - 0.9191 0.0096 - 0.9744 

Higuchi t
H

M k t
M∞

=  0.2882 - 0.9401 0.0557 - 0.9689 

Korsmeyer–Peppas 
nt kt

M
M =

∞

 0.315 0.206 0.9907 0.049 0.54 0.9995 

Note: where Mt is the cumulative mass of an active agent in the receiving medium over time t; M∞ 
is the total mass of the active agent in the receiving medium at time ∞; k0, k1, kH and k are the release 
constants for the zero-order, first-order, Higuchi, and Korsmeyer–Peppas models, respectively; and 
n is the release exponent. 

A drug-free PLLA topcoat was added to the existing vancomycin-PLLA coating to 
extend the drug release, as shown in Figure 3B. No initial burst release was observed from 
the double-layer coating. In the first 2 days, the initial release rate was reduced from 1600 
μg/h in the single-layer vancomycin-PLLA coating to 50 μg/h with another layer of drug-
free PLLA topcoat (double layer), which was an approximately 95% reduction. Further-
more, the release duration was remarkably extended to longer than 20 days. Postoperative 
bacterial infection leading to acute osteomyelitis typically occurs within 2 weeks [42]. The 
administration of antibiotics was recommended for the first three weeks after the surgery 
[43]. The current vancomycin release duration would be able to treat an early bacterial 
infection, which could subsequently prevent osteomyelitis.  

Elemental mapping of chlorine was performed to track the location of the vancomy-
cin molecules and allow for the observation of vancomycin dispersion in the polymer ma-
trix before and after the release experiment. Figure 4A displays the uniform dispersion of 
vancomycin in the polymer system before the in vitro release study. The cross-sectional 
view confirmed that the vancomycin molecules were entrapped under the layer of the 
PLLA matrix (Figure 4B). After immersion in the release medium for three weeks, chlorine 
element mapping illustrated a significant change in the vancomycin density in the poly-
mer matrix (Figure 4C). Significantly less vancomycin was observed in the PLLA layer 
after three weeks, and the vancomycin molecules were mostly located near the surface of 
the coating. 

 
Figure 4. Chlorine elemental mapping of the PLLA layer containing vancomycin before the in vitro 
release experiment: (A) top view and (B) cross-sectional view, and (C) the cross-sectional view of 
PLLA containing vancomycin after 3 weeks in SBF (the scale bars represent 100 μm). 

Figure 4. Chlorine elemental mapping of the PLLA layer containing vancomycin before the in vitro
release experiment: (A) top view and (B) cross-sectional view, and (C) the cross-sectional view of
PLLA containing vancomycin after 3 weeks in SBF (the scale bars represent 100 µm).

To further investigate the release mechanism of vancomycin from the PLLA layer with
the drug-free topcoat, the experimental data from Figure 3B were fitted with the same
release kinetic models. According to Table 3, based on the coefficient of determination (R2),
the experimental data would fit best with the Korsmeyer–Peppas model with an exponent
of 0.54 (n = 0.54).

In the Korsmeyer–Peppas kinetic model, the exponent n is used to characterize the
mechanism of drug release. For a thin film, n < 0.5 corresponds to a Fickian diffusion
mechanism, 0.5 < n < 1 to non-Fickian transport, and n > 1 to case II transport or zero
order release [44]. Since the release exponent of the formulation without a topcoat was
less than 0.5, the release mechanism of vancomycin from the PLLA coating was thought to
be Fickian diffusion, in which the release of an active compound depended on the drug
content in the system. At the earlier stage, the vancomycin content was high, leading to
the presence of burst release. The release rate was significantly lower after the reduction
in the vancomycin content in the system. As shown by element mapping of chlorine in
Figure 4, it is believed that the movement of the vancomycin molecules was controlled by
the concentration gradient driving force [40]. This phenomenon implied that vancomycin
diffused through the polymer matrix toward the surface of the PLLA coating and was
released into the receiving medium.
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Typically, a burst release in a drug delivery system is undesirable and cannot be used
for a long-term release scenario, not to mention the toxic side effects due to the high initial
concentration of a drug, leading to a decrease in the efficiency of the drug delivery system.
In this study, the initial burst release of vancomycin from the PLLA layer was observed in
the first 12 h, resulting in the released concentration being far above its minimum inhibitory
concentration (MIC), which was approximately 2 µg/mL [45]. Too high a concentration of
an antibiotic drug in the first twelve hours may be toxic to human cells [46]. Therefore, the
release rate of vancomycin must be reduced to achieve the sustained drug delivery goal.
Because the release mechanism is diffusion controlled, the release rate can be reduced by
adding mass transfer resistance. One method to increase the mass transfer resistance is
to fabricate a drug-free barrier, increasing the diffusion distance. In a previous study, the
release kinetics for two different formulations of sirolimus drug-eluting stents showed a
remarkable reduction in the release rate by adding a drug-free topcoat layer [47]. Another
method used to reduce the burst release effect is the crosslinking of the polymer layer using
crosslinking agents, which results in the creation of additional diffusional resistance [48].
The crosslinking agents are normally cytotoxic and usually need further validation of
safety. To avoid using toxic crosslinking agents, heat treatment or ultraviolet radiation are
alternatives [49]. However, high temperatures and exposure to radiation might cause some
antibiotics to become inactive or degraded [50,51]. On the other hand, the topcoat method
was able to provide the same level of safety, but the release mechanism tended to be more
complicated. The release kinetics could be based on more than one mechanism [52]; for
example, the combination of release mechanisms, including Fickian diffusion control and
polymer relaxation control, was observed [53].

In this study, a drug-free PLLA topcoat was applied to the existing vancomycin-loaded
PLLA layer to provide an additional mass transfer resistance layer that was believed to be
able to reduce the release of vancomycin during the burst period and extend the release of
vancomycin in a controlled manner. By adding the drug-free topcoat, the diffusion distance
increased, leading to more resistance to mass transfer. As a result, a lower amount of
vancomycin was delivered, leading to a lower release rate but longer release duration as a
consequence of the resistant layer provided by the topcoat. The n value (0.54) indicates that
the vancomycin delivery system was possibly controlled by two mechanisms, including
both Fickian diffusion-controlled and polymer relaxation-controlled mechanisms. To fur-
ther understand the release mechanism, the Peppas and Sahlin equation [48], a modification
of the Korsmeyer–Peppas equation, as shown in Equation (6), was applied.

Mt

M∞
= k1tm + k2t2m (6)

where k1 and k2 are the Fickian contribution coefficient and relaxation contribution co-
efficient, respectively. The first term of the exponent m of Equation (6) represents the
release due to the Fickian diffusion mechanism, while the second term of the exponent
2m represents the release due to the polymer relaxation mechanism. By fitting the release
profile of vancomycin from the PLLA layer with drug-free topcoat, k1 and k2 were found
to be 0.058 h−0.5 and 0.001 h−1, respectively, with a release exponent (m) of 0.5 and R2 of
0.9954. These coefficients, k1 and k2, were then used to calculate the ratio of relaxational (R)
over Fickian (F) contributions as a function of time, as shown in Equation (7) [48].

R
F
=

k2

k1
tm (7)

The Peppas–Sahlin model shows that the ratio of relaxation over the Fickian diffusion
contributions increased over time, indicating that the effect of polymer relaxation became
more pronounced on controlling the release of vancomycin as the time increased (Figure 5).
However, the release of vancomycin from the system was still largely controlled by Fickian
diffusion even after 16 days, as the ratio was still less than 0.5. According to the Peppas–
Sahlin model, 98.30% of vancomycin release in the first hour was the result of Fickian
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diffusion, and the rest (1.70%) was from the polymer relaxation mechanism, while at later
times, a lower amount of vancomycin (73.55%) was released by Fickian diffusion, and
approximately 26.45% of vancomycin was released because of polymer relaxation. Fickian
diffusion showed a smaller effect on vancomycin release at later times, possibly because
the vancomycin content in the matrix was lower than that at earlier time points, resulting
in a lower concentration gradient for diffusion. Additionally, previous studies revealed
that PLLA tended to be slowly swollen and degraded after water molecules diffused into
the matrix. The incorporation of drug particles in PLLA could also lead to an increase in
the swelling index [54,55]. Therefore, our PLLA delivery system might have been swollen
slightly after being incubated in aqueous solution for a few weeks. Compared with the
formulation without the topcoat, the polymer was not exposed to the receiving medium
long enough to be swollen. As a result, the mechanism of vancomycin release was expected
to be only Fickian diffusion-controlled.
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Figure 5. The ratio of relaxation over the Fickian contributions from the Peppas–Sahlin model for the
vancomycin-PLLA coating with a drug-free topcoat.

3.3. Antibacterial Activity of Vancomycin-Loaded PLLA

According to the survival assay results in Table 4, the vancomycin-PLLA coating
with and without a drug-free topcoat was able to reduce the S. aureus population by ap-
proximately 81.77% and 91.77%, respectively. The PLLA coating without vancomycin,
which served as a negative control, did not show any antibacterial activities against S.
aureus, while the positive control, which was vancomycin-immersed filter paper, could
completely eliminate bacteria from the system. An agar diffusion assay was also per-
formed to confirm the antibacterial activities of the proposed vancomycin delivery system
(Table 4 and Figure 6). Similarly, the vancomycin-PLLA coating without the topcoat gave
a larger inhibition zone of 19.71 cm2 (or Deq of 3.93 cm), while the inhibition area of the
vancomycin-PLLA coating with the drug-free topcoat was estimated to be 12.97 cm2 (or
Deq of 3.19 cm). As expected, there was no inhibition zone for the negative control, but
the positive control provided the largest inhibition zone of 24.56 cm2 (or Deq of 4.39 cm).
Compared to the control, the relative percentages of inhibition were calculated to be 72.67%
and 89.52% for the vancomycin-PLLA coating with and without a topcoat, respectively.
The presence of bacterial colonization, as indicated by crystal violet staining was observed
on the stainless steel substrate (Figure 7A) and the PLLA coating without vancomycin
(Figure 7B). The violet color was clearly visible on both samples, which represented the
presence of the S. aureus culture. In contrast, the vancomycin-PLLA coating with and
without a topcoat showed colorless samples, indicating no bacterial attachment on either
surface (Figure 7C,D). Our results confirmed the antibacterial activity of the proposed
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formulations and that the concentration of vancomycin released from the system was
sufficient to prevent bacterial surface attachment and growth on the material surfaces.

Table 4. Results of the survival assay and agar diffusion assay, which are reported as the
average ± standard deviation.

% Reduction in S. aureus Population Inhibition Area (cm2)

PLLA-vancomycin without drug-free topcoat 91.77 ± 0.42 19.71 ± 2.25
PLLA-vancomycin with drug-free topcoat 81.77 ± 9.57 12.97 ± 1.3
Positive control 100.00 ± 0.00 24.56 ± 4.96
Negative control Increase in the number of CFU No inhibition zonePolymers 2022, 14, x FOR PEER REVIEW 13 of 18 
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3.4. Cytotoxicity of the Vancomycin-PLLA Delivery System

The cytotoxicity of the vancomycin-PLLA delivery system was evaluated using an
MTT assay, as shown in Figure 8A. Mouse fibroblast cells (L929) were exposed to the
extracted media from plain stainless steel, PLLA coating without vancomycin, vancomycin-
PLLA coating on stainless steel substrates, and 1% phenol (a negative control) for 24 h. As
shown in Figure 8, the cell viability of L929 cells incubated with the spent medium from the
stainless steel substrate was the highest at 97.35± 2.17%, while a slightly lower cell viability
of L929 of approximately 90% was observed when the cells were incubated with the spent
medium from the stainless steel substrates coated with drug-free PLLA and vancomycin-
PLLA. According to ISO 10993-5: Biological evaluation of medical devices—Part 5, which
stated that any materials with cell viability greater than 70% are considered noncytotoxic,
our results showed that the cell viability of the PLLA coating with and without vancomycin
was well above 70%. The morphology of L929 cells also confirmed that the extracts of
all test samples were nontoxic (Figure 8B). The cells exposed to the extracts had normal
fibroblast-like morphology and were well spread, similar to that of the cells maintained in
the culture medium. Therefore, both quantitative and qualitative cytotoxicity assessments
indicated that the vancomycin-loaded PLLA delivery system was not cytotoxic and could
be considered safe for use in future applications.

There has been considerable interest in coating orthopedic implants with antibiotic
impregnated PMMA bone cement, which has already been approved by the FDA [56].
Coating of antibiotic-PMMA on implants is usually carried out using a molding technique,
resulting in a film with a thickness between 1–3 mm [56]. The release characteristic of
PMMA consists of an initial burst release, followed by a decrease in the drug release to a
level below its therapeutic range [6]. The low efficiency of the antibiotic-PMMA coating
for local drug delivery is the main barrier for its clinical use. Another complication arising
from the use of PMMA-coated implants is implant-PMMA debonding, which is reported
to occur in approximately 10–30% of cases [56]. In this proof-of-concept study, PLLA was
shown to represent a possible alternative solution, as it has been demonstrated to be able to
deliver an antibacterial agent in controlled and sustained manners and is effective against
S. aureus, the main cause of osteomyelitis. However, more studies are needed to thoroughly
evaluate the potential use of this delivery system in preclinical and clinical settings.
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Figure 8. (A) Cell viability of different substrates including stainless steel (SS) as a negative control,
PLLA coated on stainless steel (SS + PLLA), PLLA containing vancomycin coated on stainless steel
(SS + PLLA + VCN), and 1% phenol as a positive control (** indicates p < 0.001). (B) Morphology of
L929 cells after exposure to its culture medium (control), the extract of stainless steel (SS), the extract
of PLLA coated on stainless steel (SS + PLLA), the extract of PLLA containing vancomycin coated on
stainless steel (SS + PLLA + VCN) and the culture medium containing 1% phenol.

4. Conclusions

In this study, we successfully developed a vancomycin delivery system using PLLA
coated on stainless steel. The PLLA film showed a honeycomb structure with a thickness of
approximately 44 µm. After incorporation with vancomycin, the structure of the polymer
film changed slightly, with vancomycin molecules trapped inside the polymer network, re-
sulting in nonuniformity of the coating thickness. However, the thickness of the PLLA layer
after vancomycin loading remained the same, leading to no change in the bonding strength
between the coating and the stainless steel substrate. In the in vitro release experiment, the
burst release of vancomycin was observed at an earlier time, and the sustained release was
present afterwards. The release period of vancomycin was approximately three days for the
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Figure 8. (A) Cell viability of different substrates including stainless steel (SS) as a negative control,
PLLA coated on stainless steel (SS + PLLA), PLLA containing vancomycin coated on stainless steel
(SS + PLLA + VCN), and 1% phenol as a positive control (** indicates p < 0.001). (B) Morphology of
L929 cells after exposure to its culture medium (control), the extract of stainless steel (SS), the extract
of PLLA coated on stainless steel (SS + PLLA), the extract of PLLA containing vancomycin coated on
stainless steel (SS + PLLA + VCN) and the culture medium containing 1% phenol.

4. Conclusions

In this study, we successfully developed a vancomycin delivery system using PLLA
coated on stainless steel. The PLLA film showed a honeycomb structure with a thickness of
approximately 44 µm. After incorporation with vancomycin, the structure of the polymer
film changed slightly, with vancomycin molecules trapped inside the polymer network, re-
sulting in nonuniformity of the coating thickness. However, the thickness of the PLLA layer
after vancomycin loading remained the same, leading to no change in the bonding strength
between the coating and the stainless steel substrate. In the in vitro release experiment, the
burst release of vancomycin was observed at an earlier time, and the sustained release was
present afterwards. The release period of vancomycin was approximately three days for the
single-layer coating. The release kinetics of vancomycin from the system fit best with the
Korsmeyer–Peppas model, indicating that vancomycin release was dominantly controlled
by Fickian diffusion. To solve the problem of undesirable burst release and to extend the
release of vancomycin, a drug-free layer of PLLA was added to the existing vancomycin-
loaded PLLA layer, acting as a diffusion resistance layer. With the drug-free topcoat, the
bonding strength between the coating and the substrate significantly increased, indicating a
stronger and more durable bond, which would be desirable in real applications. Moreover,
the new system was able to extend the release period of vancomycin for more than 20 days.
Although the mechanism of vancomycin release remained primarily controlled by Fickian
diffusion, the contribution of the polymer relaxation to the release mechanism became
more pronounced at later time points. The antibacterial assays confirmed that vancomycin
embedded in a PLLA coating with and without a drug-free topcoat had the ability to inhibit
the growth of bacteria without being cytotoxic to normal cells. Thus, the double-layer
PLLA-vancomycin coating may represent a promising approach that can possibly prevent
bacterial infection associated with implants.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/polym14173493/s1, Figure S1: Schematic diagram of the prepara-
tion procedure of the double-layer PLLA-vancomycin coating on a stainless steel substrate; Figure S2:
Calibration curve of vancomycin in SBF for colorimetric quantitation; Table S1: Preparation and
composition of simulated body fluid (SBF).
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M.; Trzciński, J.; Ciach, T.

Microfluidic-Assisted Formulation of

ε-Polycaprolactone Nanoparticles

and Evaluation of Their Properties

and In Vitro Cell Uptake. Polymers

2023, 15, 4375. https://doi.org/

10.3390/polym15224375

Academic Editors: Beom Soo Kim,

Pierfrancesco Cerruti, Gabriella

Santagata and Arash Moeini

Received: 24 August 2023

Revised: 26 October 2023

Accepted: 31 October 2023

Published: 10 November 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

polymers

Article

Microfluidic-Assisted Formulation of ε-Polycaprolactone
Nanoparticles and Evaluation of Their Properties and In Vitro
Cell Uptake
Ewa Rybak 1,* , Piotr Kowalczyk 1 , Sylwia Czarnocka-Śniadała 2, Michał Wojasiński 1 , Jakub Trzciński 1,3,†
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Abstract: The nanoprecipitation method was used to formulate ε-polycaprolactone (PCL) into fluo-
rescent nanoparticles. Two methods of mixing the phases were evaluated: introducing the organic
phase into the aqueous phase dropwise and via a specially designed microfluidic device. As a result
of the nanoprecipitation process, fluorescein-loaded nanoparticles (NPs) with a mean diameter of
127 ± 3 nm and polydispersity index (PDI) of 0.180± 0.009 were obtained. The profiles of dye release
were determined in vitro using dialysis membrane tubing, and the results showed a controlled release
of the dye from NPs. In addition, the cytotoxicity of the NPs was assessed using an MTT assay.
The PCL NPs were shown to be safe and non-toxic to L929 and MG63 cells. The results of the
present study have revealed that PCL NPs represent a promising system for developing new drug
delivery systems.

Keywords: polymeric nanoparticles; nanoprecipitation; microfluidic; cytotoxicity

1. Introduction

In recent years, the evolution of polymeric particles as drug delivery carriers has
promoted the development of nano- and micro-medicine [1]. Due to their size, properly
designed nanoparticles (NPs) can freely move throughout the body via the smallest cap-
illaries, are easily administered by oral, pulmonary, vascular, and parenteral routes, and
do not require surgical resection after complete administration. Due to the unique prop-
erties of some NPs, the biodistribution and pharmacokinetics of the encapsulated drug
molecules can be altered, leading to improved efficacy, reduced side effects, and improved
patient compliance [2]. NPs can be made to target desired cells and achieve controlled
drug release; they could also bring about significant changes in medicine [3]. However,
after first promising results and plans, we now understand that nanoparticle drug delivery
technology still demands development and understanding to improve the final rate of
delivery to the targeted cells [4].

Nanoparticles can be formulated from inorganic or organic–polymeric materials. Inor-
ganic materials like gold, silica, or iron oxide are widely developed due to the vast number
of synthetic protocols available. However, polymeric NPs have gained much attention as
they can be precisely designed to achieve prominent biodegradability and biocompatibil-
ity [5]. The degradation in vivo of some desired polymers results in toxicologically safe
side products that are further removed via the normal metabolic pathways or reused as
nutrients. Biodegradable polymers are advantageous over other materials for use in drug
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delivery systems, such as nanoparticles. NPs can be customized into various shapes and
sizes, with tailored pore morphologies, mechanical properties, and degradation kinetics.
By selecting the appropriate polymer type, molecular weight, and copolymer blend ratio,
the degradation/erosion rate of the nanoparticles can be controlled to achieve the desired
style and rate of release of the encapsulated payload [6]. Biodegradable polymers can be
generally classified as natural polymers, such as chitosan, hyaluronan, etc., and synthetic
polymers that include poly-lactic-co-glycolic acid (PLGA) [7,8], polylactic acid (PLA) [9,10],
or polycaprolactone (PCL) [11,12]. The aforementioned polymers have been widely used
for drug encapsulation studies. PCL is a semi-crystalline polyester that is hydrophobic,
biodegradable, and biocompatible. The glass transition temperature (Tg) of −60 ◦C and
low melting point (59–64 ◦C) of PCL allow for the easy fabrication of delivery systems at
reasonably low temperatures [13]. Furthermore, PCL has excellent blend compatibility with
other polymers, facilitating the tailoring of desired properties like degradation kinetics,
hydrophilicity, and mucoadhesion [14,15]. PCL is an advantageous material for its high
permeability to small drug molecules and, in comparison to polylactic and polyglycolic acid
polymers, has an inessential tendency to generate an acidic environment during the degra-
dation process, a problem that contributes to the generation of inflammatory reactions. The
degradation of PCL is very slow compared to the other polyesters, making it more suitable
for long-term delivery systems with the advantages of less frequent administrations, an
increase in patient compliance, and the reduction of discomfort [16].

The methods of nanoparticle production have evolved in the last few decades. How-
ever, nanoparticles are primarily synthesized in a bench-top batch mode using basic experi-
mental techniques and equipment, i.e., traditional beaker or stirred flask methods. These
techniques involve various drawbacks, resulting in polydispersity in size distribution,
particle structure, and particle properties [17]. Depending on the particular application and
the formulation method, it is crucial to achieve the required characteristics of NPs [8]. There
are various methods for NP formulation using biodegradable polymers, such as salting out,
emulsification, solvent evaporation, monomer polymerization, or nanoprecipitation [18].
The nanoprecipitation method was first described by Fessi et al. [19], who reported a simple
process for the fabrication of polymeric nanoparticles. It involves the precipitation of a
dissolved material into nanoparticles after exposure to a polymer non-solvent (polymer
precipitant) that is miscible with the solvent [20]. The rapid diffusion of the solvent into
the non-solvent phase results in the decrease of interfacial tension between the two phases,
which increases the surface area and leads to the formation of small droplets of organic
solvent [19,21,22]. There are three stages of the formulation of nanoparticles: nucleation,
growth by condensation, and growth by coagulation, which leads to the formation of poly-
mer nanoparticles or aggregates [8,23]. The rate of each step determines the particle size,
and the ratio of polymer concentration over the solubility of the polymer in the solvent and
non-solvent mixture is the driving force of these phenomena. The critical factor for uniform
particle formation is separating the nucleation and the growth stages [24,25]. Preferably,
operating conditions should allow a high nucleation rate strongly dependent on super-
saturation and a low growth rate [22]. Nanoprecipitation has been a widely recognized
and established approach in the realm of nanoparticle formulation. Recently, it has been
incorporated into the emerging concept of nanoarchitectonics [26–28]. However, even with
the development of cutting-edge methods, in some cases, the procedure is still carried out
in the same manner as it was two decades ago. Despite all the challenges, nanoprecipitation
is a simple, fast, and reproducible method still widely used to prepare NPs [29–34].

Nevertheless, the successful adaptation of nanoparticle formulations still confronts nu-
merous challenges, such as low production efficacy, high batch-to-batch variations, shorter
residence time, and the substandard scale-up feasibility of the manufacturing process.
Therefore, an approach that can formulate nanoparticles with desired physicochemical
characteristics in a high-throughput and reproducible manner is strongly desirable [35].
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The conventional methods typically used for polymeric NP preparation (i.e., dropwise
method) usually exhibit a broad size distribution due to the lack of precise control over the
mixing process. Alternatively, the microfluidics technique can be used for NP fabrication
since it allows for rapid mixing and the precise control of different streams to achieve
control over NP size and distribution [16,36–39].

Microfluidic technology has been used to formulate polymeric NPs with a high degree
of control over particle size, shape, and composition. The main advantage of this technology
is the conduction of physical or chemical processes in a small volume with mostly diffusive
control of mass transport phenomena, which leads to a repeatable and controlled process
as compared to large reactors and mixers. This approach offers a scalable manufacturing
process for these materials, with potential applications in drug delivery, diagnostics, and
sensing [25,39–41]. Microfluidic devices are used to provide accurate control over the size
distribution, agitation, and shear forces [30]. Furthermore, microfluidic devices offer the
advantage of reusability. Microfluidic devices typically consist of various components
designed to control the fluid flow and enable efficient nanoparticle synthesis. The key
components include fluidic inlets and reservoirs, microchannels, junctions, and mixers. A
microfluidic device consists of channels typically ranging from 1 to 100 µm in hydraulic
diameters [29]. These channels have walls with different geometries that create capillary
action. This creates a narrow channel with a small cross-section that is well suited for the
suspension of small particles. Narrow channels are more efficient at maintaining shear
forces and particle positions during flow, which facilitates the formation of highly efficient
dispersions. Additionally, channel dimensions less than 100 µm in diameter allow for
high channel pressure without losing flow altogether. Polymeric nanoparticles can be
formulated with microfluidic assistance to improve their properties [41].

Microfluidic techniques are widely used for the preparation of colloidal suspensions;
however, they can also be used for other applications such as homogenization, heteroge-
nization, and stirring homogeneous dispersions in inorganic materials. Since microfluidic
chips can be designed to be very efficient mixers, the mixing rate between a solvent and
non-solvent can shift the precipitation rate toward the high nucleation stage rather than the
growth stage [22]. Moreover, using precise external equipment (e.g., syringe pumps or gear
pumps), it is possible to reproduce synthesis protocol without variety in nanoparticle char-
acteristics. Particle sizes can be precisely controlled using microfluidic assistance, which
makes these formulas ideal for formulation purposes such as cosmetics or pharmaceutical
formulation development [40,42].

This work compares a novel microfluidic strategy for fabricating polymeric NPs with
the traditional nanoprecipitation method in a vessel. The microfluidic chip brings two co-
flowing streams into contact in a specially designed flow-focusing device to enhance mixing.
The main objectives of this study were to investigate the effect of operating parameters, sys-
tem geometry, and polymer concentration on the final particle size distribution. Moreover,
the cytotoxicity and dye-releasing behavior of synthesized polymeric NPs against L929 and
MG63 cells were thoroughly examined to uncover their potential in cancer therapy.

2. Materials and Methods
2.1. Materials

ε-Polycaprolactone (PCL) with a weight average molar mass of 14,000 g/mol, Pluronic®F-
127, PBS (phosphate-buffered saline) tablets, fluorescein, and 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyl tetrazolium bromide (MTT) were purchased from Sigma-Aldrich/Merck
(Poznań, Poland), and dimethyl sulfoxide (DMSO) and tetrahydrofuran (THF) (HPLC
grade, purity 99.9%) were obtained from Chempur (Piekary Śląskie, Poland). All the other
reagents were of pharmaceutical grade and were used without further purification. The
antisolvent phase was ultrapure water produced by reverse osmosis (Milli-Q®, Millipore,
Burlington, MA, USA) with the addition of surfactant (Pluronic®F-127).
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2.2. Microfluidic Device

The fluidic device was designed in Blender 3.0 software (Figure 1A). The inner channel
geometry was saved as a .stl file and 3D-printed using a ZMorph VX printer (ZMorph,
Wrocław, Poland). The printing material used was acetonitrile butadiene styrene (ABS)
1.75 mm filament (ZMorph, Wrocław, Poland). The printed model was then placed in a
rectangular form, followed by polydimethylsiloxane resin—Sylgard 184 Silicone Elastomer
(Dow Chemical, Midland, MI, USA). The mixed resin was degassed under the vacuum
before application. After 15 min of curing at 90 ◦C, the 3Dprinted model was removed, and
the hollow space left by the model was covered by the second flat piece of partially cured
PDMS and a 1 kg weight to press the pieces together. The sandwiched device was further
cured at 90 ◦C overnight. Silicone tubing with 3 mm diameter was installed in the PDMS
chip inlets and outlet and sealed with a small amount of silicone glue.
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Figure 1 shows the design of our flow-focusing microfluidic device. It has two inlets
and one outlet. The organic dispersed phase was introduced from the central channel
(inlet B), and the continuous phase (aqueous solution) was introduced through inlet A. The
organic and aqueous phases were pumped using KD Scientific and Ascor AP-14 syringe
pumps, respectively. Syringes (Beckton Dickinson, Warsaw, Poland) were used for water
and polymer/THF solutions. PTFE and silicon tubing (Cole Parmer, Vernon Hills, IL, USA)
were used to connect the syringe and the microfluidic device.

2.3. Methods
2.3.1. Preparation of Polymeric Nanoparticles
Preparation of Solutions

To prepare the organic phase for blank emulsions, different amounts of PCL were
dissolved in 10 mL of THF to form an organic phase with various polymer concentrations
(0.1, 0.5, 1.0, 2.0, 5.0% w/v). For dye-loaded polymeric NPs, the organic phase was prepared
by dissolving different amounts of PCL in 10 mL of THF until complete dissolution. Then,
fluorescein (1/100 of used PCL amount w/w) was added with continuous stirring until
complete dissolution.

The antisolvent phase was an aqueous Pluronics®F-127 surfactant solution (0.6% w/v).
The surfactant’s role was to stabilize the NPs of the dispersed phase after mixing both
phases and prevent agglomeration, coalescence, and imperfect surface formation, as well
as facilitate NP size focusing.

Formulation of Nanoparticles

For the classic nanoprecipitation method in a beaker, the organic phase was added
dropwise via the syringe pump (LEGATO 210; KD Scientific Inc., Holliston, MA, USA) at
a constant rate (0.15 mL/min) to the aqueous phase (ultrapure water MilliQ, Millipore,
Burlington, MA, USA) containing surfactant under magnetic stirring (1000 rpm) at room
temperature. NPs were formed and the appearance of a milky colloidal suspension was
observed. The obtained suspension was stirred magnetically for 10 min. Solvent evapora-
tion was subsequently carried out under magnetic stirring for 72 h at room temperature.
The obtained suspension was subjected to sonication and filtration on the syringe filter
(0.45 µm).

For the NP formulation using the microfluidic device, the syringes containing organic
and aqueous phases were placed in the syringe pumps and connected to the module. A
concept of flow rate ratio (R) parameter was introduced, based on hydrodynamic-focusing
research in the synthesis of polymeric nanoparticles [43].

R =
Vaq

Vorg
[−]

Here:
Vaq—flow rate of aqueous phase [mL/h]
Vorg—flow rate of organic phase [mL/h]
The precipitation process described above was carried out for six R values: 10, 20, 50,

100, 150, and 200 at room temperature. After examination of preliminary results, the flow
rate ratio was set at 200. After completion of the process, solvent evaporation was carried
out under magnetic stirring for 72 h at room temperature. Then, the obtained suspension
was subjected to filtration on the syringe filter (0.45 µm).

2.3.2. Particle Size and Zeta Potential Analysis

The average particle sizes and polydispersity index (PDI) were measured using dy-
namic light scattering (DLS) using Malvern Zetasizer (Nano ZS, Malvern Instruments,
Malvern, UK), equipped with a detector to measure the intensity of the scattered light at
173◦ to the incident beam. The zeta potential (Z-potential) of the aqueous dispersions was
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also determined using Zetasizer Nano ZS at 25 ◦C. All measurements were replicated at
least three times and presented as mean values with standard deviations.

2.3.3. Scanning Electron Microscopy (SEM)

The NP morphologies and surface characteristics were investigated based on the
images from a scanning electron microscope (SEM, SU8230, Hitachi, Chiyoda City, Tokyo,
Japan). First, the NP suspensions were prepared. Following particle size and zeta potential
analysis in Section 2.3.2, the samples were diluted 1000 times with ultrapure water and
prepared for imaging. The NP diluted suspensions (10 µL) were placed on the surface
of the silicon wafer, which was first glued with carbon tape to the aluminum stub. The
suspensions on the surfaces of silicon wafers were left for evaporation overnight at ambient
temperature (about 22 ◦C). Such preparation allowed the separate NPs to be imaged as
single particles on the surface of the silicon wafer. Images were collected with a 10 kV
accelerating voltage, at about 10 mm working distance, using an upper detector of scatted
electrons (SE(U)).

2.3.4. FTIR Analysis

Analysis of the chemical interactions of the freeze-dried blank NPs and the loaded
NPs was performed using Fourier Transform Infrared Spectroscopy (FTIR) using Nicolet
6700 FTIR (ThermoFisher Scientific®, Waltham, MA, USA). The samples were prepared by
mixing the sample fine powder obtained after the lyophilization with IR-grade KBr and
subsequent pressing. The scanning range was 4000–500 cm−1.

2.3.5. In Vitro Release Studies

In vitro release of fluorescein from nanoparticles was investigated for three selected
formulations from each method (dropwise and microfluidic methods). NP fractions of
1% PCL were chosen as they were characterized by the smallest mean diameter and
PDI value. The release of fluorescein from PCL NPs was investigated using a dialysis
membrane tubing—regenerated cellulose with a molecular cut-off of 12,000–14,000 Dalton
(Spectra/Por Membranes, Spectrum Laboratories, Inc., Rancho Dominguez, CA, USA).
Membrane tubes were filled with 3 mL of chosen formulations, sealed with dialysis clips,
and then placed in a glass beaker containing 200 mL of PBS and dimethyl sulfoxide (DMSO)
solution (4:1 v/v). Experiments were carried out at room temperature for 24 h, and sink
conditions were maintained during the analysis. At 0 h, 1 h, 2 h, 3 h, 4 h, and 24 h, 1 mL of
the receptor medium was withdrawn, replaced with the same volume of a fresh solution
of PBS and DMSO, and then immediately analyzed using a UV-Vis spectrophotometer at
490 nm (BMG, Labtechnologies, Offenberg, Germany). Each measurement was performed
in triplicates. Fluorescein solutions ranging from 0.001 to 0.1 mg/mL were prepared to
construct a calibration curve that was used to quantify the payload released from the NPs,
according to the following equation:

y = 102.17x + 0.1401

where x represents the fluorescein concentration (mg/mL) and y is the UV/Vis absorbance
(nm). The R2 value was 0.9912. No interference was observed at fluorescein λmax of
490 nm from other components of the formulation. The dye encapsulation efficiency (EE%)
was calculated as the ratio between the unbound dye and the total dye concentration in
nanosuspension, according to the following equation:

EE% =
mdye total −mdye unbound

mdye total
∗ 100
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The drug loading (DL%) was calculated as the mass fraction of dye in the NPs, accord-
ing to the following equation:

DL% =
mdye total −mdye unbound

mNPs
∗ 100

2.3.6. Cellular Uptake and Cytotoxicity Assay

To determine the controlled release of the payload from fluorescent NPs, the NPs were
incubated with mammalian cells. The fluorescein-loaded NPs were added into the culture
of the L929 mouse fibroblast cell line and MG63 human osteosarcoma cells with fibroblast
morphology. Fibroblasts are known to be pivotal in contributing to the progression of
several malignancies, including endometrial cancer, and therefore represent a possible
target for nanoparticle-based therapeutic approaches.

Cytotoxicity Assay

MG63 and L929 cell viability was determined using the standard 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyl tetrazolium bromide (MTT) assay 24 h after exposure to NPs. Cells
suspended in culture medium at the density of 1 × 105/mL (100 µL per well) were seeded
onto 96-well plates and cultured for 24 h at 37 ◦C and 5% CO2 to adhere. Next, NPs at
a series of dilutions—0.01, 0.1, 1.0, and 10 mg/mL—were added (12 wells per variant).
Untreated cells served as a positive control of viability. Cells were incubated under standard
conditions for 24 h. Then, the NP-containing medium was removed, cells were rinsed three
times with PBS, and MTT solution in medium (final MTT concentration 1 mg/mL) was
added and incubated (3 h, 37 ◦C). The MTT solution was removed without disturbing cells,
100 µL/well DMSO was added, the plates were shaken gently (5 min) to dissolve formazan
crystals, and the absorbance was read on a microplate reader at 570 nm and 650 nm.

Confocal Microscopy

MG63 and L929 cell lines suspended in culture medium at the density 1 × 105 cell/mL
were seeded onto a 24-well plate with a glass plate in each well and cultured for 24 h at 37 ◦C
and 5% CO2 to adhere. Next, cells were treated with NPs at the concentrations of 1 mg/mL
and 0.1 mg/mL (1 mL per well) for 1 h, 2 h, and 24 h under standard conditions. After
stimulation, cells were fixed with 4% paraformaldehyde for 15 min, and after washing with
PBS, cells were exposed to DAPI (4′,6-diamidino-2-phenylindole) to stain cell DNA. The
cells were visualized with a confocal microscope (Zeiss) at the appropriate wavelengths for
fluorescein (excitation 470 nm, emission 519 nm) and for DAPI (358 nm excitation, 461 nm
emission) at magnification of 20×. Four independent repetitions for each experimental
variant were performed.

3. Results and Discussion

The particle sizes of NPs formulated dropwise (DNPs) were found to be from 106 to
185 nm, with a polydispersity index (PDI) of 0.154–0.653 (Figure 2A) for dye-loaded DNPs
and 0.090–0.252 for blank DNPs (see Supporting Information). The values of PDI were
higher for DNPs compared to the NPs formulated with the use of the microfluidic device
(Figure 2B). The PDI values of blank microfluidic NPs (MNPs) were between 0.060 and
0.150 (Table S1. Supporting Information), while the PDI of dye-loaded MNPs was between
0.146 and 0.214, with the NPs’ mean diameter from 127 to 193 nm, which was higher than
that of the DNPs. The minimum dye-loaded particle size of 106 ± 2 was achieved for
DNPs while the smallest polydispersity index (0.146 ± 0.013) was achieved for MNPs. The
particles formulated with the microfluidic device were more uniform in size even when
higher polymer concentrations were used. Although the size distribution of MNPs was
slightly higher than that of DNPs for the analyzed polymer concentration range, the sizes
of MNPs were smaller for PCL concentrations of 0.5%, 1%, and 2%. This suggests that the

92



Polymers 2023, 15, 4375

microfluidics method was able to produce NPs with the desired size and PDI over a wider
range of polymer concentrations than the dropwise method.
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Figure 2. Comparison of the microfluidic device with the dropwise nanoprecipitation method—mean
diameter of dye-loaded NPs and PDI (black dot). Dropwise DNPs (A), microfluidic device MNPs (B).

When the polymer content in the organic phase is increased, the viscosity rises due
to higher mass transfer resistance, resulting in larger NP formation. This observation is
consistent for 0.5, 1, and 2 polymer mass percentages in the dropwise addition method. The
only discrepancy is present in the case of the 0.1 and the 5 mass percentages of the polymer
(Figure 2A), where contradictory results were observed. This may be justified by the fact
that at the highest polymer concentration, more nuclei were obtained to formulate NPs
with small sizes. The PDI value (>0.2) supports uneven nanoparticle growth phenomena,
which may be associated, as well, with aggregation tendency.

Formulated NPs have a negative surface charge, which can be a result of the carbonyl
group of the PCL polymer present at the surface of the nanoparticle structure [44]. The zeta
potential values ranged from −14.6 to −21.0 mV across all formulations, and the method
of formulation and variation in polymer concentration did not impact these values. As a
result, it can be inferred that the NPs will remain physically stable [45].

Since strict control over a nanoparticle’s physical properties is pivotal for nanomedicine
usage, the NPs with the smallest mean diameter and PDI were chosen for further research
(1% PCL).

3.1. SEM Analysis

Fluorescein-loaded NPs’ morphology was visualized using SEM and prepared NPs
were assessed in terms of size, shape, and smoothness. Representative images of 1% PCL
DNPs and MNPs are presented in Figure 3. The prepared NPs have smooth surfaces. No-
tably, the MNPs (Figure 3B) have a smaller mean diameter and a narrower size distribution
than the DNPs (Figure 3A), which is coherent with values obtained using the DLS technique.
DNPs have elongated shapes while MNPs are almost spherical as a result of a controlled
formation process. The microfluidic device has a short mixing time and residence time,
which prevents the excessive growth of particles. Additionally, the soluble molecules move
uniformly in all directions towards the nucleus surface, resulting in spherical particles that
minimize surface energy and maintain stability [46]. On the other hand, in the dropwise
method, the nucleation and growth mechanisms of NPs cannot be separated due to the
lack control of precise control over mixing conditions, leading to excessive particle growth
that affects particle size and shape [29,47,48]. The morphology of the NPs appears to be
slightly distorted, which could be attributed to the facile dissolution of surfactant on the
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NPs’ outer surface. This phenomenon leads to the exposure of PCL and may also result in
the gradual dissolution of the exposed PCL over time [49].
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3.2. FTIR Analysis

To confirm nanoparticle chemical composition, FTIR analysis was carried out on pure
fluorescein, blank MNPs, and MNPs loaded with fluorescein (Figure 4). All compounds
presented their characteristic bands. The MNPs showed a band with asymmetric and
symmetric stretching of C-H2 at 2940 cm−1 and 2869 cm−1, respectively. Moreover, a peak
corresponding to carbonyl stretching at 1722 cm−1 was observed as well. The band at
2867 cm−1 was related to the stretching vibration of the C–H bond from Pluronic®F-127;
at 1187 cm−1, a band of the C–O bond stretching appeared [50]. For fluorescein, the
C=C stretching was observed within the range of 1643–1465 cm−1 [51]. Increasing PCL
concentration in NP formation process does not change the shape of the spectrum; it only
decreases the peak intensity (Figure S1, Supporting Information). This report supported
the successful encapsulation of fluorescein into the formulated nanoparticles.

3.3. In Vitro Release Studies

The fluorescent labeling of the NPs was performed to study their biological localization.
We prepared different formulations of NPs with various amounts of polymer used and
proportional amounts of dye used. Based on the data presented in Figure 5, it can be
observed that the fluorescence intensity of fluorescein is noticeably augmented as the
concentration of fluorescein-loaded DNPs and MNPs increases. Notably, the fluorescence
intensity values for DNPs are higher compared to those for MNPs.

The in vitro dye release from the fluorescein-loaded DNPs and MNPs was conducted
in PBS (pH 7.4) containing DMSO (4:1 v/v). DMSO was used to enhance the solubilization of
the hydrophobic dye. Because of the very low aqueous solubility of fluorescein, the addition
of this solubility-enhancing component was necessitated to ensure the sink conditions and
to achieve detectable UV/VIS concentrations during the release studies [52]. The dye release
mechanisms are important in these formulations because of the proposed applications in
sustained drug delivery.

Figure 6 illustrates that the dye-loaded PCL NPs manifested a standard biphasic
dye release pattern from the nanoparticle matrix. The dye release profile displayed an
initial burst release of 44% for DNPs and 49% for MNPs within the first 4 h, followed by a
sustained dye release from the polymer matrix for 24 h. The initial phase of dye release is
mainly attributed to the desorption or diffusion of the dye located on the large surface area
of the nanoparticles or loosely bound to the polymer matrix. The remaining unreleased
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dye is thought to be tightly associated with PCL molecules and/or well trapped in the
nanoparticle matrix and originates primarily from the diffusion or erosion of the matrix
under sink conditions. If the diffusion of the dye is faster than matrix erosion, the release
mechanism is largely controlled by the diffusion process [29,53–55].
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In this study, both groups had relatively small mean diameters—DNPs at 151 nm
and MNPs at 127 nm. During the experiment, it was noticed that DNPs exhibited a lower
cumulative dye release of 48% compared to MNPs, which showed a relatively higher
cumulative release of 55%. This difference could be explained by the fact that smaller
nanoparticles possess a larger surface area, which results in a higher concentration of dye
molecules at the surface of the NPs, ultimately leading to a faster dye release [53,54,56].
This observation has significant implications in the field of drug delivery as it provides a
deeper understanding of the impact of particle size on drug release kinetics.
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The EE% and DL% of the fluorescein DNPs and MNPs are presented in Figure 7.
The percentages of fluorescein loaded in the DNPs and MNPs were 4.53% and 6.48%,
respectively. The encapsulation of the DNPs was 95.17%, and that of the MNPs was 97.22%
(n = 3). It could be seen that both parameters reached higher values for MNPs.

Polymers 2023, 15, x FOR PEER REVIEW 13 of 22 
 

 

 
Figure 7. Drug loading and encapsulation efficiency [%] of fluorescein-loaded 1% PCL MNPs and 
DNPs. 

3.4. In Vitro Cytotoxicity and Cellular Uptake Studies 
MNPs are the preferred choice when conducting cell experiments due to their bene-

ficial characteristics. Compared to DNPs, they have a smaller mean diameter and PDI 
value, along with higher EE% and DL% values. Additionally, MNPs demonstrate a con-
trolled cumulative release profile, making them an ideal choice for such experiments. The 
formulated nanoparticles were examined for their potential cytotoxicity. Different concen-
trations of PCL NPs were added into the cell cultures (MG63 cell line and L929 cell line) 
and tested for their toxicity under 24 h of incubation. The results are presented in Figure 
8. For MG63 cells, dosages of 0–10 mg/mL nanoparticles were examined for cytotoxicity, 
and in these examinations, PCL NPs showed no noticeable toxicity. This non-toxic trend 
can be observed until 10 mg/mL (cell viability then dropped to 86 ± 14%). In comparison, 
L929 cells showed elevated sensitivity as the dosage of NPs over 0.1 mg/mL started to 
lower the cell viability to 81 ± 11%, and to 79 ± 5% for the dosage of 10 mg/mL of NPs. 
Therefore, there are slightly different toxicity profiles for each cell line from the same na-
noparticles.  

MNPs DNPs
0

20

40

60

80

100  EE
 DL

EE
 (%

)

0

2

4

6

8

10

 D
L 

(%
)
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and DNPs.

3.4. In Vitro Cytotoxicity and Cellular Uptake Studies

MNPs are the preferred choice when conducting cell experiments due to their benefi-
cial characteristics. Compared to DNPs, they have a smaller mean diameter and PDI value,
along with higher EE% and DL% values. Additionally, MNPs demonstrate a controlled
cumulative release profile, making them an ideal choice for such experiments. The formu-
lated nanoparticles were examined for their potential cytotoxicity. Different concentrations
of PCL NPs were added into the cell cultures (MG63 cell line and L929 cell line) and tested
for their toxicity under 24 h of incubation. The results are presented in Figure 8. For
MG63 cells, dosages of 0–10 mg/mL nanoparticles were examined for cytotoxicity, and in
these examinations, PCL NPs showed no noticeable toxicity. This non-toxic trend can be
observed until 10 mg/mL (cell viability then dropped to 86 ± 14%). In comparison, L929
cells showed elevated sensitivity as the dosage of NPs over 0.1 mg/mL started to lower the
cell viability to 81 ± 11%, and to 79 ± 5% for the dosage of 10 mg/mL of NPs. Therefore,
there are slightly different toxicity profiles for each cell line from the same nanoparticles.

Finally, we performed confocal microscopy to study the effect of dye-loaded NPs
composed of PCL in L929 and MG63 cells. Importantly, our results (Figure 9) supported
data obtained via MTT assay, as shown in Figure 8. The dye-loaded NPs seemed to be
effective in the delivery of payload in only an hour to both normal and cancerous cells.
Figure 9 presents images of cells treated with NPs at the concentration of 1 mg/mL. For
0.1 mg/mL, the results were similar.

To evaluate the penetration of the NPs into the cells and the targeting effects of the
loaded NPs, cellular uptakes of the MNPs were performed using L929 and MG63 cell
lines. The lipophilic dye, fluorescein, was chosen in this study because the water solubility
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of fluorescein is poor and it could be easily encapsulated into the hydrophobic cores
of the NPs [57]. The internalization of fluorescein-loaded NPs incubated for 1, 2, and
24 h was visualized using confocal laser scanning microscopy (CLSM). To observe the
cellular distributions of NPs, we visualized green fluorescence from fluorescein and blue
fluorescence from DAPI nuclei labeling. The fact that nanoparticle uptake by L929 and
MG63 cells was significantly higher at 24 h compared to 1 or 2 h of incubation highlights the
time-dependent accumulation of these nanoparticles within the cells. It was demonstrated
that particle size determines both the mechanism and rate of intracellular uptake as well
as the ability of a particle to permeate through tissue [58,59]. Indeed, the size of a particle
can affect the efficiency and pathway of its cellular uptake by influencing its adhesion
and interaction with cells [60]. A qualitative approach to cellular fluorescence revealed a
gradual increase over 24 h, with evidence of a significant increase in payload release over
time (Figure 9). Moreover, after 24 h, we could observe that the dye was cumulating in
regions around the nucleus (Figure 9E,F). These results indicate that NPs loaded with a
high fluorescein concentration release their cargo intracellularly. We suggest that lysosomal
acid hydrolases may facilitate release in our experiments after the initial distribution of NPs
in early endosomes and lysosomes due to the presence of PCL, a polyester highly sensitive
to hydrolases [61]. The hydrolysis of the polyester leads to the destabilization of the
vesicle structure, possibly leading to the accelerated release of fluorescein at physiological
temperature (~37 ◦C) compared to the storage temperature (room temperature) of the NP
formulation. Further high-resolution imaging studies will allow the better description of
this process.
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Controlling ordered polymeric nanoparticles’ pore size, morphology, and particle size
is significant for biomedical applications. Nano-sized particles (<200 nm) are better carriers
than bulky polymeric materials with sizes greater than 1 µm as they exhibit rapid mass
transfer, efficient adhesion to substrates, and good suspension in solution. Nanoparticles
bigger than human albumin and smaller than approximately 200 nm have a better chance
of staying in the circulatory system for a longer period [62]. Therefore, in this paper,
polymeric nanoparticles with diameters below 200 nm are suggested to be well sized for
cellular uptake. Size effects on cellular uptake are expected to result in size-dependent
biochemical responses [58,63]. However, the particular responses of downstream cells
require further investigation.

4. Discussion and Conclusions

Advances in nanomedicine require developing more robust and controllable pro-
cedures for manufacturing nanoparticles. Conventional methods rely heavily on bulk
mixtures with poor batch-to-batch reproducibility, making it difficult to rapidly screen and
optimize the properties of nanomaterials. There are several limitations associated with
conventional methods of producing NPs. One such limitation is the need for additional
chemical and physical processes such as freeze–thaw, high-pressure homogenization, and
extrusion [64]. These processes not only require extra resources but also affect the quality
and efficacy of the final product. Another drawback is insufficient macro-mixing, which
can result in the uneven distribution of active ingredients. Additionally, there is a risk of
potential contamination during the production process. These limitations pose a significant
challenge in translating NPs from the laboratory to clinical use. Consequently, exploring
and developing methodologies that can effectively tackle the obstacles and produce nano-
materials with utmost accuracy and precision is imperative. This critical aspect demands
considerable attention and innovation from researchers and industry practitioners alike.
The utilization of microfluidic devices presents a viable solution to the limitations of bulk
mixing and top–down approaches given these devices’ microscale dimensions and abil-
ity to precisely control flow parameters, particle size tunability, and reproducibility. In
bottom-up approaches, bulk mixing is influenced by various factors, such as temperature,
precursor concentration, time, and pH. However, microfluidic NPs are further impacted by
total flow rate, flow rate ratio, and residence time due to the continuous flow operation of
microfluidics. These additional factors impact the physicochemical properties of NPs and
the aforementioned parameters [65]. The miniature size of microfluidic tools also offers low
power consumption, precise laminar flow due to small Reynolds numbers where viscous
forces dominate, and improved mass and heat transfer due to large surface area. Aside from
advantages, the main disadvantage is that these tools rely on novelty and not thoroughly
investigated ongoing processes. Hence, microscale reactions become more complex and
dependent on the process parameters than macroscale reactions. Microfluidic emulsion
droplets are produced at tens to hundreds of microliters per minute, so emulsification is a
lengthy process with low throughput per hour. Some groups have tried to overcome this
situation by parallelizing the droplet generators [66], which can significantly increase a
plant’s cost.

In this study, size-tunable PCL NPs were prepared using the conventional nanoprecip-
itation method and a specially designed microfluidic device. For the microfluidic method,
we tested six different R values, and after a thorough data analysis, the flow rate ratio
was set at 200. The increased amount of water reduces the tendency of the particles to
agglomerate because the particles collide and stick together less frequently. The particle
buildup is most likely to occur near the orifice, with high localized particle concentrations.
In addition, higher flow rate ratios ensure faster mixing in microfluidic systems [67]. With
a faster mixing process, the critical supersaturation required for nucleation is reached
more quickly, resulting in the formation of more nuclei whose growth is limited by the
amount of polymer available in the liquid phase. Therefore, the higher the number of
nuclei is, the smaller the nanoparticle size is. Laoini et al. also observed smaller particle
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sizes at higher R ratios in the production of liposomes and polymeric micelles in membrane
contractors [68,69]. Jahn et al. observed these in the formation of liposomes in a planar
flow-focusing microfluidic mixer [70], and Othman et al. did the same in the formulation of
polymeric NPs using glass capillary micromixers [16]. A high flow rate allowed small-sized
NPs to be produced with a low polydispersity index. In addition, a microfluidic device can
prepare PCL-based dye-loaded NPs with a wide size range (127–193 nm) and lower PDI
(0.146–0.214) than those prepared using the conventional bulk method. The Z-potential
is a valuable parameter for predicting colloidal dispersions’ storage stability, as reported
by Thode et al. [71]. When the zeta potential exhibits high negative values, it indicates
the presence of electrostatic repulsion between particles, which prevents aggregation and
stabilizes the nanoparticulate dispersion [18,45,72]. Moreover, negatively charged NPs
have low toxicity to cells [73]. From the SEM images, it is clear that the prepared NPs had
smooth surfaces. The sizes of blank and dye-loaded NPs formulated with both methods
were within a range of 106–193 nm. When administered intravenously, NPs should be
small enough (100–300 nm) to passively cross the tumor endothelial barrier and remain in
the tumor bed for a prolonged period. This is due to reduced lymphatic drainage, which is
also known as the enhanced permeability and retention (EPR) effect [16,74,75].

The release of fluorescein from both DNPs and MNPs followed a two-step pattern,
with an initial rapid burst release observed during the first 4 h followed by a slower,
sustained release over 24 h. Implementing a controlled and sustained release system
is highly desirable for effectively maintaining optimal therapeutic drug levels over an
extended period [76,77]. MNPs, which are smaller in size and have higher EE% and DL%
than DNPs, may be better suited for applications requiring faster drug release rates. Further
research in this area has the potential to lead to the development of more effective drug
delivery systems with greater therapeutic efficacy.

The cytotoxicity assay revealed that although the cell viability gradually declined as
the concentration of NPs increased from 0.01 to 10 mg/mL, both tested cell lines tolerated
NPs well. We found that 120 nm-sized fluorescein-loaded NPs successfully entered the
L929 and MG63 cells only after 1 h and accumulated in the cytosol, and it is plausible
that some of the dye released may have diffused into the cell nuclei. In time, as in the
fluorescent dye release assay, the dye was released and gathered in cells for 24 h. The
next step should include drug encapsulation into PCL NPs and determining encapsulation
efficiency. The further investigation of this method will allow the formulation of loaded
NPs that could accumulate at the tumor sites via the EPR effect [74,75]. We believe that
polymer-based microfluidic NP production will provide substantial opportunities for future
clinical applications of size-controlled nanomedicines. A proposed extension of this work
is to introduce other functional additives to tailor the properties of the nanoparticles for
specific applications and to evaluate the effect of these substances on the NP precipitation
process. The geometry of the mixing device can be easily modified to achieve better mixing
and reduce the sizes and polydispersity of the nanoparticles obtained. The construction of
the mixer device is simple, and it can be manufactured using a consumer-grade 3D printer
and open-source software. The aspect ratio of the channels, defined as the width-to-height
ratio, can influence the flow dynamics and NP formulation. A higher aspect ratio can
promote better mixing while a lower aspect ratio can favor laminar flow conditions and
enable easier control of NP size. The design of microfluidic channels can also incorporate
various features such as bends, converging or diverging sections, and junctions to enhance
mixing and achieve desired nanoparticle characteristics. It is worth noting that these
dimensions are not fixed and can be tailored based on the specific requirements of the
polymeric NP formulation process and the target application. Factors such as the viscosity
of the polymer solution, the desired nanoparticle size range, and the intended drug loading
or release characteristics can influence the selection of the microfluidic channel dimensions.
The current study is the basis for further experiments addressing more specific applications
of nanoparticles and improving mixing devices.
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Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/polym15224375/s1, Table S1. Mean diameter and PDI of blank
NPs. Size and polydispersity index (PDI) of PCL NPs measured by dynamic light scattering (DLS).
Table S2. Comparison of dye-loaded NP characteristics formulated with analyzed methods. Size
and polydispersity index (PDI) of PCL NPs with dye measured by dynamic light scattering (DLS).
Figure S1. FTIR spectrum of dye-loaded NPs formulated with different amounts of PCL.
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neered membranes—Investigation of the process parameters and application to the encapsulation of vitamin E. RSC Adv. 2013, 3,
4985–4994. [CrossRef]

69. Laouini, A.; Charcosset, C.; Fessi, H.; Holdich, R.; Vladisavljević, G. Preparation of liposomes: A novel application of microengi-
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Abstract: Block copolymer (BCP) surfaces permit an exquisite level of nanoscale control in biomolec-
ular assemblies solely based on self-assembly. Owing to this, BCP-based biomolecular assembly
represents a much-needed, new paradigm for creating nanobiosensors and nanobiomaterials with-
out the need for costly and time-consuming fabrication steps. Research endeavors in the BCP
nanobiotechnology field have led to stimulating results that can promote our current understanding
of biomolecular interactions at a solid interface to the never-explored size regimes comparable to
individual biomolecules. Encouraging research outcomes have also been reported for the stability
and activity of biomolecules bound on BCP thin film surfaces. A wide range of single and multi-
component biomolecules and BCP systems has been assessed to substantiate the potential utility in
practical applications as next-generation nanobiosensors, nanobiodevices, and biomaterials. To this
end, this Review highlights pioneering research efforts made in the BCP nanobiotechnology area. The
discussions will be focused on those works particularly pertaining to nanoscale surface assembly of
functional biomolecules, biomolecular interaction properties unique to nanoscale polymer interfaces,
functionality of nanoscale surface-bound biomolecules, and specific examples in biosensing. Systems
involving the incorporation of biomolecules as one of the blocks in BCPs, i.e., DNA–BCP hybrids,
protein–BCP conjugates, and isolated BCP micelles of bioligand carriers used in drug delivery, are
outside of the scope of this Review. Looking ahead, there awaits plenty of exciting research opportu-
nities to advance the research field of BCP nanobiotechnology by capitalizing on the fundamental
groundwork laid so far for the biomolecular interactions on BCP surfaces. In order to better guide the
path forward, key fundamental questions yet to be addressed by the field are identified. In addition,
future research directions of BCP nanobiotechnology are contemplated in the concluding section of
this Review.

Keywords: BCP nanobiotechnology; BCP self-assembly; BCP thin films; self-assembled BCP
nanopatterns; protein arrays; nanobiosensors; biomaterials; proteins; cells

1. Introduction

The development of functional biosensors has long drawn considerable research
interests across many different disciplines in fundamental science, biotechnology, and
medicine [1–11]. One of the notable trends in recent efforts for biosensor development
involves high miniaturization [6,8,12–14] and flexibility/wearability [3,5,7,9,15,16]. Ad-
vances in nanoscience continuously propel such a drive to create flexible and miniatur-
ized biosensors, permitting high-throughput detection of bioanalytes that are held on
an array of nanometer-sized sensor surfaces in a flexible setting. The majority of con-
ventional biosensors are fabricated by top-down approaches such as photolithography,
soft (microcontact printing) lithography, and inkjet printing, which can be costly and
time-consuming [2,13,17–25]. Fabrication techniques relying on conventional lithographic
procedures also present limitations in the size of the smallest possible sensor unit that can
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be individually addressed. This is due to the optical diffraction limit of light-based litho-
graphic tools commonly used in the fabrication process. Although there exist lithographic
tools of higher spatial resolution such as electron-beam lithography [26–28], scanning probe-
based lithography [29,30] and nanoimprint lithography [31,32], the involvement of these
procedures can lead to an even slower fabrication process and a higher production cost.
Hence, alternative approaches based on self-assembly have emerged to create nanoscopic
patterns of individually addressable biosensor surfaces and nanoscale bioreactors in simple
steps [17,33–39].

The remarkable self-assembly behaviors of block copolymers (BCPs) have been well-
recognized as one of the most versatile and convenient mechanisms to exploit a bottom-up
assembly approach in organizing nanoscale features [40–48]. BCPs can be synthesized from
a rich selection of monomers, whose chemical compositions can be tuned to match the
desired functionalities for their applications [43,49–54]. It is also straightforward to create
BCPs into thin structures that can be flexible and wearable. Furthermore, there exists a
wealth of theoretical, computational, and experimental works performed to understand the
phase separation behaviors of BCPs [40,45–47,49,55–65]. Owing to these efforts, nanoscale
features resulting from BCPs’ phase separation processes and their two-/three-dimensional
(2D/3D) periodicities have been well-characterized. The size and shape of these nanopat-
terns that can be controlled thermodynamically and kinetically have also been mapped out
for many BCPs. As such, nanoscale BCP surface patterns have extensively been utilized
as templates to organize inorganic nanomaterials in BCP lithography [33,34,42,49,66–74].
The first attempt to use BCP nanopatterns for assembling biomolecules such as proteins
was undertaken in mid 2000s [75]. Many ensuing endeavors have since been made in the
field of BCP nanobiotechnology as represented in Table 1. The various BCP–biomolecule
systems in Table 1 summarize the stimulating research endeavors and findings that will be
discussed in this Review. All these efforts have successfully demonstrated the application of
underlying BCP nanopatterns in controlling the spatial density, large area assembly, adsorp-
tion/desorption dynamics, biofunctionality, and other important interfacial characteristics
of biologically relevant molecules such as proteins, peptides, biomineral nanocrystals, cell
adhesive molecules, and cells. The focus of this Review is to provide a comprehensive and
detailed overview of those research efforts pertaining to nanoscale surface assembly of
functional biomolecules, biomolecular interaction properties at nanoscale polymer inter-
faces, functionality of nanoscale surface-bound biomolecules, as well as specific examples
in biosensing.

Table 1. Various BCPs and biosystems demonstrated for controlling key characteristics of biomolecules
via BCP nanopatterns.

Biomolecule Name
(Abbreviation) BCP Nanotemplate Used with Biomolecules Section

Covered Ref.

Proteins and Peptides

Immunoglobulin G
(IgG)

Polystyrene-block-polymethylmethacrylate
(PS-b-PMMA)

3.1.1.
3.1.2.
3.1.3.
3.1.4.

[75]
[76,77]

[78]
[79]

Poly(styrene-co-4-bromostyrene)-block-polyethylene
oxide (P(S-co-BrS)-b-PEO) 3.1.3. [80]

Poly(2-methacryloyloxyethyl
phosphorylcholine)-block-poly(dimethylsiloxane)

(PMPC-b-PDMS)
3.1.1. [81]

S-layer protein
(SbpA)

Polystyrene-block-polyethylene oxide
(PS-b-PEO) 3.1.1.&3.1.2. [82]

Polystyrene-block-poly(2-vinylpyridine)
(PS-b-P2VP) 3.1.2. [82]
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Table 1. Cont.

Biomolecule Name
(Abbreviation) BCP Nanotemplate Used with Biomolecules Section

Covered Ref.

Amelogenin (Amel) PS-b-PMMA 3.1.1.
3.2.

[83]

Fibrinogen (Fg)
PS-b-PMMA

3.1.1.
3.1.2.
3.1.3.
3.1.4.
3.2.

[84,85]
[86]

[78,87]
[85]
[85]

Polystyrene-block-poly(2-hydroxyethyl methacrylate)
(PS-b-PHEMA)

3.1.2.
3.1.4.

[88,89]
[89]

γ-globulin PS-b-PMMA 3.1.2. [86]

Fibronectin (FN)

PS-b-PMMA 3.1.2. [86]
PMPC-b-PDMS 3.1.2. [81]

Polymethylmethacrylate-block-polyacrylic acid
(PMMA-b-PAA)

Polymethylmethacrylate-block-poly(2-hydroxyethyl
methacrylate) (PMMA-b-PHEMA)

Polyacrylic
acid-block-polymethylmethacrylate-block-polyacrylic

acid (PAA-b-PMMA-b-PAA)
Polymethylmethacrylate-block-poly(2-hydroxyethyl

methacrylate)-block-polymethylmethacrylate
(PMMA-b-PHEMA-b-PMMA)

3.1.2. [90]

PS-b-PEO 3.1.2. [91]
Polystyrene-block-polyisoprene (PS-b-PI) 3.3. [92]

PMPC-block-poly(3-methacryloyloxy
propyltris(trimethylsilyloxy) silane) (PMPTSSi) 3.3. [93]

Thrombomodulin (TM) PS-b-PMMA 3.1.2. [86]
Type I collagen

(Col I) PS-b-PMMA 3.1.2. [86]

Collagen fibrils PS-b-PEO 3.4. [94]

Human/bovine serum albumin
(HSA/BSA)

PS-b-PMMA 3.1.3. [78,87]
PS-b-PI 3.1.2. [95]

Ovalbumin (OVA) Poly(acrylic acid)-block-poly(N-isopropyl acrylamide)
(PAA-b-PNIPAM) 3.1.2. [96]

Streptavidin (SAv) Polyethylene glycol-block-polystyrene
(PEG-b-PS) 3.1.2. [97]

Myoglobin (Mb)
Polystyrene-block-poly(2-hydroxyethyl methacrylate)

(PS-b-PHEMA) 3.1.2.&3.1.4. [89]

PS-b-PEO 3.1.2. [98]

Lysozyme (LZM)
PS-b-PHEMA 3.1.2.&3.1.4. [89]

PS-b-PEO 3.1.2. [99]
Green fluorescent protein (GFP) PS-b-PEO 3.1.2. [91]

Arginine-Glycine-Aspartate (RGD)
peptide motifs

PS-b-PEO 3.1.2.
3.3.

[91]
[91,100]

Polyacrylamide/bis-acrylamide-block-poly(acrylic
acid) (PAAm/bisAAm-b-PAA)

3.3.
3.4.

[101]

TAT peptide PS-b-PEO 3.1.2. [99]
Coiled-coil α-helix bundle

(heme-binding motif) PS-b-PEO 3.1.2. [98]

Lsmα protein PS-b-PEO 3.1.2. [102]
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Table 1. Cont.

Biomolecule Name
(Abbreviation) BCP Nanotemplate Used with Biomolecules Section

Covered Ref.

Horseradish peroxidase (HRP)

PS-b-PMMA 3.1.4. [79,103]
Polystyrene-block-polyethylene

oxide/polystyrene-block-poly(l-lactide) (PS-b-PEO/
PS-b-PLLA)

3.1.2.
3.1.4.

[104]

avß3 integrin receptor of c(-RGDfK-) Polystyrene-block-poly(2-vinylpyridine)
(PS-b-P2VP)

3.1.2.
3.3.

[105,106]

Tyrosinase PS-b-PMMA 3.1.4. [79]
Nucleic Acids

DNA origami
PS-b-PMMA 3.1.2. [68,107]
PS-b-P2VP 3.1.2. [108]

Cells
Chinese Hamster ovary cells (CHO) PS-b-PI 3.3. [92]

MC3T3-osteoblasts PS-b-P2VP 3.3. [105,106]
B16-melanocytes PS-b-P2VP 3.3. [106]
REF52-fibroblasts PS-b-P2VP 3.3. [106]

3T3 and NIH-3T3 fibroblasts

PS-b-P2VP 3.3. [106]

PS-b-PEO 3.3.
3.4.

[91,100]
[94]

Polyacrylamide/bis-acrylamide-block-poly(acrylic
acid) (PAAm/bisAAm-b-PAA) 3.4. [101]

L929 fibroblasts
PMPC-block-poly(3-methacryloyloxy

propyltris(trimethylsilyloxy) silane) (PMPC-b-PMPTSSi) 3.3. [93]

PMPC-b-PDMS-PMPC 3.4. [81]
Escherichia coli

(E.coli) PS-b-P2VP 3.4. [109]

Staphylococcus aureus (S.aureus) PS-b-P2VP 3.4. [109]

Bone marrow mesenchymal stem
cells (BMMSC), Mesenchymal

precursor cells

PS-b-P2VP 3.4. [110]
PS-b-P2VP

Polystyrene-block-poly(4-vinylpyridine)
(PS-b-P4VP)

3.4. [111]

Osteosarcoma cells (SaOS-2) PS-b-P2VP 3.4. [110]

Dermal fibroblasts PS-b-P2VP
PS-b-P4VP 3.4. [111]

Mouse preosteoblasts
(MC3T3-E1)

Polystyrene-block-poly(ethylene
oxide)/dodecylbenzenesulfonic acid

(PS-b-PEO/DBSA)
3.4. [112]

Pancreatic tumor cells, PaTu 8988t PAAm/bisAAm-b-PAA 3.4. [101]

Endothelial cells (ECs)
Polystyrene-block-poly(ethylene-co-butylene)-block-

polystyrene
(SEBS)

3.4. [113]

Biomineral Nanocrystals
Calcium phosphate (CaP),

Hydroxy-apatite (HAP), Triple CaP
(TCP)

PS-b-PMMA 3.2. [83,85]

Biosensors
rop B gene PS-b-P4VP 4.4.&4.5. [114]

Glucose oxidase (GOx)/Glucose PS-b-P4VP 4.5. [115]

Choline oxidase (ChO)/Choline
Poly(n-butylmethacrylate)-block-poly(N,N-

dimethylaminoethyl methacrylate)
(PnBMA-b-PDMAEMA)

4.5. [116]

Dopamine (DA) PS-b-P4VP 4.5. [117]
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2. Block Copolymers as Nanoscale Templates
2.1. Block Copolymer Nanostructures in Bulk

BCPs are synthesized by covalently linking two or more, chemically distinct, polymer
blocks via methods such as atom transfer free radical polymerization (ATRP) and reversible
addition fragmentation chain transfer (RAFT) [43,49–54]. In bulk, BCPs self-assemble
into various nanostructures with a tunable periodicity typically in the range of 5–100 nm
through a process known as microphase separation. The phase separation processes of
BCPs occur as a direct consequence of self-assembly driven by chemically incompatible
polymer segments in a given BCP to maximize (minimize) the spatial contact between
similar (dissimilar) blocks. However, these forces driving phase separation are countered
by the entropic forces of polymer chain mixing since the different blocks of the BCP are
covalently bonded together. The BCP microphase separation is ultimately achieved by a
balance between forces associated with separating and mixing and hence, the process is
thermodynamically driven by enthalpic and entropic parameters. The enthalpic term of
the process is defined by the Flory–Huggins interaction parameter (χ) which is related to
the free energy cost between the different polymer blocks. The interaction parameter of χ is
inversely proportional to temperature (T). The entropic term of mixing is affected by the
degree of polymerization (N) and the relative composition fraction of polymer blocks in
terms of volume fraction (f).

The phase separation behaviors of different BCP systems have been extensively studied
both theoretically and experimentally [40,45–47,49,55–65]. BCP phase diagrams obtained
by a self-consistent mean-field and other related theories provide the exact relationship
between χN and f which, in turn, dictates the spatial configuration and packing nature
of the polymer nanostructures for a given BCP system. For a simple linear A-B diblock
whose χN value is greater than ~10.5, ordered nanostructures that range from spheres
(body-centered cubic A spheres in a B matrix), to cylinders (hexagonally packed A cylinders
in a B matrix), to bicontinuous gyroids (two interpenetrating networks of A and B), and to
lamellae (alternating planes of A and B) can be formed depending on the volume fraction
and the immiscibility of the polymer blocks. Even a larger collection of nanostructures
is available in BCPs composed of triblocks or polymer blocks with higher architectural
complexities [56,60,118–123]. Figure 1A displays representative phase diagrams obtained
by a self-consistent field theory (SCFT) for (a) AB-type diblock and (b) symmetric ABA
triblock copolymer systems. For these two-component systems, the BCP morphologies
predicted for the ordered state include body-centered cubic spheres (S), hexagonally close-
packed spheres (Scp), cylinders (C), gyroids (G), lamellae (L), and Fddd (O70) [124]. Figure 1B
further shows exemplar nanostructures associated with various phases of AB diblock
copolymers that were identified by a theory and/or experiment in the literature [125].
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permission from Ref. [125] Copyright (2020) American Chemical Society.

One of the crucial aspects of phase diagrams is the characteristic phase separation
behaviors of BCPs and therefore, the resulting BCP nanostructures are highly predictable
and tunable. The size and shape of BCP domains along with the periodicity between the
polymer domains can be readily controlled at the nanoscale level by simply changing
experimental variables such as the composition, molecular weight, and volume fraction of
the BCP blocks. Moreover, nanostructures that are not thermodynamically stable can be
experimentally achieved in certain cases [40,126]. These morphologies arise from additional
experimental constraints of kinetic or chemical factors that are applied during the synthesis
and fabrication of BCPs. Examples of these factors include heterogeneities in the molecular
weight and structure as well as interactions of solvent vapors to select polymer blocks.
More detailed discussions will follow in the next section.

2.2. Block Copolymer Nanostructures in Thin Films

Surface energetics and confinement effects become extremely important for predict-
ing the phase separation behaviors of BCPs in thin films [41,44,47,62,127–130]. Therefore,
when BCPs are prepared on a solid support, wetting energies associated with polymer–air
and polymer–solid interactions are often considered in addition to the thermodynamic
parameters previously discussed for bulk phase diagrams. The enhanced role of surface
and interfacial energetics as well as the interplay between the BCP film thickness and the
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equilibrium period of microphase separation can drive a richer array of nanomorphologies
than what can be obtained from their bulk counterparts. For example, the formation of
BCP nanodomains in thin films can take place in different orientations with respect to the
substrate surface. Balancing the energetics between the polymer blocks and the material
interfaces above and below the BCP is used to create nanopatterns that are not expected in
bulk, specifically in the direction perpendicular to the underlying substrate or in combi-
nations of perpendicular and parallel orientations along the thickness axis. The enthalpic
contributions from selective interactions at the top and bottom interfaces are minimized
under which condition BCP nanodomains are aligned perpendicular to the substrate due to
the entropic contributions of better chain stretching in this direction. Similarly, variations in
the polymer–air interfacial energies for the different blocks of a BCP can be used to create
chemically alternating nanopatterns at the polymer–air boundary. Nanostructures normal
to the underlying substrate can exist partially into the depth of a BCP film. For example, an
ultrathin diblock film of polystyrene-block-polymethylmethacrylate (PS-b-PMMA) can be
prepared to produce periodic nanopatterns on the film surface where the small difference
in interaction energy between PS–air and PMMA–air causes both the PS and PMMA blocks
to be exposed at the polymer–air boundary. BCP nanopatterns organized this way can offer
distinct chemical properties whose length scale varies at nanoscopic dimensions.

More examples of nanomorphologies can be found in amphiphilic BCP systems, whose
structures are first self-assembled in solution and subsequently transferred to a solid sub-
strate [67,126,131–140]. In these systems, the polymer nanoarchitectures are controlled
by the interactions not only between the different polymer segments of a given BCP but
also between each polymer segment and the solvent. Amphiphilic BCPs form micellar
assemblies in a solution above a critical polymer concentration. For a typical BCP–solvent
system, the volume fraction of the polymer segments plays the largest role in determining
the morphology of the nanoassemblies. However, their exact sizes and structures can be
additionally adjusted by changing the solution properties and environmental parameters
such as the pH, temperature, and ionic strength of the solvent as well as the chemical
composition, length, and relative solubility of the polymer segments. The most common
nanomorphologies found from diblock BCPs are micelles of a spherical and cylindrical
(worm-like) shape, although vesicle-shaped micelles (polymersomes) analogous to natu-
rally occurring liposomes are also formed. In triblock BCP as well as nonlinear BCP systems
involving hyperbranched polymers, much more complex morphologies such as toroids,
helices, and multicompartment micelles have been obtained [131,132,137].

The formation of micelles in BCP systems of polystyrene-block-polyacrylic acid (PS-b-PAA),
polystyrene-block-polyethylene oxide (PS-b-PEO), polystyrene-block-poly(2-vinylpyridine) (PS-
b-P2VP), and polystyrene-block-poly(4-vinylpyridine) (PS-b-P4VP) has been extensively exam-
ined [131,137,141–145]. In these systems, it is well-known that additional BCP nanostructures
beyond those predicted by thermodynamic considerations can be kinetically isolated via sol-
vent vapor annealing (SVA). This method employs a solvent vapor selective to a particular
polymer block which then induces preferential interactions of the selective block to the solvent
vapor. A swollen and mobile BCP thin film, upon exposure to the solvent vapor, can result
in well-ordered nanostructures on the BCP surface even at a temperature that is well below
the glass transition temperature of the polymer blocks. Hence, this method has been widely
used to kinetically trap various non-equilibrium, but air-stable micellar nanomorphologies as
an avenue to producing periodic nanopatterns on a solid surface. For example, hexagonal
micelles of PS-b-P4VP were formed in toluene and prepared into a thin film on a Si support.
The PS-b-P4VP thin film was subsequently annealed under the vapor of chloroform. In addition
to the original micellar spheres, additional nanostructures that include holes, reformed spheres,
embedded spheres, enlarged spheres, cylinder precursors, and cylinders were produced during
the solvent annealing process [126,146]. BCP nanostructures that can be generated by controlling
solvent vapor annealing have also been identified by computer simulations [147]. For producing
different BCP nanostructures, solvent vapor annealing provides additional degrees of freedom
such as the fraction of different solvents incorporated, their selectivity with respect to each block,
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and solvent effects on the surface and interface energies. The effects of these factors on the
final nanodomain morphologies of BCPs were examined in 2D simulation studies, as depicted
in Figure 2. The simulation results were then compared with the experimental outcomes of
polystyrene-block-polydimethylsiloxane (PS-b-PDMS) annealed under block-selective solvents
of toluene and heptane [147].
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fsolB. Reproduced with permission from Ref. [147] Copyright (2015) Royal Society of Chemistry.

3. Block Copolymer Surfaces Interfacing Biomolecules

As discussed so far, BCP self-assembly enables a straightforward and convenient
means to obtain patterned nanostructures with high precision and controllability without
the need for sophisticated nanofabrication techniques such as extreme UV and electron-beam
lithography. Further, self-assembled BCP nanostructures can serve as a powerful and viable
platform to position different nanomaterials of interest onto a solid surface with excellent
scalability and exquisite nanoscale spatial precision. As such, BCP nanodomains have been
well-recognized and utilized as nanotemplates for seeding inorganic nanoparticles (NPs)
and as lithographic masks for large-area chemical patterning [42,69,70,144,145,148–150].

Another area in which self-assembly plays a crucial role is found in biological systems.
Many biological processes and functions rely on the precise positioning and assembly
of biomolecules. The spatial positioning and high-level organization of proteins and
nucleic acids, for example, inside virus capsids, collagen matrices, and cell membranes
occur with nanoscale precision via self-assembly-driven processes. The exact nanoscale
arrangements of intricate molecular structures are vital for their proper functions in those
cases. It is also imperative to control the assembly of biomolecules in biomaterials for
their use in engineered bioplatforms such as medical implant devices, artificial tissue
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scaffolds, and antibacterial coatings. Likewise, the self-assembly dynamics pertinent
to nanoscale organizations of biomolecules onto various surfaces, including those on
heterogeneous templates, are critical to controlling protein crystallization, protein printing
onto a surface, and timed protein release from a surface. These aspects have direct and
important consequences for biosensing and biocharacterization applications.

In comparison to BCP applications in inorganic NP assembly and nanolithography masks,
their use in nanoscale bioassembly has not been realized until later [35–37,72,75,151–155].
Comparatively speaking, limited work has been undertaken to exploit BCP self-assembly
in nanoscale spatial partitioning of biomolecules and their extended assembly on a solid
surface. Yet, many intriguing and encouraging discoveries have been put forward so far
in this field. The first endeavor in this regard was made by Kumar et al. [75], whose work
demonstrated the possibility of creating well-organized protein nanoarrays. Owing to this
and ensuing research efforts, it is now well-understood that the spatial assembly of proteins
can be faithfully guided not only by the size and periodicity of the nanostructures formed on
an underlying BCP surface upon microphase separation, but also by preferential interactions
between the different BCP nanodomains and a given protein. This section highlights those
research endeavors that successfully utilized self-assembled nanostructures of BCPs as surface
guides to derive simple and hierarchical ordering of biomolecules during which processes
biomolecules themselves were also organized on the BCP nanostructures via self-assembly.

3.1. Proteins
3.1.1. BCP Nanodomains for Proteins: Single-Component Systems

Protein Interactions on BCP Thin Films. The spearheading study of protein nanoar-
rays guided by an underlying BCP surface of PS-b-PMMA demonstrated that individual
protein molecules self-assemble on BCP nanodomains via preferential protein–PS interac-
tions [75]. A model protein of immunoglobulin G (IgG) was successfully ordered on the PS
nanodomain areas of PS-b-PMMA. Figure 3A displays such exclusive interaction behav-
ior of IgG with the PS nanodomains that was unambiguously resolved at the individual
protein level on the BCP nanodomain surface. It is clear from the atomic force microscopy
(AFM) data that the surface partitioning of IgG molecules was entirely exclusive to the
PS nanodomains, leaving the PMMA nanodomains completely free of IgG. This was due
to the preferential interaction of IgG with the more hydrophobic block of PS relative to
PMMA. The different degree of IgG loading on the BCP surface in Figure 3A was controlled
by adjusting the bulk solution concentration of IgG and incubation time on the surface.
When the loading condition was tuned to a monolayer-forming coverage, all available PS
sites were packed densely with a single layer of adsorbed IgG. The packed protein layer on
the PS nanodomains contained two IgG molecules along the short axis of the nanodomain
direction, as shown in the rightmost panels of Figure 3A. This was because the width of the
underlying PS domains used for the study was commensurate with approximately two
IgG molecules assembled side by side along the short nanodomain axis. The study was
the first demonstration of a BCP thin film-based approach for achieving nanopatterned
proteins on a solid surface, while solely relying on the self-assembly processes of the BCP
as well as the biomolecules.
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Figure 3. (A) The schematic diagram and the AFM panel in (i) correspond to the alternating PS
(orange) and PMMA (yellow) nanodomains formed on a PS-b-PMMA thin film surface. The repeat
spacing of the nanostripes (PS to PS nanodomains) is 45 nm. The AFM images in (ii,iii) display
the exclusive interaction of IgG molecules (appearing as spheres) with the more hydrophobic PS
block of PS-b-PMMA under different protein loading conditions. In all cases, the distribution of
IgG molecules was consistently observed to be segregated only on the PS nanodomain areas of the
BCP surface. The AFM data in (iii) belong to an IgG monolayer-forming condition under which all
available PS nanodomains were fully occupied by densely packed IgG molecules. Two IgG molecules
assembled along the short axis of the PS nanodomains at maximum due to the protein size with
respect to the width of the underlying PS nanodomain. The assembly of IgG molecules on the BCP
surface resembled the packing nature found in a 2D protein crystal. Adapted with permission from
Ref. [75] Copyright (2005) American Chemical Society. (B) A blank template of nanostriped PS-b-PEO
thin film is displayed in (i) onto which SbpA was incubated. The treatment resulted in the formation
of S-layer crystals confined to the PS regions of the PS-b-PEO surface, as shown in the AFM panel of
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(ii). The internal crystal structure of the S-layer is shown in the magnified image of (iii). Adapted
with permission from Ref. [82] Copyright (2019) American Chemical Society. (C) The TEM data
display the surface of PMPC-b-PDMS after treating the surface with a solution of AuNP-labelled IgG.
The PMPC-b-PDMS surfaces used in (i,ii) contained a PDMS monomer unit composition of 40.7%
and 55.4%, respectively. Cylindrical PDMS domains were produced in a PMPC matrix with different
domain sizes as schematically shown in (i,ii). Small dark dots inside the red circles in the TEM panels
correspond to the AuNP-labelled IgG molecules segregated on the more hydrophobic PDMS regions
of the BCP surface. Adapted with permission from Ref. [81] Copyright (2009) Elsevier. (D) The AFM
results in (i,ii) and PiFM data in (iii) show the peptide analogues of pAmel NRs assembled on 50 nm
PS stripes of PS-b-PMMA. The top and bottom panels in (i) correspond to the blank template of
PS-b-PMMA and after incubation with p14P2, where the inset in the bottom left panel (scale bar of
10 nm) displays the morphology of two pAmel NRs on PS. Height profiles measured perpendicular to
the stripes are compared among the cases of the bare BCP, p14P2-coated BCP, and p14P2Cterm-coated
BCP in (ii). The PiFM surface maps of p14P2-coated BCP in (iii) were obtained at the excitation
wavelength specific to the BCP as well as to the β-sheet pAmel NRs. The specific wavelength used is
marked in each map and the arrows point to the region of excitation. The strong signals appearing
as bright stripes in the PiFM data are from pAmel NRs with a β-sheet conformation which were
assembled on the PS regions. The relatively low signal of the PMMA areas in the Amide I and II
maps indicated the lack of β-sheet NRs. Adapted with permission from Ref. [83] Copyright (2023)
American Chemical Society.

In many other stimulating studies following this work, other proteins, largely globular in
shape, were able to be similarly assembled into nanopatterns [35,37,79,81,82,86,95,151,156,157].
Proteins and peptides such as human and bovine serum albumins (HSA and BSA), horseradish
peroxidase (HRP), mushroom tyrosinase (MT), green fluorescent protein (GFP), protein G
(PG), and amelogenin (Amel) behaved similarly as IgG on a PS-b-PMMA thin film. Much
like the data presented in Figure 3A, the assembled protein patterns under a monolayer
forming condition faithfully followed the size and shape of the more hydrophobic BCP
nanodomains [35,37,79,81–83,86,95,151,156,157]. The AFM, transmission electron microscopy
(TEM), and photo-induced force microscopy (PiFM) data in Figure 3B through 3D display some
of these examples. As shown in Figure 3B, S-layer protein (SbpA) treated on a nanostriped
BCP thin film of polystyrene-block-polyethylene oxide (PS-b-PEO) yielded the formation of
S-layer crystals confined to the more hydrophobic PS block of the BCP surface. The TEM
data in Figure 3C correspond to gold nanoparticle (AuNP)-labelled IgG that segregated into
the more hydrophobic PDMS block on the thin film surface of poly(2-methacryloyloxyethyl
phosphorylcholine)-block-poly(dimethylsiloxane) (PMPC-b-PDMS). The AFM and PiFM
results in Figure 3D present the assembly of the peptide analogues of phosphorylated amelo-
genin (pAmel) nanorods (NRs) on the PS stripes of PS-b-PMMA when the BCP surface was
incubated with p14P2. The pAmel NRs on the PS-b-PMMA thin film were formed via the
self-assembly of p14P2 (GHPGYINF p(S) YEVLT) and p14P2Cterm (GHPGYINF p(S) YEVT
DKTKREEVD) on the more hydrophobic PS block.

Elongated Protein Interactions on BCP Thin Films. It was also demonstrated that
the size and periodicity of the BCP nanodomains could be further utilized to modulate
the surface partitioning of elongated proteins into nanoscopic patterns upon their self-
assembly on the BCP surface [84]. It was revealed that, for a system of an elongated protein
of fibrinogen (Fg) on PS-b-PMMA, the interaction differences between the two polymer
blocks as well as those between the D, E, and αC subunits within a Fg molecule can lead to
protein concentration-dependent and protein subunit-specific behaviors of Fg partitioning
on the BCP surface. Individual Fg molecules show high aspect ratios of ~10 (length to
width) and ~25 (length to height). Unlike the globular protein case discussed above, the
interaction of Fg to the PS nanodomains was less exclusive where, depending on the protein
concentration, Fg showed a more neutral tendency for shared interactions with both blocks
of PS and PMMA. The interaction forces governing Fg were found to arise from not only
hydrophobic but also electrostatic in nature. This is different from the globular protein
interactions discussed earlier which were dominated by the hydrophobic interactions.
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Figure 4A presents such complex interaction behaviors observed from the elongated
protein of Fg on a PS-b-PMMA surface. Mixed populations of Fg molecules with TP and SP
configurations were observed on the BCP surface that contained unaligned nanodomains
with a repeat spacing of 25 nm. TP and SP stand for the configuration of Fg on the BCP
surface, where the entire length of a Fg molecule (~48 nm in length) lies across the PS
and PMMA nanodomain areas (two phases, TP) versus only within the PS nanodomain
areas (single phase, SP). The study also revealed surface-specific Fg conformations on the
BCP as well as on the homopolymer surface consisting of PS or PMMA. In addition, BCP
surface-driven topological changes of single proteins were experimentally resolved for the
first time at the sub-biomolecule level. Figure 4B presents such BCP surface-driven effect
on the assembly of Fg molecules. Compared to the data on an unaligned nanodomain
template in Figure 4A, Figure 4B displays Fg molecules on fully aligned nanodomains of a
PS-b-PMMA substrate. The aligned BCP template used for Figure 4B had a repeat spacing
comparable to the unaligned sample of Figure 4A. All populations of Fg molecules on the
aligned BCP exhibited the SP configuration.
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Figure 4. The AFM panels display different Fg configurations on various PS-b-PMMA surfaces. TP
and SP refer to the Fg configuration for which the backbone of a Fg molecule lies both on the PS and
PMMA nanodomain areas (TP) and only on the PS regions (SP). SP‖ and SP⊥ denote the backbone
of a Fg molecule lying along the long (SP‖) and short (SP⊥) axis of the PS nanodomains. The exact
Fg configuration and large-area assembly on PS-b-PMMA were dependent not only on the protein
concentration but also on the periodicity and alignment degree of the underlying BCP nanotemplate.
(A) Mixed populations of Fg molecules with TP and SP‖ were found on unaligned PS-b-PMMA
nanodomains of 25 nm in repeat spacing. The cartoons inserted next to each AFM panel depict the
inter- and intra-molecule arrangements of the different Fg subunits of D and E. (B) On a PS-b-PMMA
surface with fully aligned nanodomain of 28 nm in periodicity, all Fg molecules assembled on the PS
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nanodomain areas in the direction parallel to the long axis of the PS nanodomains (SP‖). The yellow
lines show the characteristic slope formed by the neighboring Fg molecules. (C) Fg molecules
assembled on the PS areas in the orientation parallel to the short axis of the PS nanodomains (SP⊥
configuration, side-on packing) when a PS-b-PMMA surface with 45 nm in periodicity was used
to form a monolayer of Fg molecules. Black boxes mark individual Fg molecules. (D) On a PS-
b-PMMA surface with fully aligned nanodomains of 28 nm in periodicity, Fg molecules under a
monolayer forming condition occupied the PS areas in the orientation parallel to the long axis of the
PS nanodomains (SP‖ configuration, end-on packing). Reproduced with permission from Ref. [85]
Copyright (2016) American Chemical Society.

In a later study, the effects of BCP periodicities and alignments on Fg interactions
were scrutinized [85]. Different PS-b-PMMA substrates that contained fully aligned or
randomly oriented nanodomain of varying sizes were employed. The length scale of the
nanodomains between the samples was varied to exhibit a dimension that was much larger,
comparable to, and much smaller than the length of Fg. The adsorption behaviors of several
Fg molecules in isolation as well as the assembly of many Fg molecules in large-area surface
packing were further investigated on the different BCP substrates. The study reported
that the periodicity and orientation of the chemically alternating BCP nanodomains can
be exploited to manipulate the packing configuration of Fg molecules on the BCP surface.
For example, an end-on (side-on) packing geometry, where the backbone of Fg is parallel
(and perpendicular) to the long axis of the PS nanodomain, can be achieved by providing a
BCP template with a nanodomain periodicity much smaller than (compatible to) the length
of the protein. Figure 4C,D summarize these results. The application of a PS-b-PMMA
template with a repeat spacing of 45 nm (comparable to the length of a Fg molecule) versus
28 nm (much smaller than the Fg length) for the protein assembly was able to induce side-
on (Figure 4C) versus end-on (Figure 4D) packing of Fg molecules on the PS nanodomain
areas. Highly oriented nanostructures formed on melt-drawn, ultrahigh molecular weight
polyethylene (UHMWPE) surfaces were also shown to induce Fg assembly [158]. Similar
to the nanostructures on the BCP surfaces, the nanocrystalline lamellae on the UHMWPE
surface were able to control the conformation and aggregation of human plasma Fg. The
lateral orientational order of proteins on the polymer surface was dependent on multiple
parameters such as nanoscale topography, chemistry, crystallinity, and molecular chain
anisotropy of the UHMWPE surfaces.

These works showed that the structural and chemical features of BCP and related
polymer surfaces could be effectively used to control not only the spot size and periodicity
of the assembled proteins at the nanometer range, but also the orientation and packing
geometry in the large-area organization of elongated proteins. Controlling the spatial
arrangement of Fg molecules on solid surfaces has important biomedical relevance to blood
clotting and wound healing since a specific arrangement of Fg molecules is required in
these processes [159]. As evidenced in Figure 4B,D, the BCP-generated Fg nanoassemblies
produced Fg molecules in a half-staggered manner, yielding protofibrils of Fg molecules
arranged in different PS nanodomains. The half-staggered packing of Fg molecules enabled
contact points for the D-E subunits between neighboring Fg molecules on adjacent PS
nanodomains. This intermolecular assembly pattern of Fg molecules is similar to the
natural process of fibrin assembly in blood clotting. Such an aspect will be important for
future applications of BCP-based protein nanoassemblies in developing biomaterials.

3.1.2. BCP-Guided Protein Assembly on Extended Systems Involving Various BCP Thin
Films and Proteins

Other studies have since demonstrated that a BCP-based method can be effectively
used to attain a large-scale surface organization of biomolecular nanopatterns in a control-
lable and predictable manner [78,81,85–88,90,91,95–97,103,126,140]. Diblock and triblock
copolymer systems used for protein assembly have been extended to include a range
of different BCP blocks such as polystyrene-block-polyisoprene (PS-b-PI), polyethylene
glycol-block-polystyrene (PEG-b-PS), poly(2-methacryloyloxyethyl phosphorylcholine-
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block-poly(dimethylsiloxane) (PMPC-b-PDMS), polystyrene-block-poly(2-hydroxyethyl
methacrylate) (PS-b-PHEMA), poly(acrylic acid)-block-poly(N-isopropyl acrylamide) (PAA-
b-PNIPAM), PS-b-PEO, PMMA-b-PHEMA-b-PMMA, and PAA-b-PMMA-b-PAA. In addi-
tion, a diverse system of whole proteins, protein fragments, protein coats, peptides, and
extracellular matrix (ECM) fragments has been employed as a model biomolecule for BCP-
based self-assembly. Regardless of the BCP and protein model systems used, it was possible
to effectively modulate selective adsorption, morphology, orientation, and alignment of
proteins on the BCPs. This was achieved by tuning the underlying BCP nanostructures to
favorably recognize the different physicochemical properties of the proteins.

Preferential Protein Interaction with the Hydrophobic BCP Domains. Many studies
reported that proteins and protein coats preferentially interact with the more hydrophobic
segments of BCPs [81,82,86,95]. An example of this can be found in a study that em-
ployed highly oriented lamellar nanopatterns of PS-b-PMMA as a platform to assemble
nanopatterns of various serum, antithrombogenic, as well as cell adhesive proteins such
as γ-globulin, Fg, fibronectin (FN), thrombomodulin (TM), and type I collagen (Col I) [86].
The preparation of the BCP thin film was formulated to have a perpendicularly oriented,
lamellar morphology of alternating PS and PMMA regions on the surface. The lamellar
structures were then aligned along the thickness gradient for producing unidirectional
protein nanopatterns of γ-globulin molecules, FN, and TM on the hydrophobic PS areas.
Unlike these proteins, Col I molecules did not show any particular orientation on the BCP
template, but almost all of the adsorbed parts of Col I were reported to interact with the PS
domains. In a different study involving a polymer blend surface, the important roles that
the size and surface coverage of polymer heterogeneities play in modulating the diameter
and length of Col I assemblies have been identified [160]. When a blend thin film consisting
of PS and PMMA was employed, the organization of Col I was reported to be affected by
the size of the PS areas in the blend film. The study also confirmed that the amount of
Col I adsorbed on the surface was linearly correlated with the PS surface fraction of the
blend film.

The general tendency of proteins favoring the more hydrophobic domain of BCPs
was further confirmed by examining the adsorption behaviors of BSA, FN, and crystalline
surface layers (S-layer crystals) on the BCP surfaces of PS-b-PI, PMPC-b-PDMS, and PS-b-
PEO [81,82,92,95]. Various nanopatterns and surface chemistry of solvent-annealed PS-b-
PEO were found to efficiently steer the formation of crystalline S-layers from monomeric
SbpA confined to the PS nanodomains of the BCP surface [82]. A study using well-ordered,
nonequilibrium nanostructures of PS-b-PI also reported that BSA as well as FN tended
to bind selectively on the PS domains of PS-b-PI [92,95]. The overall patterns produced
by the BSA or FN molecules were found to closely resemble the nanopattern shape of the
underlying PS-b-PI nanostructures. Phase-separated BCP surfaces composed of PMPC-b-
PDMS were shown to exhibit selective binding of FN molecules to the hydrophobic PDMS
domains as well [81].

Topographical versus Chemical Contrast on a BCP Surface for Protein Assembly.
PS-b-P2VP and PS-b-PEO were employed as model BCP systems in a research effort
to discern the BCP effects of a structural (i.e., topographic) versus chemical origin on
protein assembly [82]. Figure 5A displays the preparation processes of these BCP thin
films for the assessment of structural versus chemical effects. The two BCP surfaces were
prepared to have a topographic contrast similar to each other, while presenting different
chemical contrasts in terms of alternating hydrophobicity and hydrophilicity. The PS-
b-P2VP surfaces, uniformly hydrophilic relative to PS-b-PEO in terms of their chemical
contrast, resulted in no confinement of the S-layer crystals to any specific nanodomains.
Figure 5B schematically illustrates the different formation processes of the S-layer due to
the structural and chemical variations associated with the underlying polymer substrates.
It was concluded that the presence of a chemical contrast on the PS-b-PEO template played
a critical role in the spatially confined assembly of the crystalline S-layers [82].
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Figure 5. (A) The BCP surfaces of (i) PS-b-PEO and (ii) PS-b-P2VP prepared to examine the effects
of structural and chemical contrasts on protein organization are displayed. Relative to the PS-
b-PEO surface, the patterned PS-b-P2VP presented a comparable physical contrast but lacked a
chemical contrast in terms of alternating hydrophobicity and hydrophilicity. (B) The illustrations
depict different S-layer formation processes due to the surface effects of structural and chemical
contrasts. Isotropic nucleation and growth are expected for S-layers on a uniform surface in (i). On
a nanopatterned surface with alternating hydrophobic and hydrophilic domains in (ii), S-layers
nucleate and preferentially grow on the hydrophobic regions only. Lastly, on a nanopatterned
surface with no chemical contrast in (iii), S-layers nucleate equally on both nanodomains although
its growth rate is faster along the long axis of the nanodomain. (A,B) Adapted with permission
from Ref. [82] Copyright (2019) American Chemical Society. (C) The bar diagram summarizes
measured adhesive forces between antibody-functionalized tips and various polymer surfaces with
and without added protein. In both series of BCP templates containing the more hydrophilic (PMMA
and PAA) and the less hydrophilic (PMMA and PHEMA) blocks, it was the triblock copolymers that
exhibited the highest adhesive force. Adapted with permission from Ref. [90] Copyright (2012) Wiley
Periodicals, Inc.

The effects of BCPs’ structural and chemical contrasts on protein assembly have been
further examined not only on diblock but also on triblock and other related polymer
systems. The different roles of the BCP’s structural and chemical effects have been studied
by measuring the adhesion forces of proteins on surfaces. Diblock and triblock as well
as random copolymers consisting of PMMA, PAA, and PHEMA were evaluated for their
differences in FN interaction [90]. While keeping PMMA as one of the blocks, the other two
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polymers were used as varying segments. Different diblock and triblock surfaces such as
PMMA-b-PAA, PMMA-b-PHEMA, PMMA-b-PHEMA-b-PMMA, and PAA-b-PMMA-b-
PAA were prepared this way. It was found that the surface distribution of FN molecules was
dictated by both the chemical effect stemming from the interactions between FN and the
polymer chain of PMMA, PAA, or PHEMA, and the topographic effect due to the nanoscale
dimension and spacing of the polymer domains. The conformation and orientation of
FN were determined by the surface chemistry as well as the nanomorphology of the BCP
templates. However, the study pointed out that the adhesion forces between FN on the
BCP surfaces and FN antibody hanging from a probe tip did not depend either on the
chemistry, charges, or wettability of the BCP surfaces. Rather, the adhesion forces between
FN-FN antibodies were governed by the BCP nanomorphology. In general, higher adhesion
was monitored for the triblock surfaces that presented a larger domain size relative to the
diblock samples. This tendency was consistently observed whether the sample surfaces
contained the more hydrophilic (PMMA and PAA blocks) or the less hydrophilic (PMMA
and PHEMA blocks) polymer segments. Figure 5C summarizes the measured adhesion
forces between the different polymer surfaces and antibody-functionalized tips.

Stimuli-Responsive BCP Segments for Protein Interactions. Protein behaviors at
surfaces have been successfully tuned with the aid of stimuli-responsive segments in BCPs.
A BCP thin film of PAA-b-PNIPAM, assembled in a layer-by-layer manner, was employed
to study the adsorption behaviors of ovalbumin (OVA) while varying the temperature
and the pH of the protein solution [96]. The pH-responsiveness of the PAA block and
the thermo-responsiveness of the PNIPAM block provided a dual sensitivity to modulate
protein interactions at the PAA-b-PNIPAM surface. It was found that OVA adsorption to
the BCP surface was dependent on the temperature. The BCP film exhibited high OVA
adsorption at 50 ◦C whereas the same BCP surface strongly repelled the protein at 20 ◦C.

Micellar BCP Inversion in Protein Assembly. Tuning protein behaviors at the surface
has been attempted by flipping the spatial arrangement of the polymer segments belonging
to the core and matrix (corona) portions of BCP nanostructures as well. Heterogeneous
nanopatterns assembled from an amphiphilic BCP of PS-b-PHEMA were used for Fg
adsorption [88]. The study found that the protein-adhesive/-resistant property of the
underlying surface can be tuned by switching out the core and matrix polymer components
of the heterogeneous nanopatterns. When the PS-b-PHEMA surface was processed to
yield PHEMA (PS) domains to occupy the majority (minority) of the surface, the film
became strongly protein-repulsive. In contrast, the opposite distribution of majority PS and
minority PHEMA domains on the film surface led to protein adsorption.

Chemical Modifications of BCPs and Proteins for Specific Interactions. Strategies
to chemically modify the nanodomains of a specific BCP block as well as proteins of in-
terest have been used to induce exclusive polymer block–protein interactions on a BCP
surface. In one study, a biotinylated BCP surface of PEG-b-PS was prepared into cylin-
drical nanostructures by mixing a small amount (4 mol%) of biotin-functionalized BCP
into non-functionalized BCP [97]. Upon subsequent incubation with streptavidin (SAv)
on the biotinylated BCP surface, the strong interaction between biotin and SAv led to
the immobilization of SAv to the PEG-b-PS thin film. The protein immobilization was
controlled by varying the amount of biotinylated PEG-b-PS used for mixing. In another
study, alkyne-functionalized BCP nanopatterns of PS-b-PHEMA were demonstrated for
linking azide-tagged protein molecules of Fg, myoglobin (Mb), and lysozyme (LZM) [89].
The azide-tagged protein molecules bound to the alkyne-functionalized PS nanodomains
of PS-b-PHEMA. The approach was able to conveniently produce nanoarrays containing
individual protein molecules per spot via specific protein binding to the PS nanodomains
and eliminated any issues in protein quantification that might arise from nonspecific pro-
tein adsorption. In addition, a chemically modified BCP of PS-b-PEO was self-assembled to
produce the functional group of maleimides on the PEO nanodomains while controlling the
size, number density, and lateral spacing of the nanodomains [91]. The maleimide group
was then employed to bind proteins and extracellular matrix (ECM) fragments such as
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GFP, FN fragments, and arginine-glycine-aspartate (RGD)-containing peptides on the PEO
domains. The study also showed that the same maleimide-functionalized BCP templates
were applicable for linking other biomolecules such as poly-histidine tagged proteins and
Zn-chelating peptide sequences.

Protein Embedded in BCP Thin Films. Attempts to create hierarchically structured,
functional biomaterials have been made by directing co-assembly of BCP thin films and
biomolecules of proteins or peptides. These platforms were also used to carry out a quan-
titative examination of the release kinetics of biomolecular cargos within BCP thin films.
PS-b-PEO thin films prepared into different thicknesses were co-assembled with cargo
proteins and peptides such as LZM and a peptide of TAT [99]. This process led to the
distribution of protein or peptide cargos within the hexagonally packed PEO nanodomains
of PS-b-PEO. In a different study, the co-assembly method was extended to build assembled
structures of a greater hierarchy [98]. Structures consisting of PS-b-PEO and a bio-motif
were designed for a simultaneous co-assembly scheme. Bio-motifs such as horse-heart Mb
and a heme-binding protein were used in the co-assembly to produce protein/cofactor com-
plexes as well as catalytically active enzymes within the BCP thin film. In another endeavor,
a solvent-induced film of hexagonally packed PS-b-PEO nanostructures was processed
into vertically arranged, cylindrical nanoscaffolds for the assembly of Lsmα [102]. Lsmα

is a protein that self-organizes into stackable, doughnut-shaped, heptameric structures
whose pore size can be tuned for encapsulation molecules of interest. Upon co-assembly
of PEGylated Lsmα (LsmαPEG) with PS-b-PEO in a solvent mixture composed of water,
methanol, and benzene, the protein molecules were able to form into a regular array. The
assembled array structure contained doughnut-shaped tunnels of Lsmα. The work showed
that BCP templates can effectively guide even a coordinated assembly of hierarchical pro-
tein nanostructures into BCP nanodomains, beyond what has been demonstrated for the
assembly of simple proteins on BCP nanodomains. All these efforts will be crucial for the
future applications of biocargo-loaded BCP films in cell culture and mechanotransduction
studies as well as in biocatalytic reactions and biosensing.

Nanoporous BCP Thin Films for Protein Assembly. Nanoscale protein interactions
with BCPs have been extended to those with nanoporous thin film structures [104,161–163].
Nanopores in self-assembled BCP thin films are typically produced by selectively removing
a polymer block from a phase-separated BCP film [163]. Methods used for the selective
segment removal include ultraviolet (UV) degradation, reactive ion etching (RIE), ozonoly-
sis, and chemical etching [164–167]. The resulting size and shape of the nanopores in the
BCP templates are governed by the original nanostructures formed during the BCP’s phase
separation process and, thereby, the nanoporous structures can be controlled by the same
experimental parameters that are used to modulate the BCP nanodomains according to their
phase diagrams. In a study using the nanopore approach, a thin film of nanometric channels
was fabricated from a BCP mixture of polystyrene-block-poly(l-lactide) (PS-b-PLLA) and
PS-b-PEO [104]. Nanoporous structures with elongated nanopores of ~20 nm in width were
generated after the selective removal of PLLA from the phase-separated BCP mixture. The
resulting nanochannels contained PEO chains pending from PS walls. The BCP nanopore
thin film was then successfully utilized for the immobilization of HRP molecules.

Indirect BCP–Protein Interactions via Inorganic Nanoparticles. Research efforts
have been made to assemble biomolecules at BCP surfaces through a mediating layer of
inorganic NPs using a process known as BCP micelle nanolithography, instead of having
BCP nanopatterns directly interface with proteins on the polymer surfaces [68,105–108].
In these works, inorganic NPs such as gold NPs (AuNPs) of 1–15 nm in size were pre-
assembled on BCP nanoguides with a tunable lateral spacing of 15–250 nm through a
preferential metal–polymer segment interaction. Well-defined patterns of AuNPs were
subsequently produced after subjecting BCP thin films to a plasma process to remove the
BCP from the substrate, leaving only the AuNPs. As the lateral spacing in the BCP template
can be controlled by the BCP molecular weight, the periodic spacing between AuNP dots
in the array can be adjusted accordingly. Fabrication processes similar to those depicted in
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the schematics of Figure 6A are typically used to create inorganic NP-linked templates via
the BCP micelle nanolithography. The NP-containing BCP surfaces can then be used for
assembling DNA, peptides, or proteins.
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Figure 6. (A) The schematic representations show the processes for Au-DNA functionalization
via (i) DETA and (ii) APTES on nanoporous PS-b-PMMA thin films. DETA and APTES denote
(3-trimethoxysilylpropyl)-diethylenetriamine and (3-aminopropyl)-trimethoxysilane, respectively.
The AFM images correspond to the DETA-functionalized (iii,v,vii) and unfunctionalized (iv,vi,viii)
nanoporous BCP templates exposed to DNA-AuNPs. Red circles inserted in the images are the
DNA-AuNPs that were deposited into the DETA-functionalized nanopores. All scale bars are 200 nm
in size. Adapted with permission from Ref. [107] Copyright (2006) American Chemical Society.
(B) The schematic in (i) displays the patterning process of AuNPs on PS-b-P2VP micelles for the
adsorption of DNA origami on the BCP surface. The AFM panels show (ii) sticky end-modified, DNA
origami placed on a clean SiO2 surface, (iii) non-modified DNA origami on a patterned, single-strand
DNA (ssDNA) surface, (iv) sticky end-modified DNA origami on a patterned, noncomplementary
ssDNA surface, and (v) modified DNA origami on a patterned, complementary ssDNA surface. All
scale bars are 200 nm in size. Adapted with permission from Ref. [108] Copyright (2011) American
Chemical Society.

In studies using the micelle nanolithography method, AuNPs with tunable sizes
were generated into a quasi-hexagonal pattern by employing a sacrificial PS-b-P2VP tem-
plate [105,106]. The AuNP array was further used to assemble thiolated αvβ3 integrin
receptor of c(-RGDfK-) functionalized through thiol–Au interactions. Nanoporous struc-
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tures fabricated from PS-b-PMMA were also utilized for the deposition of DNA-conjugated
AuNPs [107]. As illustrated in Figure 6A, nanopatterns on the PS-b-PMMA thin film
were first exposed to UV radiation to cross-link the PS chains while degrading PMMA.
Nanopores were then created on the PS-b-PMMA surface by rinsing away the degraded
PMMA with a solvent. The resulting nanopores on the BCP surface were able to serve
as nanocontainers for the AuNPs whose NP surfaces were pre-conjugated with oligonu-
cleotides. Similarly, PS-b-PMMA and PS-b-P2VP surfaces were fabricated to produce AuNP
and Au nanorod (AuNR) arrays of various diameters and center-to-center distances [68,108].
The Au-modified BCP templates were used afterwards to selectively place DNA origami
at directed surface locations. An example of such efforts involves AuNPs and AuNRs
formed on the hexagonal array of PS-b-P2VP micelles [108]. The Au-containing BCP surface
was functionalized with thiol-modified, single-stranded DNA (ssDNA-SH). DNA origami
created with sticky ends was then attached to the surface by extending appropriate staple
strands on each end. The modified staple strands connected to DNA origami subsequently
pair up with the ssDNA-SH. The AFM results from the AuNP-modified PS-b-P2VP micelles
compared to those of control surfaces are shown in Figure 6B.

Protein Adsorption and Release Kinetics on BCP Thin Films. It has been revealed
that the time-dependent adsorption behaviors of proteins differ on nanoscale BCP surfaces
when compared with those on the surfaces of homopolymer counterparts. So far, inves-
tigations of proteins on nanoscale polymer surfaces have been largely centered on static
instead of time-dependent behaviors. This is mainly due to the experimental challenges
associated with directly attaining single biomolecule imaging and kinetic data. Being able
to experimentally identify key kinetic segments that can be substantiated by corresponding
topological data will be critical. However, the measurement process becomes especially
difficult for the very early stage of protein adsorption, where ensemble-averaged measure-
ment techniques may not be adequate for correctly rendering the kinetics associated with
single biomolecule behaviors at nanoscale surfaces.

Despite these hurdles, the exact adsorption pathways and kinetics of IgG were de-
termined successfully by tracking individual IgG molecules on the striped nanodomains
of PS-b-PMMA [76]. Owing to the direct measurements of the same IgG molecules over
time, it was possible to establish meaningful correlations between various topological states
of the IgG assembly and specific adsorption kinetic regimes on the BCP surface. These
characteristics were then compared to those data similarly acquired on a PS homopolymer
surface. A distinct adsorption pathway of a single to double-file IgG assembly was revealed
on the BCP surface. Additionally, unique adsorption characteristics such as the presence of
two Langmuir-like segments and an undulating nonmonotonic regime were identified on
the nanoscale BCP surface [76]. On the control surfaces of PS and PMMA homopolymers,
the kinetic profile of IgG adsorption exhibited a single Langmuir-like segment with no
undulating regime [76,77]. The IgG adsorption kinetics on the BCP surface of PS-b-PMMA
versus on the homopolymer surfaces of PS and PMMA are presented in Figure 7A,B. Data
in Figure 7A were collected from single protein tracking by AFM in a time-lapse manner,
and those in Figure 7B were obtained by surface plasmon resonance (SPR) spectroscopy.
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Figure 7. (A) The AFM data and IgG adsorption isotherms were obtained by time-lapse imaging of
the same PS-b-PMMA surface areas while tracking individual IgG molecules. As a guide, white boxes
are inserted in the time-lapse AFM data to mark the same BCP area. Key kinetic segments identified
from the IgG assembly on the BCP surface are linked to the topographic data corresponding to each
segment specified as (i–v). Unlike the IgG behavior on the control surface of PS homopolymer, IgG
adsorption isotherms presented two unique features at the nanoscale BCP surface, i.e., the presence
of two Langmuir-like segments and the existence of an undulating, nonmonotonic adsorption regime.
Adapted with permission from Ref. [76] Copyright (2022) American Chemical Society. (B) The plot of
surface mass density versus time corresponds to IgG adsorption on the BCP surface of PS-b-PMMA
as well as on the homopolymer control surfaces of PS and PMMA. The data were obtained by SPR
spectroscopy. The dashed line shows the hypothetical amount of adsorbed IgG, which was calculated
from the weighted average of PS and PMMA homopolymer data while considering the volume
fraction of the two polymer blocks in the BCP. Adapted with permission from Ref. [77] Copyright
(2009) American Chemical Society.
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In addition to adsorption kinetics, the release kinetics of single-component proteins
from BCP surfaces were also examined [99]. The release kinetics of fluorescein isothio-
cyanate isomer (FITC)-coupled protein of LZM as well as FITC-coupled peptide of TAT
from PS-b-PEO thin films were measured by spectrofluorometry [99]. By taking advantage
of the fact that BCP film thickness can be easily modulated during the spin coating process
of the film preparation, PS-b-PEO samples of 45–60 nm in thickness were prepared. The
thinnest (thickest) BCP film yielded the least (greatest) amount of released protein cargo.
Quantitatively, 20–80 ng cm−2 of cargo was reported to be released from PS-b-PEO films,
where the larger (smaller) molecule of LZM (TAT peptide) was released over a longer
(shorter) period. As for the release kinetics of the biomolecules, the study confirmed that
an initial burst release of the protein or the peptide was followed by either a gradual or a
steady-state release depending on the cargo. The study was able to demonstrate that the
released quantity of the biomolecular cargo can be effectively controlled simply by altering
the thickness of the BCP thin film.

3.1.3. BCP Nanodomains for Proteins: Multicomponent Systems

Biomedical applications in many practical settings are expected to involve multiple
protein components, rather than single protein species. However, the interaction dynamics
and kinetics of multicomponent proteins on solid surfaces are understood much less
than single protein component systems in general, let alone for those polymer surfaces
of nanoscale topology and chemical variability. Insights from single-component protein
studies may not be applicable to adequately explaining more complex, multicomponent
protein behaviors on nanoscopic material surfaces. On macroscopic solid surfaces, a
protein exchange process known as the Vroman effect has been commonly observed from
the competitive interactions of multicomponent proteins. The effect has been extensively
documented in the areas of hemostasis, thrombosis, and biomaterials [168–174]. The
Vroman process describes a phenomenon in which proteins, preferentially bound on a
solid surface at early times, are displaced by other proteins in the bulk solution over time.
Fast-diffusing protein species of lower molecular weights with lower surface affinity tend to
arrive at the solid surface at earlier times. These species are replaced later in time by other
slow-diffusing protein species of higher molecular weights and higher surface affinity.

Unlike the cases for macroscopic surfaces, not much insight into protein behaviors on
nanoscale surfaces can be currently drawn from the literature. There is currently a lack of
definitive experimental data at the single biomolecule level for unambiguously revealing
multiprotein protein interaction processes on nanoscale surfaces. Despite this, it is crucial
to determine the exact molecular mechanism underlying competitive protein–surface inter-
actions on nanoscale surfaces and to reveal the precise compositions of adsorbed proteins
at a given time. Furthermore, it is imperative to acquire such experimental evidence and
move beyond the present stage of the field where existing postulations deduced from
ensemble-averaged measurements are used to speculate on possible kinetics and mecha-
nisms. Considering all these situations, there still is plenty of room to explore competitive
protein interactions on nanoscale polymer templates, particularly those attributes examined
at the individual protein level. Research efforts have begun to be put forward for the multi-
component protein systems on nanoscale BCP surfaces, leading to important discoveries
on protein behaviors that are exclusive to those interaction mechanisms and dynamics at
the nanoscopic interfaces.

Multicomponent Protein Assembly on BCPs. Nanostructures formed from a PS-b-
PEO derivative, P(S-co-BrS)-b-PEO, have been used for the fabrication of multicomponent
biomolecular arrays by combining nonspecific and site-specific interactions between pro-
teins and the BCP nanodomains [80]. The BCP of P(S-co-BrS)-b-PEO contained 5 wt% of
4-bromostyrene (BrS) copolymerized within the PS block for crosslinking with 254 nm light.
The PEO segment of the BCP was biotinylated. Various nanopatterns of lines and dots with
parallel or perpendicular PEO cylinders with respect to the substrate were generated by
using combinations of preparation protocols such as solvent annealing and shadow-mask
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irradiation. The PS nanodomain areas of the BCP surface were passivated by BSA in
order to prevent nonspecific protein adsorption. The biotinylated PEO areas then served
as a modular template to pattern neutravidin and biotinylated IgG. The process relied
on the specific interaction between biotin and neutravidin to form a complex of biotiny-
lated IgG-neutravidin-biotinylated PEO. A general approach that can be similarly used to
pattern multicomponent proteins to the different nanodomain areas of a BCP surface is
schematically depicted in Figure 8A.
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BCP surface contains nanoscale patches of alternating blocks of A and B, where A is more hydrophobic
than B and B is pre-functionalized with biotin. Protein X, exhibiting a preferential interaction with
the more hydrophobic block A, is first deposited to coat the block A nanodomains. Subsequently,
protein Y conjugated with avidin is deposited into the nanodomain areas of block B by way of biotin–
avidin interactions. (B) Time-dependent behaviors of multicomponent proteins were examined
for simultaneous competitive adsorption. The model system involved BSA and Fg simultaneously
exposed to the surface of PS-b-PMMA as well as to that of PS homopolymer. At earlier times, BSA
was the dominant protein species assembled on the BCP surface. Over time, Fg replaced the BSA
molecules on the surface and became dominant. The colored bar graphs display the time-dependent
transition between BSA (blue shaded portion) and Fg (orange shaded portion) on the PS-b-PMMA
surface as well as on the PS homopolymer template. The different transition stages of BSA-dominant
phase, the Fg onset/turnover phase, and the Fg-dominant phase are identified in blue, gradient
purple, and orange, respectively. The plot shown in the right panel displays the times corresponding
to the turnover point from BSA to Fg for different protein concentrations. Adapted with permission
from Ref. [87] Copyright (2016) Royal Society of Chemistry. (C) Sequentially occurring, competitive
protein behaviors were examined by using the model protein system of IgG and Fg on the surface
of PS-b-PMMA. The control data in (i,ii) were obtained by examining the case of (i) IgG and (ii) Fg
adsorption onto a clean BCP substrate with no preadsorbed proteins. In both cases, the plots show
the adsorbed protein amount is linearly dependent on the bulk protein concentration. The data in
(iii,iv) correspond to the BCP surface containing preadsorbed IgG proteins from a prior incubation
step. Fg molecules were introduced as a subsequent-stage adsorber. The plot of adsorbed Fg versus
Fg bulk concentration in (iii) shows that the adsorbed Fg amount was no longer dependent on the
bulk Fg concentration. Fg adsorption in this case was dependent on preadsorbed IgG amounts on
the surface. The plot in (iv) shows the occurrence frequencies of Fg on the BCP surface for the case
of distal Fg adsorption (black), proximal Fg adsorption (blue), and Fg replacing IgG (red). Adapted
with permission from Ref. [78] Copyright (2018) Royal Society of Chemistry.

In a different study, multicomponent protein interactions on PS-b-PMMA were exam-
ined for the situation of a simultaneous, rather than sequential, exposure to BSA and Fg [87].
When the protein mixture was applied to the PS-b-PMMA surface, the protein components
found on the PS nanodomains of the BCP surface were revealed to be time-dependent. At
earlier times, BSA constituted the dominant protein species assembled on the BCP, whereas
Fg molecules became the major protein kind that occupied the BCP surface at later times.
The data shown in Figure 8B present the change in the dominant protein species on the
PS-b-PMMA thin film over time.

Multicomponent Protein Dynamics on BCPs. Experimental and simulation research
endeavors have been undertaken jointly to reveal competitive protein adsorption behaviors
on nanoscale BCP surfaces. When the BCP platform of PS-b-PMMA was exposed to
proteins of different kinds such as BSA, Fg, and IgG, it was confirmed that a protein
exchange process similar to those on macroscopic polymer surfaces indeed occurred on the
nanoscale BCP surface as well [78,87]. However, protein adsorption occurred exclusively
on the PS nanodomains regardless of deposition time. Furthermore, the extent to which
the initially bound BSA resists its displacement by Fg was much greater on the nanoscale,
chemically varying BCP surface relative to the macroscopic, chemically homogeneous
surface of PS homopolymer. This phenomenon can be clearly seen in the data presented
in Figure 8B. The protein exchange of BSA by Fg took place much more slowly on the
nanoscale BCP relative to the PS homopolymer surface [87]. The results indicated that
nanoscale BCP surfaces present a more energetically favorable environment for surface-
bound proteins which, in turn, enables prolonged residence time of the initially bound
protein species and significant retardation in the onset of the protein exchange process.

In another study, individual protein tracking was successfully carried out for com-
petitive protein adsorption of IgG and Fg that occurred in a sequential manner on PS-
b-PMMA [78]. The study was able to provide valuable experimental evidence for the
dominant adsorption pathway, occurrence frequency, and directionality in protein ex-
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change, all resolved at the single biomolecule level. In addition, the adsorption profiles of
subsequent-stage proteins were proven to be significantly different between those sample
surfaces with and without pre-adsorbed proteins from earlier stages. For single-component
protein adsorption to a neat PS-b-PMMA surface, the protein amount adsorbed on the BCP
surface increased linearly with the bulk protein concentration. However, for the sequential
interaction case involving a subsequent-stage protein of Fg introduced to the BCP surface
treated with IgG in an earlier step, such a linear relationship was no longer observed. In
this case, the adsorbed amount of Fg, the subsequent-stage protein, had no dependence on
the Fg solution concentration. Rather, the adsorbed amount of the subsequent-stage protein
showed a strong correlation to the amount of the prior-stage protein on the BCP surface.
The data shown in Figure 8C summarize these features that are associated with the BCP
surface under different, competitive adsorption stages in a sequential deposition scenario.

3.1.4. Protein Functionality on BCP Thin Films

Proteins immobilized on a solid surface may present biological functionalities differ-
ent from those in their native states. The presence of an underlying surface may restrict
necessary changes in protein conformation and protein chain rearrangement for expos-
ing its binding sites toward a ligand molecule, for instance. In fact, conflicting results
are found in the literature in terms of protein functionality upon surface immobilization.
Some reported reduced activities due to substrate-induced, steric hindrance of protein
binding to ligands [79,103]. On the other hand, some reported increased protein activity
on a solid platform [175,176]. The disparity can be largely explained by the fact that the
former conclusion was drawn for protein systems that were randomly adsorbed onto a
surface, whereas the latter case involved protein molecules specifically oriented in space
with respect to the surface. Tethering of proteins to the platform in the latter case was
typically attained by chemical or biological moieties. For protein reactions in solution that
occur without the involvement of a solid surface, Brownian motion related to the stochas-
tic chances of biomolecular collisions dominates the reaction process. On the contrary,
biomolecules strategically oriented on a surface can guide more effective ligand binding
along a well-defined molecular coordinate and increase protein activity. Nevertheless, very
little is yet known about the activity and stability of proteins upon their binding onto BCP
nanotemplates. It is important to determine the influence of the nanoscale BCP surface on
the biofunctionality as well as the stability of proteins for a diverse system of BCPs and
biomolecular reactions.

Protein Activity and Stability on BCP Thin Films. Research endeavors have begun in
this regard using an antigen–antibody system on PS-b-PMMA. Antibody binding activities
were examined for IgG molecules bound to a PS-b-PMMA surface using an IgG antibody as
well as other control proteins with no specificity to IgG [79]. It turned out that the specificity
of IgG molecules in antibody recognition remained on the PS-b-PMMA surface. The IgG
molecules on the PS-b-PMMA formed paired complexes only when they were reacted with
the IgG antibody, but not in control reactions with nonbinding proteins. In a different
study, it was reported that the total enzymatic activity and long-term stability of HRP
was greater on a nanoporous BCP thin film when compared to those on the macroscopic
surfaces of glass and PS [104]. The nanoporous thin film used in the study was fabricated
from a mixture of two BCPs, 90 wt% PS-b-PLLA and 10 wt% PS-b-PEO. The nanoporous
BCP platforms provided a greater surface area and easier mass-transfer than the control
surfaces. This promoted the enzymatic reactions and increased the catalytic activity of HRP.
In another study, biological activities in antibody binding were tested for the proteins of Fg,
Mb, and LZM immobilized on a PS-b-PHEMA surface [89]. The immunoreactions were
carried out on PS-b-PHEMA by using specific antigen–antibody pairs for each protein, i.e.,
Fg with anti-Fg, Mb with anti-Mb, and LZM with anti-LZM. It was demonstrated that the
amounts of adsorbed antibodies were in qualitative agreement with the number density of
the protein molecules that were preassembled on the BCP surface.
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In addition to the qualitative assessments, quantitative comparisons of enzyme activities
have been made for the case of surface-immobilization versus free solution [79,85,103,140].
Enzymatic activities were quantitatively determined for HRP and tyrosinase molecules that
were configured to be BCP surface-bound versus freely moving in a solution. It was revealed
that, when compared to the same number of HRP molecules in solution, the enzyme molecules
bound to the surfaces of PS-b-PMMA and PS-b-P4VP were able to retain approximately 85%
and 78% of the free-state activity, respectively [79,103,140]. The HRP molecules on the BCP
templates remained stable and catalytically active even after 100 days, when kept at 4 ◦C.
Other biological activities of BCP surface-bound proteins have also been examined. For
example, Fg molecules immobilized on PS-b-PMMA were evaluated for their biofunctionality
in the activation of microglial cells [85]. It was shown that the surface-bound Fg retained its
cell-activating functionality on the BCP template. The outcomes summarized in this section
provide encouraging early data of high protein activity and stability upon immobilization to
BCP surfaces. These results suggest that protein nanopatterns assembled with the guidance
of BCPs can be exploited to fabricate biofunctional constructs for applications in biosensors
and biomaterials.

3.2. Biomineral Nanocrystals

The structural anisotropy in various mineralized tissues such as nacre, bone, and
dental enamel plays a vital role in their remarkable functionalities [177–179]. For example,
the high mechanical properties and chemical stability of enamel are due to the intricate
spatial organization of hydroxyapatite (HAP) nanocrystals that are bundled to form thick
prisms and interprismatic regions of different orientations [180,181]. As the supramolecular
organization of matrix proteins in mineralizing tissues largely regulates the nucleation
and growth of minerals, various strategies have been explored to create mineralizing
material platforms, especially those based on organic matrices. Thin films of BCPs can
offer excellent chemical contrasts of nanoscopic dimensions that can be easily varied by
altering the size and confinement direction of the nanodomains. BCPs can further be
formulated to assemble into 3D scaffolds, even making the incorporation of 3D printing
possible to fabricate tailored biomaterials [182]. Therefore, the BCPs’ capability to produce
well-controlled 2D and 3D nanopatterns in a facile and rapid manner can present distinctive
advantages to the biomineralization field. For instance, protein nanopatterns and peptide
nanoassemblies on BCP surfaces can be used to seed mineral filaments and platelets
similar to those processes seen in natural biominerals, and further direct a mineralization
process with high fidelity. As discussed, spatial control is one of the most critical factors in
mineralization since the specific organization of individual nanocrystals and their larger-
scale arrangements determine the resulting material’s properties. To this end, BCPs can
provide exquisite spatial control at the nanometer scale in guiding mineralization.

Calcium Phosphate Nanoparticle Assembly on BCP Thin Films. PS-b-PMMA nanopat-
terns predecorated with a protein layer have been successfully employed to seed calcium
phosphate (CaP) NPs [83,85]. CaP-based materials such as HAP and triple calcium phos-
phate (TCP) are biomedically important materials that are often used to coat the surface of
implant biomaterials. The incorporation of the CaP-based materials increases the biocom-
patibility of implant materials and accelerates the man-made material’s integration with
living tissues [183,184]. Aligned PS-b-PMMA has been employed to guide CaP growth
after the BCP surface was first patterned by using Amel-derived peptide NRs associated
with tooth enamel formation [83]. In the study, two prototypical Amel peptide sequences of
p14P2 and p14P2Cterm were used. The peptide NRs bound to the PS domains were able to
retain their β-sheet structure and biological activity on the surface and direct the formation
of filamentous and plate-shaped minerals of CaP. CaP crystals were mineralized from both
an aqueous solution of precursor ions and a polymer-induced liquid-like precursor (PILP).
Each mineral was revealed to be a single crystal whose crystalline planes were similar
to those of apatite filaments in enamel. By employing nanopattern dimensions ranging
from 50 to 150 nm in PS width, it was determined that the width of the apatite crystals
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was directly dependent on the width of the PS stripes. These results are displayed in
Figure 9A. In a different study, nanostriped domains of PS-b-PMMA were used to produce
CaP NPs on Fg-covered PS nanodomains. The nanodomain width and orientation were
tuned for the alignment of packed Fg molecules in an end-to-end manner parallel to the
stripe direction [85]. The BCP template with a densely packed Fg layer was then exploited
for nucleating CaP NPs whose results are summarized in Figure 9B. These research efforts
have demonstrated that the BCP-directed approach may serve as a highly generalizable
platform for nanopatterning of mineral crystals by being able to effectively control the
size, number density, and spatial locations of the mineral particles via the underlying BCP
nanostructures.
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the apatite crystal dimensions formed on the BCP templates with 50 nm, 95 nm, and 150 nm
p14P2Cterm-PS stripes. White horizontal dashes indicate the base of the particle (PS stripe) and
color-coded vertical dashes indicate the filament width. The high-resolution TEM (HRTEM) and
selected area electron diffraction (SAED) data were obtained from the particles extracted from the
template of 150 nm PS stripe. The TEM data confirmed that the particles were crystalline with lattice
and reflections specific to apatite. The inset displays a low-magnification TEM image and correspond-
ing SAED pattern of aggregated single crystals and their grain boundaries as yellow dashed lines.
Adapted with permission from Ref. [83] Copyright (2023) American Chemical Society. (B) The AFM
panels show CaP NPs preferentially nucleated and grown on the Fg-covered PS nanodomains of
PS-b-PMMA after (top row) 5 min and (bottom row) 7 h of incubation time in a precursor solution.
The particle sizes measured along the white lines are provided for the two different incubation peri-
ods in the line analysis panels. Adapted with permission from Ref. [85] Copyright (2016) American
Chemical Society.

3.3. Cell Adhesive Molecules

It is well-understood that proteins organized on macroscale polymer surfaces can
function as a cell-mediating layer and ultimately affect cell behaviors of adhesion, pro-
liferation, and differentiation by influencing upstream cytoskeletal dynamics and down-
stream gene expression. It is also known that the number, morphology, and alignment
of cells are affected by the surface density and gradient of cell-corresponding adhesion
molecules [185–188]. The initial cell–surface interactions can be regulated by influencing
the presence of these cell-corresponding adhesion molecules on a material surface to which
cell receptors bind afterwards. The adhesion molecules usually consist of specific peptide
sequences or proteins such as RGD-containing epitopes, FN, collagen (Col), and gelatin.
The activation of specific transmembrane receptors such as integrins further induces the
assembly of adhesion sites known as focal adhesions [189]. Hence, upon initial cell attach-
ment, cell behaviors can be additionally controlled by altering the degree of integrin binding
and focal adhesion formation. This is usually achieved by providing different micro- and
nano-environments of chemical cues to a material surface in the form of a protein layer.
Proteins such as cytokines, growth factors, hormones, and adhesion molecules are used
for this purpose [190]. Chemical cues can also take the form of hydrophobic, Coulombic,
and van der Waals forces as well as surface energies between the cell membranes and the
underlying polymer surfaces [190].

BCP Thin Films for Cell Adhesive Molecules. BCP-based approaches are highly
conducive to generating molecular patterns to control the clustering of cell adhesion
receptors and structural signaling activities of cell adhesion. This is because protein layers
on BCP templates can be exploited as well-defined chemical cues. The spatial organization
of protein layers can be achieved spontaneously and instantaneously at nanoscale precision
on BCPs for tuning the chemical specificity of adhesive epitopes. In addition, BCP-based
methods can be beneficial in regulating the physical features of an epitope-containing
platform through adjusting its geometry, rigidity, and spacing. Transplanted cells can
recognize and respond to these different nanoscale cues on BCP surfaces in a highly
sensitive manner, ultimately affecting the degree of gene expression and tissue formation.
Hence, self-assembled BCP nanopatterns show great potential to be utilized for modulating
a variety of experimental parameters critical for cell receptor-initiated processes.

BCP surfaces have been engineered to match the bioligand spacing found in cells.
BCP templates have also been constructed to provide a nanoscale gradient with varying
bioligand spacing in order to monitor changes in cell sensitivity with respect to the spatial
distribution of the adhesion ligands. For example, BCP nanotemplates were generated
to provide periodic surface sites of ~8 nm in size to match the diameter of integrin in
the cell membrane [106]. Nanoscopic topological features were also varied to control the
spacing and density of biorecognition molecules for cell receptors which led to substantial
changes in cell behaviors [105,106,112]. In one study, a BCP of PS-b-PI with ring-like FN
nanopatterns was shown to increase the percent surface coverage and density of Chinese

132



Polymers 2024, 16, 1267

hamster ovary (CHO) cells relative to control substrates [92]. The controls were composed
of either a homogeneous FN surface or a PS-b-PI template with striped nanopatterns of FN.
It was also found that the PS-b-PI surface with ring-like FN nanopatterns induced more
actin fibers, cell spreading, and focal adhesion formation. These results were attributed
to a high local FN density on the ring areas, consequently leading to increased integrin
clustering and stable focal adhesions.

In another study, an optimal range for the BCP template spacing that is necessary for
integrin adhesion and focal adhesion was determined [106]. A BCP surface of PS-b-P2VP
was first prepared to produce hexagonally arranged Au dots on each BCP micelle to which
c(-RGDfK-) peptides were linked via thiol–Au interactions. When the separation distance
between each micelle was greater than 73 nm, cell attachment and spreading as well as
the formation of focal adhesions were revealed to be highly restricted. These templates
prevented integrin clustering, whose step is important not only for the initial binding of
cells to the surface but also for the subsequent cell attachment via stable adhesion sites.
The optimal spacing between each micelle was determined as 58–73 nm. This range was
considered universal after examining different cells of MC3T3-osteoblasts, B16-melanocytes,
REF52-fibroblasts, and 3T3-fibroblasts.

Other BCPs have been employed for nanopatterning RGD peptides as well. For
instance, BCP brush samples of polyacrylamide/bis-acrylamide-block-poly(acrylic acid)
(PAAm/bisAAm-b-PAA) were prepared with various cross-linking density [101]. The PAA
segment of the BCP was then conjugated with an RGD peptide of GRGDS via NHS/EDC
chemistry for cell adsorption and spreading. In a different study, the size and spacing
of the PEO nanodomains on PS-b-PEO templates were varied as 8–14 nm and 62–44 nm,
respectively [91]. These templates were further modified with RGD binding peptides and
used for the adhesion of NIH-3T3 fibroblasts. The study identified that the spacing between
the PEO nanodomains was crucial for controlling cell spreading on the BCP surfaces. A
decrease in the patch spacing for the RGD binding peptides led to an increase in the
spreading of NIH-3T3 cells. This approach was later extended to the production of porous
3D PS-b-PEO scaffolds [100]. In this case, PEO nanodomains present throughout the highly
porous 3D scaffolds were functionalized with RGD peptides. The 3D presentation of the
RGD peptides, correlated directly to the nanodomain structures formed in the original BCP
scaffold, was controlled by adjusting the molecular weight of the PS-b-PEO copolymer.

The effect of a chemical cue on cell behaviors due to the variations in the hydropho-
bic and hydrophilic patches on BCPs has been examined as well [93]. The BCP sur-
face used for this investigation consisted of PMPC and poly(3-methacryloyloxy propyl-
tris(trimethylsilyloxy) silane) (PMPTSSi). Different arrangements of nanoscopic polymer
patches were obtained by BCP’s phase reversal processes between the two blocks. The BCP
surfaces were then used to produce cell-adhesive nanopatterns of FN molecules on the
PMPTSSi patches for subsequent L929 cell adsorption. The BCP micellar geometry of the
hydrophilic PMPC core and hydrophobic PMPTSSi matrix led to more adsorption of L929
cells than the opposite block arrangements for the core and matrix components [93].

3.4. Cells

Cell interaction with a material surface can steer various biological processes by play-
ing an essential role in the regulation of cell viability, proliferation, and differentiation. Cell
adhesion to the surfaces of artificial hearts and hollow dialysis fibers can cause undesirable
outcomes such as platelet adhesion and thrombosis [174]. In contrast, promoting cell
attachment to artificial scaffolds is critical in cell-based bioarrays and biosensors as well
as in tissue engineering and regenerative medicine [190,191]. In some applications, both
properties may be simultaneously needed. For instance, materials capable of promoting
stem cells and, at the same time, inhibiting cancer cells on platform surfaces are desirable
in bone regeneration after injury or pathology. As such, controlling polymer surfaces to
facilitate or resist cell interactions to meet specific demands is an important consideration in
devising biointerfaces [1]. There exists a great deal of fundamental knowledge and design
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principles to control cell–material interactions. For instance, it is generally understood that
water wettability of a polymer surface is one of the key factors to determine cell behaviors.
Protein adsorption, required for subsequent cell activities on the material surface, is known
to be largely controlled by the water wettability of the material. However, most of the
current knowledge set is based on cell interactions with macroscopic surfaces which may
not be adequately carried over to explain cells interfacing nanoscopic surface features.

Cell behaviors on nanoscopic BCP patches with different hydrophobicity and hy-
drophilicity can drastically differ from what can be deduced by the average wettability
values of macroscopic, homopolymer counterparts. Predicting cell behaviors as a function
of a simple and single, structural or chemical parameter becomes difficult for BCP surfaces.
For example, the lack of cell adhesion and cell proliferation behaviors is widely reported on
the homogeneously prepared PMPC surface [81,192]. Yet, entirely different cell adhesion
profiles were observed from a heterogeneously prepared PMPC polymer surface. A triblock
copolymer platform, composed of hydrophilic PMPC and hydrophobic PDMS as A and
B segments of the ABA-type BCP, was fabricated to present nanodomains of vertically
arranged PDMS cylinders embedded in a PMPC matrix [81]. It was revealed that many
L929 fibroblast cells adhered to the heterogeneously prepared, hydrophilic polymer surface
with a water contact angle of less than 20◦, even though the hydrophilic monomer com-
position in the heterogeneously prepared triblock platform was only around 45%. These
results suggested that the segregated hydrophobic domains on the BCP platform should be
considered for designing polymer-based biomaterials.

Although relatively fewer research attempts have been made for modulating cell
behaviors specifically by BCP nanopatterns, there has been a growing interest in exploiting
the unique advantages of BCPs to the development of cell-based bioarrays and bioma-
terials. BCPs can be readily designed to produce nanopatterned surfaces that are stable
at physiological conditions, enough to sustain human and other cell viability. BCPs offer
adjustable nanomorphology, versatile surface chemistry, and even a possibility for the facile
development of non-cytotoxic supports from a plethora of available polymer materials.
In addition, the different polymer chemistries, topographical features, and mechanical
properties of BCPs can present a unique opportunity for their use as triggers or modifiers
of biochemical and biophysical cues that are important to modulating cell behaviors. These
aspects are highly beneficial in designing biocompatible materials for implant devices
and tissue engineering applications. However, the typical size scale associated with cells,
unlike those of individual proteins, are tens of micrometers or larger. As such, the size
incompatibility between the characteristic dimensions of cells versus BCP nanopatterns
can seemingly pose difficulties in correlating cell behaviors with any nanoscopic varia-
tions in the topological or chemical features of the underlying BCPs. Regardless, various
research efforts have shown a promising sign that BCPs can be used to efficiently guide
and modulate cell behaviors.

BCP Thin Films for Cells. Studies have reported that different micro- and nano-
environments of BCPs can significantly change cellular behaviors by affecting the chemical,
topographical, and mechanical nature of cell interactions. PS-b-P2VP nanopatterns were
used as-formed without cell adhesion ligands. The effect of various solvent-annealed
nanotopographies of the BCP on bactericidal efficiency as well as on cytotoxicity to mam-
malian cells were subsequently examined [109]. The morphology and viability of Escherichia
coli (E. coli) as well as Staphylococcus aureus (S. aureus) cells were tested on various PS-b-
P2VP templates whose results are shown in Figure 10. It was reported that the cylindrical
templates with both the PS and P2VP blocks exposed to the surface exhibited a stronger
bactericidal effect than the micellar templates with only PS exposed at the surface. The
study also confirmed that the BCP nanopatterns were nontoxic to mammalian cells, making
them an efficient platform to resist bacteria.
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Figure 10. Various nanopatterned surfaces of PS-b-P2VP were used to assess the morphology and
viability of (A) E. coli and (B) S. aureus cells. They included micellar (~40 nm in thickness, hexago-
nal micelles of 118 ± 27 nm in diameter), cylindrical vertical (~20 nm in thickness, PS domain of
61 ± 15 nm in width and P2VP domain of 116 ± 34 nm in width), and cylindrical parallel (~40 nm in
thickness, PS domain of 62± 12 nm in width and P2VP domain of 70± 10 nm in width). (A) The bacte-
rial cell viability of E. coli on the three PS-b-P2VP surfaces was analyzed by SYTO9 (green)/propidium
iodide (red) method. SYTO9 was used to visualize those cells with intact and damaged membranes,
while propidium iodide targeted only those cells with compromised membranes. When both were
present, propidium iodide with a stronger affinity for the cell DNA displaced SYTO9 which, in turn,
led to a decrease in green fluorescence inside the cells. White arrows mark damaged bacterial cell
walls. Statistical differences: ** p < 0.01, **** p < 0.0001. (B) The fluorescence panels display the
cell viability of S. aureus after live(green)/dead(red) assays, whereas the SEM panels show the cell
morphology on the different PS-b-P2VP nanopatterns. Statistical differences: * p < 0.05, ** p < 0.01.
Adapted with permission from Ref. [109] Copyright (2020) Elsevier.

In a different work, self-assembled nanopatterns of PS-b-P2VP with varying molecu-
lar weights and solvent vapor treatments were used to investigate cell morphology and
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cell adhesion related to bone healing [110]. Distinct cell responses were observed from
two osteo-related cell types depending on the topography and chemistry of the BCP
nanopatterns. Micellar nanopatterns assembled from a high molecular weight PS-b-P2VP
(PS320-b-P2VP398) promoted the adhesion and spreading of human bone marrow mes-
enchymal stem cells (BMMSC), whereas the same surface exhibited an opposite effect on
osteosarcoma cell line (SaOS-2). In another study, various nanotemplates of heights less
than 10 nm were obtained from PS-b-P2VP as well as PS-b-P4VP, and employed for dermal
fibroblasts and mesenchymal precursor cells [111]. Different rates of cell adhesion and
proliferation were observed on the BCP surfaces, despite the use of BCP substrates with
similar surface energies. These differences in cellular response due to the BCP surface-
induced nanopatterns are displayed in Figure 11A. It was found that the fibroblasts and
mesenchymal precursor cells preferred a BCP template with its nanostructures consisting
of a larger nanodomain size and spacing, where the surface of 6 nm in width and 200 nm
in spacing was favored over that of 3 nm in width and 160 nm in spacing.
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Figure 11. (A) Fibroblast cells cultured on two different PS-b-PVP templates of DS1 and LS1 were
characterized at day 7 by optical microscopy and confocal fluorescence microscopy. The blank BCP
templates before the cell culture are displayed in the AFM images (10 × 10 µm2 in size). The DS1 tem-
plate was prepared from PS1350-b-P2VP400 to exhibit dot-like nanopatterns of average 200 ± 10 nm in
diameter, whereas the LS1 template from PS610-b-P4VP130 presented lamellar nanopatterns with an
average width of 160 ± 7 nm. The confocal fluorescence images show cells stained with phalloidin
(actin filaments, green) and propidium iodide (nucleus, red). When compared to fibroblast cells
on DS1, earlier cell adhesion and enhanced proliferation were observed from the cells on the LS1
template. Adapted with permission from Ref. [111] Copyright (2007) American Chemical Society.
(B) MC3T3-E1 cells cultured on various PS-b-PEO/DBSA templates were characterized by optical
microscopy and confocal fluorescence microscopy. The AFM panels display PS-b-PEO templates with
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PS nanopost heights of (a) 11 nm, (b) 23 nm, and (c) 43 nm. Bright areas correspond to PS domains and
dark areas correspond to PEO domains. The average diameter of the PS nanoposts and the average
center-to-center distance between PS nanoposts were kept constant as 54 nm and 71 nm, respectively,
for all templates. The optical and confocal fluorescence images were captured 6 h post-seeding. The
three PS-b-PEO/DBSA templates of different PS heights are marked as H11, H23, and H43. The
red and blue contrasts in the fluorescence panels are due to vinculin and DAPI, respectively. Cells
seeded onto a PS-b-PEO/DBSA surface with 23 nm-high nanoposts showed a much more stretched
morphology. Cell growth rate and proliferation increased as the PS nanopost height increased from
11 nm to 23 nm, and then decreased with a further increase in the nanopost height. Adapted with
permission from Ref. [112] Copyright (2014) Elsevier.

Cell polarization was also examined for MC3T3 osteoblasts on PS-b-P2VP surfaces [105].
The BCP micellar nanolithography used in this study enabled the formation of a quasi-
hexagonal, 1–15 nm AuNP array with a tunable NP spacing of 15–250 nm. The AuNPs
were biofunctionalized with c(-RGDfK-) in such a way that subsequent binding of integrin
molecules to AuNPs followed the stoichiometry of one integrin to one particle. The gradient
polarization ratio (GPR) of adherent cells was then analyzed in terms of the axial ratio of the
most extended cell width along the direction parallel over perpendicular to the gradient
direction on the BCP template. It was found that the cell morphology changed from a radial
to elongated shape when the ligand patch spacing was changed from 50 nm to 80 nm. The
strongest polarization of cell bodies occurred when the patch spacing ranged between 60
and 70 nm. The study also pointed out that the cells were highly sensitive to even a very
small change in the spatial presentation of adhesion ligand patches and responded to a
difference in patch spacing of ~1 nm [105].

In addition to the lateral nanoscale dimensions, vertical dimensions of BCP nanostruc-
tures that are important for cell behaviors were also identified. The role of nanoscale topol-
ogy in cell adhesion and differentiation was examined on PS-b-PEO/dodecylbenzenesulfonic
acid (PS-b-PEO/DBSA) [112]. The height of self-assembled PS nanoposts that functioned as
cell-adhesion domains was varied from 11–43 nm, while keeping both the size and spacing
of the nanoposts constant as 54 nm and 71 nm, respectively. The adhesion and growth of
mouse preosteoblasts (MC3T3-E1) on these substrates were reported to reach the maximum
when the nanopost was 23 nm in height. As for the cell differentiation of MC3T3-E1, the
gene expression levels of core-binding factor α1 (Cbfa1) and osteocalcin (OCN) were sig-
nificantly higher on the 23 nm-tall nanopost surface than on other surfaces. Such changes
in cell behaviors that were triggered by the BCP nanotemplate height are summarized in
Figure 11B.

The effect of the mechanical properties of an underlying surface on cell behaviors
has been scrutinized as well. PAAm/bisAAm-b-PAA samples of various cross-linking
densities were prepared to exhibit different mechanical properties [101]. The PAA segment
of the BCP was then linked to an RGD peptide. Variation of mechanical properties of
the initially polymerized PAAm block was achieved by adjusting the concentration of the
cross-linker, bisAAm, while maintaining a constant concentration of AAm. The elastic
moduli of the resulting sample surfaces ranged between 600 Pa and 3800 Pa. In subsequent
cell studies, changes in cell density and spreading morphology were observed both for NIH
3T3 fibroblast and PaTu 8988t pancreatic tumor cells. The BCP architect of stiffer tethers
led to more pronounced cell attachment compared to that of soft un-crosslinked tethers.
The study concluded that the rigidity of the underlying BCP significantly influenced the
cytoskeleton organization and focal adhesion formation.

Furthermore, aligned nanofeatures as well as triblock copolymer surfaces have been
demonstrated for modulating cell behaviors. A gradient fibrous scaffold based on a
triblock copolymer of polystyrene-block-poly(ethylene-co-butylene)-block-polystyrene
(SEBS) was used to controllably guide the adhesion, spreading, and migration direction of
endothelial cells (ECs) [113]. In this work, aligned electrospun fibers of SEBS were treated by
selective solvent vapor annealing to produce micrometer and nanometer scale roughness
on the surface. The resulting scaffolds texturized with graded fibrous structures were
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able to function as region-specific, topological guidance for the migration, adhesion, and
spreading of the ECs. Nanofibrous micelles have also been prepared from BCPs to mimic
the filamentous structure of native extracellular matrix (ECM) and subsequently used to
regulate cellular response in tissue engineering. To this end, 2D-organized filomicelles
of 46 nm in width, 200 µm in length, and 3–13 GPa in Young’s modulus were produced
from the BCP complex based on PS-b-PEO [94]. A combination of fabrication procedures
such as out-of-equilibrium nanopattern assembly and soft lithography was employed in
order to prepare micellar nanostructures that mimic those of collagen fibrils in native ECM.
The fibrous nanostructures of PS-b-PEO were then aligned and immobilized onto a glass
substrate and subsequently used for culturing NIH-3T3 fibroblasts. The study showed that
the degree of cell alignment increased with the area density of micelles, demonstrating the
BCP micelles’ ability to topologically regulate the cellular behaviors on the surface. The
area, density, and orientation of the ultra-long PS-b-PEO filomicelles played important
roles in modulating the extent of cellular alignment and directionality of the fibroblasts.

4. Implications of BCP Nanobiotechnology in Biosensing and Biomaterials
4.1. Implications in Solid-State Protein Arrays

Solid-state arrays such as protein chips and protein microarrays are widely employed
in genomics, proteomics, drug discovery, and clinical diagnostics [4,193–206], as depicted in
Figure 12. These microarrays, typically prepared on a microwell or a slide, permit a high de-
gree of multiplexed protein detection from a broad range of sample types including plasma,
serum, tissues, and biofluids [194,195,201–203,207,208]. One critical aspect of the protein mi-
croarray technology is to precisely control the number and spatial distance of biomolecules
that are linked to the array surface during its manufacturing stage [197,198,201,209–213].
The surface modification steps to pre-link biomolecules and print proteins on the array sur-
face are necessary to provide specificity in subsequent biorecognition processes that occur
between the pre-configured receptor molecules and target analytes. Another critical aspect
of microarray technology is to provide stability and functionality of those protein molecules
on the array surface. High and long-lasting bioactivity of the surface-bound molecules
is a pre-requisite to ensuring successful bioassays and biodetection. The spot size and
density in protein arrays are yet another important aspect of microarray technology. The
protein spot size and density in conventional protein arrays are typically in the micrometer
range. Shrinking these protein patterns down to the nanometer scale will be beneficial to
the creation of miniaturized devices and sensors that are capable of low-volume, low-cost,
and high-throughput assays. Reduced dimensions in biodevices will also permit minimally
invasive detection.

Polymers 2024, 16, x FOR PEER REVIEW  32  of  47 
 

 

subsequently used  to regulate cellular response  in  tissue engineering. To  this end, 2D-

organized filomicelles of 46 nm in width, 200 µm in length, and 3–13 GPa in Young’s mod-

ulus were produced  from  the BCP complex based on PS-b-PEO  [94]. A combination of 

fabrication procedures such as out-of-equilibrium nanopattern assembly and soft lithog-

raphy was employed in order to prepare micellar nanostructures that mimic those of col-

lagen fibrils in native ECM. The fibrous nanostructures of PS-b-PEO were then aligned 

and immobilized onto a glass substrate and subsequently used for culturing NIH-3T3 fi-

broblasts. The study showed  that  the degree of cell alignment  increased with  the area 

density of micelles, demonstrating the BCP micelles’ ability to topologically regulate the 

cellular behaviors on the surface. The area, density, and orientation of the ultra-long PS-

b-PEO filomicelles played important roles in modulating the extent of cellular alignment 

and directionality of the fibroblasts. 

4. Implications of BCP Nanobiotechnology in Biosensing and Biomaterials 

4.1. Implications in Solid‐State Protein Arrays 

Solid-state arrays such as protein chips and protein microarrays are widely employed 

in genomics, proteomics, drug discovery, and clinical diagnostics [4,193–206], as depicted 

in Figure 12. These microarrays,  typically prepared on a microwell or a slide, permit a 

high degree of multiplexed protein detection from a broad range of sample types includ-

ing plasma, serum, tissues, and biofluids [194,195,201–203,207,208]. One critical aspect of 

the protein microarray technology is to precisely control the number and spatial distance 

of  biomolecules  that  are  linked  to  the  array  surface  during  its manufacturing  stage 

[197,198,201,209–213]. The surface modification steps to pre-link biomolecules and print 

proteins on the array surface are necessary to provide specificity in subsequent biorecog-

nition processes that occur between the pre-configured receptor molecules and target an-

alytes. Another critical aspect of microarray technology is to provide stability and func-

tionality of those protein molecules on the array surface. High and long-lasting bioactivity 

of the surface-bound molecules is a pre-requisite to ensuring successful bioassays and bi-

odetection. The spot size and density in protein arrays are yet another important aspect 

of microarray technology. The protein spot size and density in conventional protein arrays 

are typically in the micrometer range. Shrinking these protein patterns down to the na-

nometer scale will be beneficial to the creation of miniaturized devices and sensors that 

are capable of low-volume, low-cost, and high-throughput assays. Reduced dimensions 

in biodevices will also permit minimally invasive detection. 

 

Figure 12. Examples of analytical protein microarrays are displayed. (A) Different types of ligands 

such as antibodies, antigens, DNA or RNA aptamers, carbohydrates or small molecules  that are 

printed onto the surface of the protein array ensure high affinity and specificity to target analytes of 

interest. The protein chip can be subsequently used for monitoring protein expression levels, protein 

profiling, and clinical diagnostics. (B) Protein microarrays were utilized to carry out multiplexed 

Figure 12. Examples of analytical protein microarrays are displayed. (A) Different types of ligands
such as antibodies, antigens, DNA or RNA aptamers, carbohydrates or small molecules that are
printed onto the surface of the protein array ensure high affinity and specificity to target analytes of

138



Polymers 2024, 16, 1267

interest. The protein chip can be subsequently used for monitoring protein expression levels, protein
profiling, and clinical diagnostics. (B) Protein microarrays were utilized to carry out multiplexed
detection of antibodies in patient sera to tumor antigens. Over 1700 candidate tumor antigens were
expressed and captured in a microarray format, and protein expression was detected using anti-
glutathione S-transferase (GST) antibody. The arrays were then probed with sera from a healthy
individual, and patients with melanoma, breast, and ovarian cancer. Adapted with permission from
Ref. [214] Copyright (2008) American Chemical Society.

BCP-based schemes can represent a highly versatile and effective approach to rapidly
prepare protein patterns into nanometer-sized spots and spacings. The approach relies
solely on the self-assembly process of the polymers and that of the proteins. In addition,
the chemical compositions of BCPs can be conveniently varied to offer multiple chemical
functionalities as needed. Moreover, since the BCP strategy involves a thin film-based
approach to produce protein nanopatterns, the resulting constructs can be easily integrated
into a flexible sensor. Therefore, the BCP-based methodology is conducive to the recent
trend in designing bioplatforms, i.e., miniaturization combined with chemical variety and
mechanical flexibility. The advantages of the BCP-guided strategy present great potential
for a low-cost, low-reagent volume, multiplexed, and high-throughput bioplatform whose
architecture can be small, flexible, and portable. Overall, BCPs can greatly benefit the
current field of protein micro-/nano-array technology.

4.2. Implications in Quantitative Bioanalyte Detection

The various research endeavors discussed earlier have begun to reveal intriguing behav-
iors of proteins and cells unique to nanoscale BCP interfaces. The fundamental knowledge
obtained, in turn, can serve as guiding principles much needed for the design and application
of next-generation nanobioarrays. One of the key findings directly influences the crucial
aspect of reliably performing quantitative protein detection. In the BCP-guided assembly
of proteins and cell adhesive molecules, it was possible to precisely control the number,
surface density, and surface coverage of biomolecules [75,79,85,103,105,106,140,156,158]. The
fact that such control in bioquantification can be attained through self-assembly by simply
tuning the size of the underlying BCP nanodomain with respect to that of the biomolecule of
interest is highly advantageous [37,75,85,140,156]. Another important discovery pertains to
those systems whose length scales of the BCP surface features are commensurate with the
characteristic dimensions of individual biomolecules [77,85,151,153,156,158]. In these cases,
even a relatively small, topological and chemical change of the underlying BCP surface can
result in strikingly different behaviors from biomolecules. This effect applies not only to those
biomolecules directly interacting with BCP templates but also to those biomolecules indirectly
coupled to the templates via prior-stage proteins or other bioligands.

The drastic surface-induced changes can be best evidenced in research efforts that
systematically compared the interaction behaviors of the same proteins on BCP nanodomains
relative to homopolymers, random copolymers, and polymer blends [35,76–78,85,87,156,158].
Salient features such as high protein density and tight 2D-packing represent those behaviors
distinctively observed from nanoscale BCP platforms. When comparing the number of protein
molecules per given polymer surface footprint, the largest number of proteins was found
on nanoscale BCP platforms whose feature sizes were well-matched to that of an individual
protein [77,85,151,156]. It was also found that the enhanced protein amount on a BCP surface
was not a mere average of those amounts measured on its homopolymer counterparts. In
addition, protein molecules on BCPs exhibited a well-ordered, close-packing behavior that
resembled an orderly arrangement of atoms in a 2D inorganic crystal. In contrast, the spatial
distribution of the same protein molecules did not show any spatial order on the homopolymer
counterparts locally or globally.

BCPs’ capacities summarized above can combinedly offer controllability and pre-
dictability in fabricating protein nanoarrays. The exact number, density, coverage, and
mass of surface-bound protein molecules intended for a particular biodetection can be
attained by varying the BCPs’ topological cues (lateral and vertical dimensions, periodicity,
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and orientation of the nanodomains) with respect to the protein dimensions. They can
also be attained by changing the BCPs’ chemical cues (chemical composition, chemical
interface, hydrophobicity, and surface charge) for modulating preferential protein–polymer
segment interactions. When effectively controlled with these BCP surface-driven factors,
the resulting bioarrays will offer a well-defined number of protein molecules organized
into nanoscopic spots with a nanoscale periodicity which, in turn, can permit quantitative
detection of bioanalytes in a highly reliable manner.

4.3. Implications in Stable Biosensors with High Functionality

The stability and activity of biomolecules are both extremely important criteria to
consider in bioarray and biosensor applications. Even with a well-controlled number
of biomolecules per spot, each of those immobilized biomolecules should be stable
and active for the successful quantification of bioanalyte molecules and comparison
of detection signals obtained from different spots in a bioarray. As discussed earlier,
research efforts have confirmed that high biological stability and functionality are main-
tained for many different biomolecules assembled on BCP surfaces. Examples of those
biomolecules included enzymes, antibodies, serum proteins, peptides, and cell ad-
hesive proteins [76,78,79,85,87,103,105,106,140,158,215]. In comparison to macroscale
homopolymer surfaces, biomolecules on nanoscale BCP surfaces are revealed to be much
more stable and functional. The higher protein stability of BCPs is attributed to several
factors such as the presence of high interfacial density, amphiphilicity, and protein–
nanodomain size matching [35,85]. Relative to chemically uniform homopolymers, BCP
surfaces can be fabricated to exhibit a high density of chemical interfaces between the
nanoscopic domains of chemically distinctive polymer segments. As polymer segments
in BCPs show different chemical properties of hydrophilicity/hydrophobicity and sur-
face charge, the outer region of a nanodomain near the chemical interface presents a
richer chemical environment than the center region of a nanodomain. As for proteins,
their exterior surfaces are quite complex in chemical nature as well. The surface of a
protein contains a large number of amino acid moieties with varying charges, polarity,
and hydrophilicity/hydrophobicity. Hence, the richer the chemical environments are on
a platform surface, the stabler the proteins are on the platform. BCP surfaces satisfy this
requirement for protein stability.

In addition, the closer the BCP feature size is to that of a protein, the stabler the protein
is on the platform. This is because various amino acid moieties on the exterior surface of
the protein can be better stabilized by the amphiphilic environments of the BCP’s interfacial
regions [75,77,151,156,157,216,217]. Figure 13 displays synchrotron radiation-based, X-ray
photoemission electron microscopy (XPEEM) data which maps the spatial distribution
of HSA and the two polymer components of PS and PMMA on a PS/PMMA blend film.
The densest layer of HSA was located at the interfaces between PS and PMMA. Similar
localization behaviors were also observed from HSA adsorbed on a blend film of PS and
polylactide (PLA), where the signals for proteins were highest along the interfacial lines
between PS and PLA [216]. This can be also explained by the fact that the nanodomain
regions near the chemical interface can stabilize a greater fraction of amino acid residues
of the inherently amphiphile protein molecules, thus promoting protein binding at the
interfacial as supposed to central sites of the nanodomains. The importance of the am-
phiphilicity provided by the underlying BCP surfaces is also emphasized in a cell study [81].
Stable cell adhesion was generally promoted on a BCP surface with its hydrophilic domains
periodically spaced by hydrophobic domains, whereas a control surface consisting of only
the hydrophilic polymer domain was repellant to cell adhesion. Therefore, in addition to
the spatial nanopatterning ability to create self-assembled biomolecules, BCPs can provide
the structural and chemical environments that are necessary to ensure the stability and
functionality of biomolecules upon immobilization to bioarray and biosensor surfaces.
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(A) The PS, PMMA, and HSA component maps show the location of each component on the film.
The numbers in the upper and lower right of each component map are the minimum and maximum
thicknesses in nm for the gray scales. The gray scale for the residual fit is the deviation of the fit and
the measured signal, averaged over all photon energies. A composite map is also provided in the last
panel where PS, PMMA, and HSA are shown in red, green, and blue, respectively. (B) The composite
map and the plots for each component are obtained from HSA deposited on the PS/PMMA film
using five different pH conditions. PS, PMMA, and HSA signals are shown in red, green, and blue,
respectively. All data were derived from C 1s image sequences. Reproduced with permission from
Ref. [217] Copyright (2008) American Chemical Society.

4.4. Implications in Tuning Protein Resistance

Being able to tune the protein resistance of a polymer surface is extremely important
for the development of biomaterials and biomedical devices. The conventional way to
attain low or high protein resistance is by changing the chemical nature of a polymer [218].
The main strategies to attain protein resistance depend on improving surface hydrophilicity
through a chemical modification process or incorporation of surface modifying additives.
Such surface hydrophilization agents can be incorporated into polymer surfaces either by
physisorption, hydrogel network formation, surface grafting, layer-by-layer (LbL) assembly,
or additive blending with base polymers [218–220]. In some cases, both the anti-biofouling
capacity and protein resistance of BCPs are increased by chemically modifying the BCP
side chains. For example, BCPs containing fluoroalkyl side chains were produced to form
protein-resistant surfaces of polystyrene-block-poly(ethoxylated fluoroalkyl acrylate) (PS-
b-PAA–AMP) and poly(hydroxyethylacrylamide)-block-poly(1H,1H-pentafluoropropyl
methacrylate) (PHEAA-b-PFMA) [221,222].

It is worthwhile to point out a highly promising but yet-to-be-explored pathway that is
different from the conventional routes discussed above. Insights from the aforementioned
research endeavors involving BCPs suggest that protein resistance can be effectively tuned
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by the size scale of polymer surface features, without having to modify their chemical
compositions. For instance, the difference in IgG binding behavior to PMMA is intriguing
when it is compared between the cases of PMMA homopolymer versus PS-b-PMMA
surfaces [156]. As the separation distance between the chemical interfaces of the polymer
segments approaches several tens of nm in the BCP template from infinity in the case of
PMMA homopolymer, no IgG molecules bind to the PMMA areas on the nanoscale BCP
template. This is drastically different than the behavior of the same protein on PMMA
homopolymer, where IgG molecules readily bind to PMMA. This outcome suggests that the
nature of protein fouling and antifouling behaviors to given polymers can be dramatically
changed when a polymer surface of the same chemical composition becomes nanosized
and surrounded by chemical interfaces. It further indicates that the tendency of a given
polymer to act as a protein-attracting or -repelling platform may be altered by simply
tuning the size scale of the polymer interface down to that of an individual protein, instead
of changing the chemical composition of the polymer.

4.5. Demonstration of Biosensors

Several examples are found in the literature in which the BCP thin film-based
biomolecules were utilized in optical and electrochemical biosensors with specific
sensor characteristics such as the detection limit and dynamic range [114–117]. Most
of these studies involve a conventional material surface as a base platform onto which
BCP nanostructures were applied for modification with biomolecules. For example, an
approach to use AuNPs in conjunction with a BCP has been successfully employed to
create a highly sensitive, BCP-templated, optical fiber for DNA detection. Figure 14
displays the overall approach for the fiber optic sensor using AuNPs/BCP. A conven-
tional optical fiber surface was first treated with PS-b-P4VP whose nanopatterns were
then used for linking AuNPs to the P4VP nanodomains [114]. Single-stranded DNA
(ssDNA) hybridization reactions for rop B gene were carried out by using the BCP-
templated LSPR sensor, whose surface contained capture ssDNA tethered to AuNPs as
signal amplification tags. The employment of AuNPs enabled an optical phenomenon
known as localized surface plasmon resonance (LSPR) which, in turn, led to high
sensitivity in the detection of rop B gene related to Rifampicin-resistant tuberculosis.
The study reported a detection limit of 67 pM and a dynamic range of 10−10–10−6 M
for the rop B detection.

BCP thin film-based efforts have been made to develop electrochemical sensors as
well. The surface of a conventional Pt electrode was first modified with a film of PS-b-P4VP
micelles. The BCP-modified electrode surface was subsequently treated to immobilize
glucose oxidase (GOx) for the detection of glucose [115]. The study demonstrated that the
BCP surface provided excellent stability for the enzyme molecules. The enzymatic activity
and selectivity were maintained on the BCP surface for the glucose detection, resulting in a
detection limit of 0.05 µM and a linear range of 10–4500 µM. Similarly, a BCP thin film of
poly(n-butylmethacrylate)-block-poly(N,N-dimethylaminoethyl methacrylate) (PnBMA-
b-PDMAEMA) micelles was adsorbed to the surface of conductive materials of graphite
and Au. Then, choline oxidase (ChO) was immobilized onto the BCP template to examine
the enzymatic activity towards choline [116]. The resulting amperometric choline sensor
exhibited a detection limit of 30 nM and a linear range of 30 nM–100 µM. In a different
study, a BCP thin film of PS-b-P4VP coupled with CuO nanodots was developed into an
electrochemical biosensor and subsequently used for sensitive and selective determination
of dopamine (DA) [117]. In this work, the BCP nanotemplate was prepared atop an
ITO substrate that served as a working electrode. A porous nanotemplate was then
generated via solvent vapor annealing of the BCP thin film, after which a copper nitrate
solution was spun-coated onto the porous nanostructure. An ensuing treatment of UV/O3
yielded CuO nanodots on the film. Figure 15A displays the overall approach used to
produce a BCP-based DA sensor with CuO nanodots as an active DA-sensing element.
The voltametric behavior of the oxidation reaction of DA on the sensor was examined by
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using cyclic voltammetry and differential pulse voltammetry. The current signal of the
sensor was linear within a DA concentration range of 0.12–56.87 µM, with a sensitivity of
326.91 µA mM−1cm−2 and a detection limit of 0.03 µM. Figure 15B,C show the analytical
characteristics of the DA sensor. The work demonstrated that a BCP-based approach
can be applied to create a robust and reliable DA sensor that has a critical importance in
neurological disorders.

Polymers 2024, 16, x FOR PEER REVIEW  37  of  47 
 

 

was linear within a DA concentration range of 0.12–56.87 µM, with a sensitivity of 326.91 

µA mM–1cm–2 and a detection limit of 0.03 µM. Figure 15B,C show the analytical charac-

teristics of the DA sensor. The work demonstrated that a BCP-based approach can be ap-

plied to create a robust and reliable DA sensor that has a critical importance in neurolog-

ical disorders. 

 

Figure 14. The schematics display an AuNP-based, fiber-optic LSPR sensor using a BCP-templating 

technique  that was employed  for  the detection of ssDNA hybridization. The plot of wavelength 

versus time shows the sensor responses for different DNA fragments (capture DNA, target DNA, 

and DNA-AuNP) as well as for phosphate-buffered solution (PBS) during the hybridization reac-

tions. Adapted with permission from Ref. [114] Copyright (2021) MDPI. 

Overall, biosensing applications that specifically exploit biomolecules on BCP nano-

patterns are currently limited. However, the versatility and flexibility of BCPs in meeting 

the growing demand for miniaturized and flexible sensor arrays can open additional path-

ways  for practical  applications. The  likelihood  for  the development of next-generation 

BCP-based biosensors and biomaterials is even greater when considering a plethora of bi-

omolecules that can be easily self-assembled and guided by BCP nanopatterns. New types 

of  BCP-based  biointerfaces  such  as  those  enabling  stimuli-responsive  and  time-pro-

grammed release of biomolecules may soon be realized as the research field becomes more 

mature. Continuous efforts in this direction will ultimately provide BCP-based, preventive 

and therapeutic measures in nanomedicine. 
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Adapted with permission from Ref. [114] Copyright (2021) MDPI.
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be used to ultimately modulate the function of the surface-bound biomolecules. Relative 

to those systems of proteins, cell adhesive molecules and cells, little is understood about 

Figure 15. (A) The schematic shows the PS-b-P4VP thin film-based sensor fabrication process for
developing CuO nanodots on an ITO substrate as well as the mechanism for the sensor operation
in detecting DA. (B) The AFM image displays CuO nanodots on a Si substrate produced by using
the PS-b-P4VP thin film and copper nitrate infiltration process. (C) The plots in the left panel
correspond to the differential pulse voltammetry (DPV) data of the sensor in the presence of various
DA concentrations in PBS pH 7.4. The calibration graph of the sensor for the determination of DA is
provided in the right panel. Adapted with permission from Ref. [117] Copyright (2019) American
Chemical Society.

Overall, biosensing applications that specifically exploit biomolecules on BCP nanopat-
terns are currently limited. However, the versatility and flexibility of BCPs in meeting the
growing demand for miniaturized and flexible sensor arrays can open additional pathways
for practical applications. The likelihood for the development of next-generation BCP-based
biosensors and biomaterials is even greater when considering a plethora of biomolecules
that can be easily self-assembled and guided by BCP nanopatterns. New types of BCP-based
biointerfaces such as those enabling stimuli-responsive and time-programmed release of
biomolecules may soon be realized as the research field becomes more mature. Continuous
efforts in this direction will ultimately provide BCP-based, preventive and therapeutic
measures in nanomedicine.

5. Outlook and Conclusions

The pioneering research endeavors on BCP–biomolecule nanoassembly and nanocon-
structs discussed in this paper present new avenues for building biosensors, biodevices, and
biomaterials with exquisite control at the nanoscale level. Many inspiring outcomes have
already begun to provide definitive experimental evidence as well as computer simulation
predictions on the mechanisms and kinetics of biomolecule–nanoscale surface interactions
at the single-molecule level. One of the key messages from previous studies is that the
behaviors of biomolecules on nanoscale, chemically rich surfaces are drastically different
from those observed on bulk or macroscopic surfaces with no chemical variations. Another
important lesson from the earlier efforts is that the interaction behaviors of biomolecules
become even more distinct on surfaces that feature structural and chemical variations at
the length scale commensurate with single biomolecule dimensions.
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Future research engagements are still highly warranted in order to address the funda-
mental questions that have not yet been answered and further guide the current capacity to
rationally design custom-tailored biointerfaces tuned at the nanoscale. Compared to what is
currently known for single-component biomolecule behaviors on BCP surfaces, interfacial
interactions involving multicomponent biomolecules are far less understood. Much of
the dynamic, time-dependent interaction behaviors of biomolecules on BCP surfaces are
still unknown. The structure–function relationships should be determined from a wider
range of biomolecules on BCP surfaces beyond the present knowledge. Such efforts will
provide answers to how structural and chemical variations on BCP surfaces can be used
to ultimately modulate the function of the surface-bound biomolecules. Relative to those
systems of proteins, cell adhesive molecules and cells, little is understood about the interac-
tion behaviors of nucleic acids such as DNAs on BCP nanopatterns. Unlike cell adhesion,
less is known for cell alignment, migration, and differentiation on BCP surfaces. It largely
remains unclear the exact mechanisms through which cells sense a very small variation in
the topological, mechanical, and chemical on BCP surfaces other than those cases where
local directional cues are varied by the density of adhesion molecules. Similarly, how the
nanoscale structures of proteins on BCP surfaces affect cell behaviors is unclear.

Looking ahead, plenty of exciting research opportunities await to advance the research
field of BCP nanobiotechnology by capitalizing on the fundamental groundwork discussed
in this paper. Future research efforts are needed to explicitly demonstrate biomedical
applications that are beyond those limited examples currently available at the proof-of-
concept level. Future developments in this direction should be geared towards significantly
improving their practical applications. For this goal, additional research endeavors are
warranted for the development of novel BCP–biomolecule nanoconstructs that are small
and noninvasive with built-in chemical and biological functionalities needed in biosensing
and biomaterials. In addition, the practical utilities of BCP–biomolecule nanoarrays as
miniaturized, high-throughput, and flexible biosensing platforms are still to be proven.
Incorporations of BCP–biomolecule nanoconstructs into field-ready, medical implants
and medical devices are also to be demonstrated. For these applications, new types of
BCP-based biointerfaces are to be designed for controlling protein- and antimicrobial-
resistance as well as for time-dependent loading/unloading of cargo molecules into/from
the biointerfaces. For cell-based applications, nanotextured BCP biomaterials are yet to be
developed and demonstrated for selectively propagating a particular cell type and further
optimizing specific cell adhesion and proliferation.

In summary, nanoscale-controlled surface organization of functional biomolecules
guided by BCP thin films presents a new paradigm in nanobiotechnology. BCP nanobiotech-
nology can enable the future development of nanobiosensors and nanobiomaterials with
superb spatial and functional control whose fabrication processes are solely driven by the
self-assembly of the component elements. New intriguing characteristics of biomolecule
interactions have begun to emerge from the previous research efforts highlighted in this
paper. These research endeavors have laid the important groundwork for advancing
BCP nanobiotechnology. Future research directions should focus on narrowing the cur-
rent knowledge gap in nanoscale versus macroscale as well as ensemble versus single
biomolecule behaviors on polymer surfaces and, also, on promoting the practical utility of
BCP–biomolecule nanoconstructs in biosensing, biomaterials, and medical devices.
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Abstract: It has been established that the wild-type Cupriavidus necator B-10646 strain uses saturated
fatty acids (SFAs) for growth and polyhydroxyalkanoate (PHA) synthesis. It uses lauric (12:0),
myristic (14:0), palmitic (16:0) and stearic (18:0) acids as carbon sources; moreover, the elongation
of the C-chain negatively affects the biomass and PHA yields. When bacteria grow on C12 and C14
fatty acids, the total biomass and PHA yields are comparable up to 7.5 g/L and 75%, respectively,
which twice exceed the values that occur on longer C16 and C18 acids. Regardless of the type of SFAs,
bacteria synthesize poly(3-hydroxybutyrate), which have a reduced crystallinity (Cx from 40 to 57%)
and a molecular weight typical for poly(3-hydroxybutyrate) (P(3HB)) (Mw from 289 to 465 kDa), and
obtained polymer samples demonstrate melting and degradation temperatures with a gap of about
100 ◦C. The ability of bacteria to assimilate SFAs opens up the possibility of attracting the synthesis of
PHAs on complex fat-containing substrates, including waste.

Keywords: degradable polyhydroxyalkanoates; PHAs; fatty acids; fatty acid mixture; biosynthesis;
properties

1. Introduction

The global production of synthetic, non-degradable plastics has reached 400 million
tons per year [1,2]. The widespread accumulation of plastic waste is polluting the world’s
oceans, thereby negatively affecting water quality and threatening biota [3,4]. Even more
worrying is the increasing accumulation of microplastics in the biosphere [5]. Solving the
problem of plastic waste is associated with a gradual transition to a new generation of
degradable polymer materials [6,7], among which a special place belongs to polymers of
microbiological origin, such as polyhydroxyalkanoates (PHAs).

PHAs are a family of biodegradable thermoplastic polymers of different chemical
structures with various physicochemical properties [8–11]. At present, these biopolymers
are rightfully considered as the most promising material of the 21st century for a wide
variety of applications—ranging from the municipal and agricultural to pharmacology and
biomedicine [12–15].

The key problem for increasing production volumes and expanding the scope of PHA
application is reducing their cost, which is often achieved primarily through the use of the
available carbon raw materials including waste. Potential raw materials for PHA synthesis
can be various individual compounds, as well as, most importantly, in various types of
waste (e.g., the products of processing and hydrolysis of plant materials, waste from food,
pharmaceutical waste, alcohol waste, pulp and paper waste, etc.) [16–21].

The possibility of PHA synthesis from the waste of various origins is of great impor-
tance as it contributes to “The Circular Economy” [11,22–24]. The use of waste as substrates
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in biotechnological processes for obtaining target products is not only a way to reduce the
volume of their accumulation in the biosphere, but also a way through which to increase
the efficiency of industrial production and the complete use of raw materials in general [25].

Great potential is represented by fat-containing wastes, which are accumulated in
huge quantities in the food industry due to the lack of rational and effective technologies for
their processing. The amount of fat waste generated annually is about 29 million tons [26].
The waste of fat-containing raw materials, which are low-grade oils, waste cooking oils,
as well as fish processing waste containing smoking components (phenolic compounds,
polycyclic aromatic hydrocarbons, etc.) are unsuitable not only for humans, but also for use
in animal and aquaculture feed. These wastes must be treated to prevent environmental
pollution, or they should be disposed safely [27]. Such wastes often are transported to
municipal solid waste landfills and burned, so the possibility of their use is a relevant
solution. An environmentally significant area for the use of large-capacity fat waste can be
the biotechnological synthesis of target products including degradable PHAs.

Despite the fact that interest in lipid substrates for PHA synthesis has emerged rela-
tively recently, the results obtained are encouraging. The possibility of conducting PHA
synthesis using vegetable oils of various origins [28], as well as the low-quality and waste
fats of animal origin [29–31] and fat-containing fish processing waste [32–35], have been
shown. It is important to note that the high-energy efficiency of the transformation of
lipid substrates in microbial metabolism processes with a possible theoretical PHA yield
is up to 0.7–0.8 g/g. This is practically twice as high when compared to the results for
sugars [36–38].

However, a complicating factor in the synthesis of PHAs on complex fatty substrates
may be the found in the selective consumption of fatty acids (FAs) by bacteria. Thus, during
the PHA accumulation on complex fatty substrates, the uneven consumption of saturated,
polyenoic and unsaturated FAs as a component of the C-substrate formed under the action
of lipolytic enzymes was revealed [39].

The effect of uneven FA consumption was discovered in the culture of Cupriavidus
necator B-10646 when the PHA synthesis on vegetable oils (sunflower and Siberian seed
oils) in contrast to palm oil (the FA from which was utilized by bacteria evenly) was
studied [40]. The aforementioned paper [41] showed that the Ralstonia eutropha H16 strain
more actively metabolized palmitic, oleic and linoleic fatty acids when it was grown on
soybean oil in contrast to linolenic acid, which was practically not used. When C. necator
B-10646 was grown on the fish processing fatty waste obtained during the production of
canned sprats and on the fat obtained from the heads and ridges of Atlantic mackerel, the
bacteria primarily utilized polyenoic fatty acids (linoleic and linolenic acids) in contrast to
saturated fatty acids and unsaturated monoenoic oleic acid, the content of which increased
in the culture (which led to changes in the residual lipid saturation [42]). These results are
comparable with the data of paper [43], which also noted the uneven consumption of FAs
by bacteria during the PHA synthesis on pollock waste by six strains of Pseudomonas. The
authors showed that these changes manifest themselves differently depending on the strain
specificity of the bacteria, the synthesis route and PHA composition. Uneven FA utilization
by bacteria and the accumulation of non-recyclable acids in the culture negatively affects
the complete use of the substrate, thereby reducing the final yield of the product and the
economics of the process as a whole.

At the same time, it is known that PHA producers metabolize many FAs as the sole
carbon source, and their metabolism is associated with intracellular PHA synthesis.

The potential of fatty acids as a substrate for PHA synthesis by representatives of
various taxa is illustrated in Table 1. The results were obtained under the same conditions
of laboratory cultivation of PHA producers in glass flasks as a fermentation vessel, which
allows for a comparison of the achieved indicators.
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Table 1. Published data on the P(3HB) synthesis by various wild-type producers during growth on
different fatty acids as a carbon source.

Strain X, g/L P(3HB), % Mw, kDa Ð Tmelt, ◦C Tdegr, ◦C Cx, % Reference

Lauric acid

Alcaligenes sp. AK 201 ~2.4 40% 304 1.9 102 - - [44]
Aeromonas hydrophila 2.7–4.3 19.4–41.1 - - - - - [45,46]

Aeromonas salmonicida 741 2.8–3.8 13.3–30.0 * - - - - - [45]
Klebsiella pneumoniae

ZMd31 0.6–0.7 11.0–18.3 * - - - - - [45]

Burkholderia sp. 1.4–2.1 8–69 - - - - - [45]
Bacillus cereus SPV 0.51 61.81 - - - - - [47]

Myristic acid

Alcaligenes sp. AK 201 ~2.9 55% 1416 3.1 106 - - [44]
C. necator DSM 545 1.43 - - - - - - [48]

D. tsuruhatensis Bet002 - 76.7 131 1.1 173.2 289.8 - [49]
Burkholderia sp. 1.1–1.9 1–49 - - - - - [50]

Palmitic acid

Alcaligenes sp. AK 201 ~3.2 55% 1442 2.5 108 - - [44]
C. necator DSM 545 1.97 - - - - - - [48]

D. tsuruhatensis Bet002 - 53.8 166 1.5 175.7 302.9 - [49]
Burkholderia sp. 0.6–1.5 tr-9 - - - - - [50]

Rhodococcus pyridinivorans
KY703220 1.435 (OD) 40 - - - - - [51]

Stearic acid

Alcaligenes sp. AK 201 ~2.3 30% 986 1.9 116 - - [44]
C. necator DSM 545 2.11 - - - - - - [48]

D. tsuruhatensis Bet002 - 45.0 188 1.8 177.4 391.8 - [49]
Burkholderia sp. 0.5–1.0 tr-1 - - - - - [50]

* The data on the PHA composition are not reported.

The most representative array of data was obtained from the study of the Pseudomonas
strains, as well as the Aeromonas hydrophila [45,46,52], Delftia [49,53], Burkholderia sp. [50],
Klebsiella pneumonia [45], Bacillus cereus [47], and Rhodococcus pyridinivorans [51] strains.
There is very limited information regarding the ability of Cupriavidus strains to synthesize
the PHAs on fatty acids (Table 1). The bacteria belonging to the genus Cupriavidus (formerly
Hydrogenomonas, Alcaligenes, Ralstonia, and Wautersia) are promising producers of PHAs [54],
both those under autotrophic conditions and on various organic substrates, including
individual fatty acids [44,48,55,56]. The highly productive Cupriavidus necator B-10646
strain, which has broad organotrophic potential, is capable of synthesizing PHAs in high
yields using mixtures of CO2 and H2 [57], sugars [58,59], and glycerol [60]. Regarding the
ability of the C. necator B-10646 strain to synthesize PHAs, it has been mostly oleic acid that
has been studied; moreover, the possibility of poly(3-hydroxybutyrate) and copolymers
with a 3-hydroxyvalerate synthesis and the addition of valerate precursors to a medium
has been shown [61,62]. It has also been shown that saturated fatty acids, as well as oleic
acid, are poorly utilized by this strain when it is grown on complex fatty substrates [41,42].

The purpose of this work is to study the ability of the wild-type Cupriavidus necator B-
10646 strain to metabolize saturated fatty acids as the sole carbon source for the synthesis of
PHAs and the influence of the type of FAs on the composition and properties of polymers.

2. Materials and Methods
2.1. The PHA Producer Strain, Media and Cultivation Technique

In all experiments, the wild-type Cupriavidus necator B-10646 strain was used. It is
registered in the Russian National Collection of Industrial Microorganisms (VKPM) [63]. It
is able to synthesize PHAs using a wide range of carbon substrates (CO2, sugars, glycerol,
plant oils, etc.).

The nutrient medium used was Schlegel’s mineral salt medium [64], which is based on
a phosphate buffer (Na2HPO4, 9.1 g/L; KH2PO4, 1.5 g/L) containing a source of magnesium
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(MgSO4, 0.2 g/L), iron (Fe3C6H5O7, 0.025 g/L), nitrogen source (NH4Cl, 0.7 g/L) and a set
of microelements (3 mL solution/L of medium; solution composition (g/L): H3BO3 (0.228),
CoCl2 × 6H2O (0.03), CuSO4 × 5H2O (0.008), MnCl2 × 4H2O (0.008), ZnSO4 × 7H2O
(0.176), NaMoO4 × 2H2O (0.05), NiCl (0.008)). The carbon sources were constituted of
the following: saturated fatty acids (lauric (C12:0), myristic (C14:0), palmitic (C16:0) and
stearic (C18:0) (purity 97%, Acros Organics, Brussels, Belgium), monounsaturated oleic
acid (18:1) (purity 98%, EKOS-1, Staraya Kupavna, Russia) and mixtures thereof were used,
as described in the text.

Bacteria were grown under aerobic conditions at a temperature of 30 ◦C in a ther-
mostatic incubator shaker “Incubator Shaker Innova“ (New Brunswick Scientific, Edison,
NJ, USA) in 0.5 L flasks. The bacteria were cultured in batch mode and in the conditions
developed earlier for PHA biosynthesis. To obtain the inoculum, a museum culture of a
bacterial strain stored on Schlegel agar medium at 5 ◦C was resuspended until a starting
cell concentration of 0.1–0.2 g/L. The bacteria were cultured in Schlegel’s salt medium in
periodic mode: during the first 25–35 h of growth, 0.7 g/L of a nitrogen source was added
to the medium, which served as a limiting factor and stimulated the production of PHAs.
The source of nitrogen was exhausted in the subsequent hours of growth.

During the growth of the bacteria, samples were taken periodically (every 24 h) to
analyze the accumulation of biomass and polymers in the cells. The dynamics of the cell
growth in the culture were recorded by the optical density of the bacterial suspension at a
wavelength of λ = 440 nm (UNICO 2100, Dayton, NJ, USA). The cell concentration (i.e., the
yield of bacterial biomass X, g/L) was assessed by the gravimetric method by drying a
twice-washed biomass at 105 ◦C for 24 h, which was centrifuged at 6000 rpm.

2.2. PHA Analysis

To determine the intracellular content of the PHAs in bacterial cells and its monomer
composition, dry cell biomass and native polymers extracted from the cells and purified to
a homogeneous state were used. The extraction of PHAs from a biomass was carried out
in two stages: (1) the actual extraction of the polymer with dichloromethane and the con-
centration of the resulting extract on a rotary evaporator; and (2) ethanol precipitation. To
purify the obtained samples, the polymer was dissolved and reprecipitated several times.

The purity and composition of the polymer was determined by a chromatography of
the methyl esters of fatty acids after methanolysis of the purified polymer samples using a
7890A chromatograph-mass spectrometer (Agilent Technologies, Santa Clara, CA, USA)
equipped with a 5975C mass detector (Agilent Technologies, Santa Clara, CA, USA) [65].
Benzoic acid was used as an internal standard to determine the total intracellular PHAs [66].

2.3. PHA Properties

The molecular weight and molecular weight distribution of the PHAs were examined
using a size-exclusion chromatograph (Agilent Technologies 1260 Infinity, Waldbronn,
Germany) with a refractive index detector, and this was achieved using an Agilent PLgel
Mixed-C column, where the weight average, Mw, number average, Mn and polydispersity
(Ð = Mw/Mn) were determined. The thermal properties of the polymer were analyzed using
a DSC-1 differential scanning calorimeter (Mettler Toledo, Schwerzenbac, Switzerland).
The melting points were determined from the exothermal peaks in the thermograms using
the STARe software. Thermal degradation of the samples was investigated using a TGA2
thermal analysis system (Mettler Toledo, Schwerzenbac, Switzerland). The theoretical
degree of crystallinity was calculated using the following formula:

Cx = (∆Hi)/(∆H0), (1)

where ∆Hi is specific enthalpy of melting of the sample (J/g), and ∆H0 is the specific
enthalpy of a melted 100% crystallized P(3HB) (146 J/g) [67]. The methods for analyzing
the physicochemical properties of PHAs have been previously described in detail [59].

157



Polymers 2024, 16, 1294

2.4. Statistical Analysis

The statistical analysis of the results was performed by conventional methods using the
standard software package of Microsoft Excel 2013 (Ver. 15.0.4420.1017). Each experiment
was performed five times. The arithmetic means and standard deviations were found. To
compare the groups, the Mann–Whitney test was used at the significance level of p ≤ 0.05.

3. Results and Discussion
3.1. Growth and PHA Synthesis by Bacteria C. necator B-10646 on Individual Saturated
Fatty Acids

The growth of C. necator B-10646 bacteria was conducted using one of following four
saturated fatty acids as the sole carbon source: myristic (12:0), lauric (14:0), palmitic (16:0)
and stearic (18:0) acids. These acids were studied for the first time. These fatty acids were
chosen due to their wide distribution in vegetable oils and low-grade animal fats, which are
currently being actively studied as a carbon substrate for the production of PHAs [29,68–70].
The results of assessing the ability of C. necator B-10646 bacteria to grow and synthesize
polymers using individual saturated fatty acids as the sole carbon substrate are presented
in Figure 1.
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tained when the bacteria were grown on myristic acid as the only carbon source; using 
lauric acid resulted in a slightly lower (6.7 ± 0.5 g/L) growth, but these differences were 
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Figure 1. The yield of the overall (X, g/L) and residual bacterial biomass (Xres, g/L) (a) and the
intracellular PHA content (b) in the culture of the wild-type C. necator B-10646 strain during growth
on the saturated FAs of various structures. The letters indicate the significance of the differences
when comparing groups according to the Mann–Whitney test at a level of p ≤ 0.05, where identical
letters indicate no significant differences.

All the studied saturated fatty acids (FAs) were supported the growth of bacteria
C. necator B-10646 and were accompanied by the synthesis and accumulation of the polymer
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in cells (Figure 1a). The highest yield of the bacterial biomass (X = 7.5 ± 0.4 g/L) was
obtained when the bacteria were grown on myristic acid as the only carbon source; using
lauric acid resulted in a slightly lower (6.7 ± 0.5 g/L) growth, but these differences were
not statistically significant. In the aforementioned cases, the values of the residual bacterial
biomass (Xres) were 1.9 ± 0.1 and 1.7 ± 0.3 g/L, respectively, which also did not differ
significantly. The lowest bacterial biomass yield (X = 2.5 ± 0.3 g/L, Xres = 1.8 ± 0.2 g/L)
was recorded for stearic acid. The growth of the bacteria on palmitic acid was comparable
to the results obtained on the myristic and lauric acid-grown FAs, but this was only found
during the first 48 h of bacterial cultivation. Further, there was no increase in the X value;
moreover, a decrease value was noted by 72 h, which indicates the death of some cells in
the culture.

The intracellular content of the polymer in the culture of C. necator B-10646 during
growth on the saturated FAs also varied (Figure 1b). The PHA content was comparable
and the highest at 74 ± 2 and 72 ± 2% when bacteria were grown on myristic and lauric
acids, respectively. The intracellular content of PHAs on palmitic acid was significantly
lower (47 ± 3%); in the case of stearic acid, it was very low (28 ± 4%). The results of a
comparative analysis of the production indicators of the C. necator B-10646 culture when
bacteria were grown on the saturated FAs of various structures are presented in Table 2.

Table 2. The production indicators in the culture of the wild-type C. necator B-10646 strain on the
saturated FAs of various structures.

Fatty Acid
(FA)

X,
g/L

PHAs,
g/L

Xres,
g/L

PHAs,
%

YX, g/g YPHA,
g/g

Biomass Productivity PHA
Productivity,
PPHA, g/L·h

Degree of
Use of FAs, %PX, g/L·h PXres, g/L·h

Lauric C12:0 6.7 a 5.0 a 1.7 a 75 a 0.69 a 0.52 a 0.093 a 0.024 a 0.069 a 64.7 a

Myristic C14:0 7.5 a 5.6 a 1.9 a 74 a 0.83 b 0.62 a 0.104 a 0.026 a 0.078 a 60.0 a

Palmitic C16:0 3.9 b 1.8 b 2.1 a 47 b 0.67 a 0.31 b 0.054 b 0.029 a 0.025 b 38.7 b

Stearic C18:0 2.5 c 0.7 c 1.8 a 28 c 0.66 a 0.18 c 0.035 c 0.025 a 0.010 c 25.3 c

The letters indicate the significance of the differences when comparing groups according to the Mann–Whitney
test at the level of p ≤ 0.05, where identical letters indicate no significant differences.

The highest values of all the studied indicators were obtained when myristic acid
was used as the C-substrate. Thus, the productivity of the C. necator B-10646 culture
calculated for the total growth period (72 h) in terms of the overall bacterial biomass
(X, g/L) and polymer (PHAs) were 0.104 and 0.078 g/L·h, respectively; moreover, the
economic coefficients (YX and YPHA), were 0.83 and 0.62 g/g, respectively. The productivity
indicators obtained for the bacterial growth on lauric acid were close to the results obtained
from the growth on myristic acid, but the economic coefficients were significantly inferior.
The biomass and polymer productivity decreased relative to myristic acid by two and
three times, respectively, and the economic ratios also dropped significantly when the
bacteria were grown on palmitic acid. The least productive was the process on stearic
acid. When stearic acid was used as the only C-substrate, all of the calculated indicators
decreased even more significantly than those obtained on palmitic acid (Table 2).

An analysis of the literature data showed that the yield of bacterial biomass and
polymers when the bacteria of various species are grown on saturated fatty acids with a
C-chain length from C12 to C18 also vary widely (Table 1). The wild-type and genetically
modified Pseudomonas strains have been the most studied in terms of being grown on
saturated FAs. This is in addition to the P(3HB) homopolymer PHA copolymers also have
been synthesized containing medium-chain monomers of various structures. However,
relatively low yields of bacterial biomass (from 1.0 to 5.5 g/L) and PHA yields of no more
than 50% [71–82] have been obtained in most studies. This is also typical for other taxa,
such as Delftia [49,53], Burkholderia sp. [50], Klebsiella pneumonia [45], Bacillus cereus [47]
and Rhodococcus pyridinivorans [51]. A number of studies have described Alcaligenes (later
Cupriavidus) strains as capable of accumulating up to 3.2 g/L of biomass that contain up to
55% of PHAs when they were grown on saturated the fatty acids of C12-C18 [44].
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The yield of the biomass and PHAs obtained in the culture of C. necator B-10646 when
using myristic acid exceeded the data available in the literature for most of the bacteria of
various taxa [53,77,80], as well as for the closely related strains of Alcaligenes sp. AK 201 [44]
and C. necator DSM 454 [48]. The quantitative indicators obtained in this paper when
C. necator B-10646 was cultivated on lauric acid also exceed the data on the accumulation
of bacterial biomass and PHAs in cultures of A. hydrophila and A. salmocida [45,46]. The
published data on bacterial growth and PHA synthesis on palmitic and stearic fatty acids
are limited. Furthermore, in general and in terms of production, the indicators regarding
the most of all strains [48,50,78] have also been found to be inferior to the results obtained
in this paper.

An important indicator of the efficiency of biotechnological processes that affects the
economy of process is the completeness of the substrate being used, as well as, above all,
carbon, the costs of which can reach 45–50% during the synthesis of PHAs [83]. It has been
shown that the completeness of the studied saturated FAs when used by the C. necator
B-10646, similar to the achieved production indicators (Table 2), varies significantly. At
the same starting concentration of FAs in the nutrient medium (15.0 g/L), the amount of
these substrates used by the bacterial culture during growth was 9.7, 9.0, 5.8 and 3.8 g/L,
for lauric, myristic, palmitic and stearic FAs, respectively. The lauric and myristic fatty
acids were completely utilized the most (by 64.7 and 60.0%, respectively). This indicator
for palmitic and stearic fatty acids was almost two times lower and amounted to 38.7 and
25.3%, respectively (Table 2).

Thus, all of the saturated fatty acids studied were actively consumed and metabolized
by C. necator. This is in contrast to the process on complex fatty substrates, where the fatty
acids used were poor in terms of bacteria growth and accumulation in the culture. It is
known that microbial metabolism depends on the activity of lipolytic enzymes, under the
influence of which triacylglycerols (TAGs) are hydrolyzed to diacylglycerols (DAGs) and
monoacylglycerols (MAGs) with the formation of the mixtures of glycerol and free fatty
acids at the interface between lipids and water [84,85]. It is known that some FAs are freely
transported into cells in a non-dissociated form as a result of nonionic diffusion [86]. In
the cytoplasm of cells, fatty acids are metabolized via the β-oxidation pathway to form
(R)-3-hydroxyacyl-CoA, which is a building block for PHA monomers [87]. The process of
PHA synthesis in bacterial cells through the β-oxidation cycle of FAs, which are formed
from TAG in complex fatty substrates, is shown in Figure 2.
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The uneven consumption of FAs by bacteria is described in papers where the growth
and synthesis of PHAs on vegetable and animal fats were studied [29,30,87]. The authors of
these papers, via analyzing the process of lipid hydrolysis under the influence of microbial
extracellular lipases, took into account the dynamics of the conversion of triacylglycerols
into DAGs, MAGs and FFAs. It was then concluded that FAs with different carbon chain
lengths, which are released from complex lipids, penetrate into cells and are metabolized
differently. It is possible that the lipase activity of the studied C. necator B-10646 strain
(determined at a level of 6.6–11.5 U/mL) is not active enough and does not ensure a
complete hydrolysis of the lipid component of complex substrates, nor does it ensure the
release of all acids into the medium, thus making them accessible to cells. This prompted
us to investigate how the studied saturated FAs, when they are added simultaneously to
the nutrient medium, are utilized in the mixtures.

3.2. Growth and PHA Synthesis by Bacteria C. necator B-10646 on Mixtures of Fatty Acids

The PHA synthesis on the mixtures of saturated FAs was studied for the first time. For
the purposes of research, several variants of the mixtures of saturated fatty acids, differing
in the set of fatty acids and their ratio (Table 3), were prepared.

Table 3. Composition of the FA mixtures as a carbon substrate for the growth of the wild-type C.
necator B-10646 strain.

Mixture Number FA Composition in
the Mixture FA Concentration, g/L Total of FA, g/L FA Ratio

1

Lauric C12:0 3.75

15.0
C12:0/C14:0/C16:0/

C18:0 = 1.0/1.0/1.0/1.0
Myristic C14:0 3.75
Palmitic C16:0 3.75
Stearic C18:0 3.75

2
Myristic C14:0 5.0

15.0
C14:0/C16:0/C18:0 =

1.0/1.0/1.0
Palmitic C16:0 5.0
Stearic C18:0 5.0

3
Myristic C14:0 1.5

15.0
C14:0/C16:0/C18:0 =

1.0/7.8/1.2
Palmitic C16:0 11.7
Stearic C18:0 1.8

4

Lauric C12:0 4.0

20.0
C12:0/C14:0/C16:0/C18:0/

C18:1ω9 = 1.0/1.0/1.0/1.0/1.0

Myristic C14:0 4.0
Palmitic C16:0 4.0
Stearic C18:0 4.0

Oleic C18:1ω9 4.0

5

Myristic C14:0 1.5

20.0
C14:0/C16:0/C18:0/

C18:1ω9 = 1.0/6.0/1.0/5.3
Palmitic C16:0 9.0
Stearic C18:0 1.5

Oleic C18:1ω9 8.0

The first mixture contained four saturated FAs that are characteristic for vegetable
oils [88]: lauric, myristic, palmitic and stearic. The concentration of all acids was the same,
i.e., 3.75 g/L, and the ratio used was 1.0/1.0/1.0/1.0 (at a total of 15.0 g/L). The second
mixture contained three saturated acids, myristic, palmitic and stearic, which were found in
the fat obtained from fish processing waste (in which lauric acid was not detected [35]). The
total concentration of the three acids and their ratio in the medium were similar to the first
mixture. The third mixture contained three FAs similar to Mixture 2, but the concentration
of acids in the mixture was close to the content in the so-called sprat oil [42] and was 1.5,
11.7 and 1.8 g/L (total 15.0 g/L) for the myristic, palmitic and stearic acids, respectively,
with an FA ratio of C14:0/C16:0/C18:0 = 1.0/7.8/1.2.
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The results of the growth and synthesis of the PHAs in the bacteria C. necator B-10646
strain using mixtures of saturated FAs as a carbon substrate are presented in Figure 3 and
Table 4.
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Figure 3. The bacterial biomass yield and intracellular PHA content in the culture of the wild-type C.
necator B-10646 strain on the mixtures of fatty acids. The composition of the FA mixtures is detailed
in Table 3.

Table 4. The production indicators of the wild-type C. necator B-10646 strain on mixtures of FAs of
various content.

FA Mixture
Number

X,
g/L

PHAs,
g/L

PHAs,
%

Xres,
g/L YX, g/g YPHA,

g/g
Biomass Productivity PHA

Productivity,
PPHA, g/L·h

Degree of the
Use of FAs, %PX, g/L·h PXres, g/L·h

Saturated FAs

1 8.9 a 7.0 a 79 a 1.9 a 0.63 ab 0.49 ac 0.124 a 0.026 a 0.097 a 94.9 ab

2 8.2 ab 6.0 b 73 a 2.2 a 0.59 a 0.43 b 0.114 ab 0.031 a 0.083 b 92.7 a

3 8.0 b 5.7 b 71 a 2.4 a 0.62 ab 0.44 abc 0.111 b 0.033 a 0.079 b 86.1 bcd

Saturated FAs + Oleic acid

4 8.6 ab 6.5 ab 76 a 2.1 a 0.69 b 0.52 ac 0.119 ab 0.029 a 0.090 ab 83.1 c

5 8.2 ab 6.1 ab 75 a 2.1 a 0.61 ab 0.45 abc 0.114 ab 0.029 a 0.085 ab 90.4 ad

The composition of the FA mixtures corresponds to Table 3. The letters indicate the significance of differences
when comparing groups according to the Mann–Whitney test at the level of p ≤ 0.05, where identical letters
indicate no significant differences.

The bacterial biomass yields obtained by cultivating C. necator B-10646 on mixtures of
fatty acids in most of the cases did not statistically differ significantly (X = 7.9–8.9 g/L when
Xres was 1.9–2.4 g/L). Moreover, they slightly exceeded the results that were obtained when
using individual fatty acids. Mixture 1, which contained the four studied acids, was the
most effective. It provided a biomass and polymer productivity of 0.124 and 0.097 g/L*h,
respectively. The use of Mixtures 2 and 3 ensured productivity in terms of the overall
biomass and polymer at 0.110–0.114 and 0.076–0.083 g/L·h, respectively. The completeness
of the utilization of the fatty acids in Mixtures 1 and 2 was close (92.7–94.9%); however, for
Mixture 3, it was significantly lower (86.1%) than for Mixture 2. Meanwhile, it was noted
that, in all cases, the completeness of the utilization of the fatty acids exceeded the results
obtained with individual fatty acids (25.0–64.7%) (Table 4).

It is not possible to compare the results with published ones since no studies on the
synthesis of PHAs on mixtures of saturated FAs can be found in the available literature.

The utilization of individual fatty acids from the studied mixtures is illustrated in
Figure 4. A comparison of the initial proportions of the FAs in the nutrient medium
with the residual ones in the culture showed no changes. This is an indicator of the
uniform utilization of fatty acids by the bacteria during growth on the studied mixtures
of FAs, which is in contrast to the uneven consumption of these FAs from complex fat-
containing substrates.
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Figure 4. The ratio of the fatty acids in the initial nutrient medium and in the culture of the wild-type
bacteria C. necator B-10646 strain at the end of the growth (72 h). The letters indicate the significance
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The revealed effects of the uneven consumption of FAs by bacteria when grown on
substrates of complex composition are, apparently, because natural fat-containing sources
contain a wide range of fatty acids of various structures, including saturated and unsatu-
rated acids, mono- and polyenoic, branched, etc. Seemingly, the process of FA transport and
the affinity for bacteria as a growth substrate are different. It has been shown that bacteria
primarily utilize polyenoic fatty acids, while monoenoic and saturated fatty acids are poorly
or not metabolized at all, so their content in the residual substrate increases [41,42,89]. It is
also possible that there is competition between FAs for the transporter in the processes of
the active transport of fatty acids into cells.

Therefore, it was considered appropriate to study the growth of bacteria and the
dynamics of fatty acid consumption if the composition of the mixtures became more
complex. FA mixtures were prepared and studied (Table 3), to which oleic acid (unsaturated
fatty acid) was added. Oleic acid, as a rule, dominates in the composition of natural fats
of various origins and can account for 20–25% or more in relation to the number of FAs.
Mixture 4 was based on Mixture 1, i.e., oleic acid was added to four unsaturated FAs, the
ratio of all FAs was the same and their total concentration was 20 g/L. Mixture 5 contained
a double concentration of oleic acid, but the shortest acid, lauric acid, was excluded from
it, that is, palmitic and oleic fatty acids were found to dominate in this mixture. This
corresponds to the FA content in sprat oil [42].

The C. necator B-10646 cultivation in Mixture 4 (which contained, in addition to satu-
rated FAs, unsaturated oleic acid in equal parts) did not significantly affect the production
indicators of the culture (Table 4), which, in terms of biomass and PHA yields, were compa-
rable to the results obtained on FA mixtures without oleic acid. At the same time, it was
revealed that the consumption of fatty acids by bacteria from the four- and five-component
mixtures with oleic acid changes (Figure 4). The presence of oleic acid in both variants
negatively affected the consumption of palmitic and stearic fatty acids by the bacteria, the
proportion of which among the residual FAs in the culture increased but did not affect the
utilization of lauric and myristic acids. Oleic acid, in contrast to the growth of this strain
on complex fat-containing substrates (as we previously showed [42]), was consumed by
bacteria. Its concentration in the culture compared to the initial concentration in the nutrient
medium significantly decreased from 4.0 to 2.3 g/L in Mixture 4 and, more significantly,
from 8.0 to 1.9 g/L in Mixture 5.
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The obtained results showing a decrease in the consumption of individual saturated
fatty acids by bacteria in the presence of oleic acid, in our opinion, may indicate support for
the assumption of competitive relationships between FAs in the processes of their transport
into the cell. According to the study of [90], the transport of free fatty acids into the cell,
depending on the length of the carbon chain, can be passive or active. Therefore, short-
chain (C4–C6) and medium-chain fatty acids (C7–C11) can enter the cell by free diffusion,
while longer fatty acids (>C12) require specialized transporters. It has been established that,
in the cells of Gram-negative bacteria, the FA transport protein is FadL, which is located
on the outer side of the cell membrane [91]. Long-chain fatty acids penetrate the outer
membrane through FadL, which then pass through the periplasmic space and enter the
inner membrane. It is believed that, after being transported across the membrane, fatty
acids enter the periplasmic space. This is where, changing their orientation, they penetrate
the inner membrane layer and are activated by the cytosolic acyl-CoA synthase FadD after
that enter the β-oxidation cycle [90]. It can be assumed that a similar mechanism of FA
transport is also implemented in most Gram-negative bacteria, including representatives of
C. necator. Due to the fact that the issue of the transport of fatty acids from the periplasmic
space through the inner cell membrane has not yet been fully studied, the reason for the
uneven utilization of fatty acids may lie precisely in this aspect of FA transport into the cell.
However, this issue requires additional and special research.

3.3. The Composition and Physicochemical Properties of PHAs Synthesized by C. necator B-10646
on Individual Fatty Acids and Their Mixtures

PHAs are a family of polymers with a different set and ratio of monomers, so their
properties vary significantly. The composition of PHAs that are synthesized depends
on many factors and, above all, on the physiological and biochemical specificity of the
producer strains and carbon nutrition conditions. The published data on the properties of
PHAs synthesized by the bacteria of various taxa on various fatty acids as the sole carbon
source are very limited (Table 1). The information in Table 1 shows that the available data
on the properties of PHAs synthesized on FAs are extremely limited. At the same time,
the need and importance for studying the properties of PHAs that are synthesized on new
substrates or new strains is due to the fact that the value of the samples is determined not
only by the yield of the polymer, but also by the manufacturability of these polymers, that
is, the possibility of processing and obtaining products from them. This is determined by
the physicochemical properties of polymers, which primarily involve molecular weight
and temperature characteristics. These situations are possible when a particular producer
is capable of PHA synthesis; however, properties such as, for example, the degree of
polymerizability or thermal behavior are such that the processing and obtaining of products
from these polymers using accessible methods is difficult or impossible.

In the presented paper, the properties of PHAs synthesized on saturated fatty acids
was studied for the first time. At the same time, the composition and properties of polymers
synthesized by C. necator B-10646 were studied both on individual saturated FAs and on
their mixtures (Table 5).

According to gas chromatography data, all of the synthesized PHA samples represent
a poly(3-hydroxybutyrate) homopolymer regardless of whether fatty acids were supplied
as a monosubstrate or as a part of mixtures. As an example, Figure 5 shows an ion chro-
matogram and mass spectrum, wherein the monomeric composition of P(3HB) synthesized
by C. necator B-10646 using lauric acid is illustrated.

The molecular weight characteristics of the P(3HB) samples synthesized by C. necator
B-10646 on the individual saturated FAs and mixtures of FAs differed (Figure 6). One can
note a tendency for the average molecular weight of the polymer to increase and for the
polydispersity to decrease with the lengthening of the carbon chain of the studied saturated
FAs as the sole C-substrate.
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Table 5. The properties of the P(3HB) samples synthesized by the wild-type C. necator B-10646 strain
on the individual saturated FAs and mixtures of FAs.

P(3HB)
Sample
Number

Substrate Mw,
kDa Ð Cx, % Tmelt, ◦C Hmelt, J/g Tdegr, ◦C Tg, ◦C Tcryst, ◦C

Saturated FAs

1 Lauric (12:0) 305.5 3.74 49.7 169.3 72.6
127.1

(19.5%)
284.7

- 65.2
47.5

2 Myristic (14:0) 364.9 3.71 52.8 169.2 77.1
113.0

(19.4%)
284.9

1.8 67.4
45.5

3 Palmitic (16:0) 423.7 3.46 50.7 170.1 74.1
113.0

(21.4%)
284.7

2.0 60.7
48.3

4 Stearic (18:0) 447.1 2.88 47.5 166.0 69.3 282.9 - 53.2

FA Mixture *

5 Mixture 1 289.3 2.72 39.2 157.4
168.6

7.9
49.3

92.4
(14.9%)
264.5

- 74.1

6 Mixture 2 333.4 2.74 53.2 171.5 77.7
127.5
(9.2%)
295.7

3.0 62.1

7 Mixture 3 464.5 3.48 56.0 171.0 81.8
115.3
(17%)
267.6

- 66.0

8 Mixture 4 325.0 3.22 57.1 169.8 83.4
111.3

(22.8%)
281.1

- 65.3

9 Mixture 5 315.5 3.32 49.4 150.3
163.1

10.4
61.7

77.1
(3.6%)
138.5
(8.1%)
252.4

- 64.4

* The composition of FA mixtures corresponds to Table 3.
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Figure 6. GPC chromatogram of the P(3HB) samples synthesized by the wild-type C. necator B-10646
strain on individual saturated FAs (a) and on the mixtures of FAs (b). The composition of FA mixtures
corresponds to Table 3.

The average molecular weight (Mw) of the P(3HB) samples increased almost 1.5 times—from
305.5 to 447.1 kDa—with an increase in the length of the carbon chain in the fatty acids (from
12 to 18 carbon atoms in the lauric and stearic fatty acids, respectively) against the background
of a decrease, from 3.74 to 2.88, in the polydispersity (Ð). The molecular weight (Mw) of the
sample obtained by C. necator B-10646 cultivation on the FA Mixture 1 was somewhat lower than
this indicator when individual fatty acids were used, whereby it amounted to 289.3 kDa with a
polydispersity value of 2.72. When bacteria were grown on the FA Mixture 3, the P(3HB) samples
had a slightly increased molecular weight compared to individual fatty acids (Mw = 464.5 kDa
at Ð = 3.48). The polymer samples synthesized on all other mixtures (FA mixtures 2 and 4–5)
were comparable in their molecular weight characteristics to those obtained using individual
fatty acids.

An analysis of publications showed that the effect of fatty acids on the molecular
weight characteristics of PHAs was the most studied issue. The results of a study of the
average molecular weight of P(3HB) synthesized by C. necator B-10646 using lauric fatty
acid were found to be consistent with the results obtained in [44], where the Mw value of
the polymer samples synthesized by the Alcaligenes sp. AK 201 strain on lauric acid was
304 kDa. When lauric acid was replaced with fatty acids that have a longer C-chain length,
an increase in Mw values was found, and these changes were more pronounced [44]. The
average molecular weight of the polymer increased to 1442 kDa when the bacteria was
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grown on myristic and palmitic acids, and it was somewhat less, to 986 kDa, on stearic
acid [44].

The temperature properties of the P(3HB) samples synthesized on individual saturated
FAs and mixtures of FAs are presented in Table 5 and Figure 7.
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Figure 7. The temperature characteristics of P(3HB) samples synthesized by the wild-type C. necator
B-10646 strain on individual saturated FA–DSC curves (a) and thermal stability (TGA) (b). The
temperature characteristics of the P(3HB) samples synthesized on FA mixture–DSC curves (c) and
thermal stability (TGA) (d). The numbering of polymer samples corresponds to Table 5.

It was shown that all of the samples of polymers synthesized on the studied saturated
fatty acids had a similar melting point (Tmelt), 166–170 ◦C, which is typical for P(3HB).
The melting peak in the thermograms (Figure 7) was found to be narrow and had a small
shoulder on the low-temperature side. The samples synthesized on lauric, myristic and
palmitic acids were characterized by the presence of two crystallization peaks: the first peak
was when the samples were cooled (60–67 ◦C), and the second peak was when they were
reheated (45–48 ◦C). The samples of polymers synthesized using the fatty acids studied
demonstrated good thermal stability. The gap between the melting point and the thermal
degradation temperature (Tdegr) was 114–118 ◦C, and the average thermal degradation
temperature of the samples was 284 ± 1 ◦C.

The thermograms of the P(3HB) samples synthesized on the mixtures of fatty acids
were characterized by narrow melting peaks. The samples synthesized on Mixtures 1 and 5
had two melting peaks; for the other samples, this peak degenerated into a small shoulder
at the main melting peak on the low-temperature side. For these polymer samples (which
were obtained when Mixtures 1 and 5 were used), the lowest melting point values were
recorded at 157.4 and 168.6 ◦C and 150.3 and 163.1 ◦C accordingly. For the samples obtained
on Mixtures 2–4, the melting point was 170–171 ◦C, which is close to the melting point of
the polymer samples synthesized on individual fatty acids.

The samples of the polymers synthesized on mixtures of fatty acids demonstrated
varying thermal stability, and these were slightly different from the samples obtained on
separate fatty acids. The highest temperature of thermal degradation was recorded for
those polymers obtained using Mixture 2 (295.7 ◦C). The lowest temperature of thermal
degradation and, consequently, the lowest thermostability was characteristic of the samples
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obtained using Mixtures 1, 3 and 5. In those cases, the Tdegr values were 267.6, 264.5 and
252.4 ◦C, respectively.

In the available literature, the data on the temperature characteristics of P(3HB) that
were obtained on individual fatty acids are limited. Most of the data published relate to
multicomponent copolymers that are synthesized by representatives of Pseudomonas, where
the Tmelt lies in the range of 52–77 ◦C [46–51,71–77]. The results obtained in this work are
close to the temperature characteristics of the P(3HB) synthesized by the D. tsuruhatensis
Bet002 strain on individual fatty acids (Tmelt 173.2–177.4 ◦C; Tdegr 289.8–391.8 ◦C) [49].

No data on the degree of the crystallinity of PHAs synthesized on saturated fatty acids
with a carbon chain length of 12–18 carbon atoms have been found in the available literature.
The degree of the crystallinity of the P(3HB) samples synthesized by the C. necator B-10646
strain, except for the sample that was obtained using Mixture 1, was determined from
thermograms, and it was found to be close and ranged from 47 to 57%. This value is below
the known data, where the Cx of a P(3HB) is usually determined higher (from 60% and
above). The lowest degree of crystallinity (39%) was recorded for the polymer sample that
was obtained from Mixture 1 (Table 5), which is unusual for a P(3HB) homopolymer.

The novelty and significance of the results obtained is due, firstly, to the new data on
the properties of PHAs, which were synthesized on a little-studied carbon substrate, i.e.,
saturated FAs. The study showed that, in general, the basic properties (i.e., the molecular
mass and temperature characteristics) generally correspond to the data, and they are char-
acteristic of the polymer samples synthesized on many other generally used C-substrates.
The revealed reduced values of the degree of crystallinity can be regarded as a positive
point since a decrease in crystallinity makes a PHA sample more technological. Secondly,
the results obtained allow us to consider saturated fatty acids as a C-substrate for the
synthesis of PHAs by the highly productive wild-type C. necator B-10646 strain, and they
also indicates an increase in the completeness of the use of complex fat-containing waste,
of which saturated acids, as a rule, are poorly utilized by bacteria.

4. Conclusions

It was shown that saturated FAs with different C-chain lengths (C12, C14, C16 and
C18), individually and in mixtures, ensure the growth and synthesis of PHAs by the wild-
type Cupriavidus necator B-10646 strain. The length of the C-chain of SFAs influences the
overall yield of the biomass and PHAs, which are two times higher when bacteria are
grown on C12 and C14 FAs compared to longer C16 and C18 acids. On all of the types of
SFAs, the bacteria synthesized poly(3-hydroxybutyrate) with typical molecular weight and
temperature characteristics but reduced crystallinity. The ability of bacteria to assimilate
SFAs opens up the possibility of attracting the synthesis of PHAs to complex fat-containing
substrates, including waste.
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Abstract: Poly(lactic acid) (PLA) is one of the most promising renewable polymers to be employed to
foster ecological and renewable materials in many fields of application. To develop high-performance
products, however, the thermal resistance and the impact properties should be improved. At the same
time, it is also necessary to consider the end of life through the exploration of property assessment,
following reprocessing. In this context the aim of the paper is to develop PLA/PC blends, obtained
from recycled materials, in particular scraps from secondary processing, to close the recycling loop.
Indeed, the blending of PLA with polycarbonate (PC) was demonstrated to be a successful strategy
to improve thermomechanical properties that happens after several work cycles. The correlation
between the compositions and properties was then investigated by considering the morphology of
the blends; in addition, the reactive extrusions resulting in the formation of a PLA-PC co-polymer
were investigated. The materials obtained are then examined by means of a dynamic-mechanical
analysis (DMTA) to study the relaxations and transitions.

Keywords: reactive extrusion; mechanical behavior; recycled polymers; blending

1. Introduction

Recycling plastics is one of the best opportunities available to reduce pollution, save
raw materials, store carbon and protect ourselves from the negative effects of waste dis-
persion in nature and in the sea [1]. This assumption is also confirmed by the European
Community directives that, starting from 2015, adopted an action plan aimed at fostering
Europe’s transition into a circular economy, in which waste is not simply disposed of but
transformed into a valuable secondary raw material for further production [2]. There are a
lot of reasons to incentivize and encourage plastic recycling, including limiting the use of
landfills, optimising resources, limiting CO2 emissions related to plastic production pro-
cesses into the atmosphere and nurturing virtuous supply chains that can create sustainable
employment [3].

In this framework, it is of great interest, both scientifically and in terms of industrial
upscaling, to succeed in designing ‘circular-by-design’ materials, i.e., materials that can
have such characteristics as to be recyclable after use, especially for high value-added
applications. In addition, a topical challenge is to introduce in the recycling lines, renew-
able polymers, making them attractive for even high-performance applications through
modifications and blending with other polymers. In this respect, the feasibility of a large
window of production processes has guaranteed that poly(lactic acid) (PLA) is attractive for
this purpose [4]. However, PLA is an extremely brittle material, it has a low toughness, it
shows a low thermal resistance and it is relatively hydrophobic (with a static contact angle
with water of 80◦) [5]. To compensate for these defects (and above all to increase the impact
properties) the incorporation of additives, such as inorganic particles or blending with
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tough polymers can be found in the literature [6–8]. Indeed, blending PLA with engineering
plastics, such as polycarbonate (PC), because of its high Tg, high thermal stability, high
tensile strength, and elongation at break, is a successful strategy to improve PLA properties,
as confirmed by several studies [9–13]. The processing of PLA/PC blends can occur at
temperatures lower than those typical of pure PC processing and this represents an op-
portunity to recycle post-consumer PC with a reduced energy consumption. Nevertheless,
it has been demonstrated that PLA/PC blends are immiscible, so the adhesion between
the two polymers is weak due to the high surface tension; over time, different methods of
compatibility have been investigated: through the use of poly(butylene succinate-co-lactate)
(PBSLA) [14] or poly(ethylene-co-vinyl) EVA [15] to form ternary systems. Ikehara et al. [16]
used a biodegradable semi-crystalline polycarbonate called PEC (polyester carbonate) to
verify that spherulites of the two polymers can interpenetrate, Wang et al. blended PC
and PLA with an epoxidizing catalyst, which improved the toughness through a better
compatibility [17].

The study of the effect of various catalysts (zinc borate, titanium, tetrabutyltitanate pig-
ments) [18,19] on the interchange reactions of PLA and PC was investigated. The idea was
to follow the path of PC/PBT [20] or PC/PET [21] blends where copolyesters were formed
by a transesterification reaction and improved the compatibility of the two polymers.

The increase in the interfacial adhesion between PLA and PC by using catalysts that
favor interchange reactions (capable of providing a new type of copolymer with high
mechanical properties and an excellent thermal resistance), is the approach also used by
Phuong et al. [22,23]. but with the step ahead to minimize the reaction times, making this
solution exploitable, even in industrial processes where residence times in the extruder
are limited.

As described above, the recycling of waste and discarded plastics is desirable for
environmental and economic reasons. However, recycling of the PLA/PC blends is still
in its early stages. Post-consumer recycling of the PLA/PC blends has been simulated in
a few works [24,25], and the results clearly showed that aging corresponding to one year
of use leads to the significant degradation of PLA, resulting in a reduced elongation at
break. In addition, the content of PLA as a biopolymer in the PLA/PC blends should be as
high as possible once performance requirements are met, which is helpful in reducing the
environmental impact [26].

For all these reasons, the purpose of the present work is to implement knowledge on
the recyclability of these blends, starting with a comparison of the process and mechanical
properties of the PLA and PC scraps recycled from thermoforming and virgin polymers. In
addition, it was sought to understand whether a catalytic system consisting of Triacetin (TA)
and TetraButylAmmonium TetraPhenylBorate (TBATPB) patented by some of the authors of
this paper [27] could also act as a compatibilizer for the recycled PLA (R-PLA)/recycled PC
(R-PC) blends, by adding the catalyst during the extrusion to analyze the possibility of the
improved adhesion between the components. The presence of the PLA-PC copolymers can
be detected by means of a thermal-dynamic-mechanical analysis (DMTA) [28]: a new glass
transition temperature intermediate between those of pure PLA and PC will demonstrate
the formation of a new species.

With the intention of including as much PLA as possible, but at the same time achiev-
ing thermomechanical properties comparable with petro-based blends for durable appli-
cations, in this work, the recycled PLA/PC co-continuous blends were developed and
produced [29,30], i.e., to compare the PLA matrix blends with the PC dispersed phase,
and vice versa, while also investigating the differences in the presence and absence of the
catalytic system. Through this study, therefore, the aim is to combine the need to increase
knowledge of the thermomechanical properties of recycled polymeric materials, including
renewable polyesters, and the opportunity to improve their interfacial adhesion.
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2. Materials and Methods
2.1. Materials

PLA: Poly(lactic acid) 2003D (Natureworks LLC, Minnetonka, MN, USA) is a thermo-
plastic resin, derived from renewable resources (corn starch or sugar cane), transparent,
with a high PM (around 200,000 g/mol) density of 1.24 g/cm3, processable by extrusion,
injection molding and thermoforming. It has an amount of around 4 percent of D units
that introduce imperfections in the helical conformation of the polymer and defects in the
crystal arrangement. It is routinely used as part of polymer blends.

PC: Bisphenol A Polycarbonate S3000 (Mitsubishi Chemical Co., Tokyo, Japan) with a
density of 1.20 g/cm3 and a molecular weight of 56,000 g/mol.

R-PLA: In this paper, reprocessed PLA2003D will be defined with the name of R-PLA.
The regrinding of the PLA scraps has been carried out by Romei s.r.l (Florence, Italy).

R-PC: With the label R-PC, the post-industrial Bisphenol A Polycarbonate S3000,
consisting of scraps of grey color, has been defined. The regrinding of the PC scraps has
been accomplished by Romei s.r.l (Florence, Italy).

CATA: Triacetin (TA) and TetraButylAmmonium TetraPhenylBorate (TBATPB), both
purchased from Sigma-Aldrich (Merk Life Science S.r.l., Milano, Italy) were used as catalysts
for the interchange reactions, following the process described in [22].

Firstly, virgin PLA and virgin PC were compared with their recycled counterparts;
thereafter the blends with a co-continuous morphology were produced and characterised,
to evaluate whether the catalytic system acts as compatibilizer (Table 1).

Table 1. Blend compositions.

Blend Name PLA
(wt. %)

PC
(wt. %)

R-PLA
(wt. %)

R-PC
(wt. %)

TA
(wt. %)

TBATPB
(wt. %)

PLA 100 - - - - -
PC - 100 - - - -

R-PLA - - 100 - - -
R-PC - - - 100 - -

R-PLA60/R-PC40 - - 60 40 - -
R-PLA60/R-PC40 + CATA - - 56.8 38 5 0.2

R-PLA40/R-PC60 - - 40 60 - -
R-PLA40/R-PC60 + CATA - - 38 56.8 5 0.2

2.2. Processing

A conic twin-screw micro compounder (ThermoScientific HAAKE MiniLab II, Karl-
sruhe, Germany) was used to process and extrude the polymeric blends with and without
the catalytic system. The melt filament was collected by a heated cylinder piston and fed
into a mini-injection molding machine (Thermo Scientific HAAKE Minijet II, Karlsruhe,
Germany), to produce specimens for the tensile tests (25 × 5 × 1 mm) and for the im-
pact/fracture properties (80 × 10 × 4 mm). The processing temperature selected for the
blends with and without CATA was 235 ◦C, the mold was held at 60 ◦C for an injection
cycle of 25 s. Regarding PLA and R-PLA, the extrusion temperature was set at 190 ◦C,
whereas for PC and R-PC, it was set at 280 ◦C.

2.3. Testing Methodologies

Firstly, during the micro compounding process, the torque trend over time, was closely
related to the viscosity of the fluid itself, and was evaluated to understand the variations in
the melt strength among the various formulations tested.

The quasi-static tensile tests were carried out at room temperature on Haake type III
dog-bone tensile bars (size: 25 × 5 × 1.5 mm), at a crosshead speed of 10 mm/min by an
Instron 5500R universal testing machine (Canton, MA, USA), equipped with a 1 kN load
cell and interfaced with a computer, running MERLIN software (INSTRON version 4.42
S/N–14733H).
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The impact tests were performed on V-notched 80 × 10 × 4 mm specimens, using a
15 J Instron CEAST 9050 Charpy pendulum (INSTRON, Canton, MA, USA) following the
standard procedure ISO 179.

The dynamic mechanical thermal analysis (DMTA) was performed on a on a Gabo
Eplexor® 100N (Gabo Qualimeter GmbH, Ahlden, Germany). The test bars were of a size
of 10 × 5 × 1.5 mm and placed on a tensile geometry configuration. The temperature used
in the experiment ranged from −100 ◦C to 200 ◦C with a heating rate of 2 ◦C/min and a
frequency of 1 Hz. The properties measured under this oscillating loading are the storage
modulus (E′) and tan δ. The E′ value represents the stiffness of a viscoelastic material and
is proportional to the energy stored during a loading cycle; tan delta is the ratio between
the loss and storage modulus.

The morphology of the composites was studied by scanning electron microscopy
(SEM) using JSM-5600LV (JEOL, Tokyo, Japan) and by analyzing the fractured surfaces of
the samples obtained by breaking them in liquid nitrogen. Prior to the SEM analysis, all of
the surfaces were sputtered with gold.

3. Results

Firstly, a preliminary study was performed, aimed at understanding whether PLA
and PC recycled (R-PLA and R-PC) from industrial scraps kept rheological, processed and
mechanical properties similar to virgin polymers. For this purpose, the measurements of
the torque during the mixing time, the quasi-static tensile tests and the impact tests were
carried out and discussed.

3.1. Comparison PLA/R-PLA and PC/R-PC
3.1.1. Torque Analysis

It is accurate to assert that the viscous torque is a measure of the resistance that a fluid
offers to the rotational motion of the conic twin screws and it is a function of the viscosity
of the fluid itself [31]. By completely filling the micro compounder chamber (6 g), it can
be observed that the higher the torque value, the higher the viscosity of the polymer. In
Figure 1, the torque/time curves were recorded at 190 ◦C for PLA and R-PLA, over the
extrusion time; the trend observed showed that for PLA, at time zero, the torque value
turned out to be slightly higher than that of R-PLA, thus demonstrating the liability of
the shorter chains after cleavages induced by the compounding, thermoforming and the
second extrusion process suffered by R-PLA. Nevertheless, the difference tapers off as the
mixing process advances, reaching similar torque values for PLA and R-PLA after 60 s.
While the virgin PLA meets a continuous decrease in torque, associated with the chains
breakage that is occurring for the first time as it not was not processed previously. R-PLA,
instead, displayed a non-constant decrease, indeed after 40 s there is the presence of a
plateau and, thus, the stabilization of the process conditions. The appropriate extrusion
time to obtain the molten material to be transferred into the injection press lasted 60 s,
however, we wanted to push the mixing time up to 100 s, in order to understand the torque
trend, confirming that the torque of R-PLA remained stable up to 100 s, thus it was not
going to encounter further cleaving or degradation; on the contrary, PLA continued to
decrease its torque value for almost the entire test time.

The shape of the trend is mirrored in Figure 2 at 280 ◦C, regarding PC and R-PC. At
their congenial extrusion temperature, they showed an almost continuous and constant
decrease, concerning the virgin PC, basically matching what was reported by Chiu et al. [32],
while the achievement of the torque stabilization was registered for R-PC, which started,
as did R-PLA, from a relatively lower value than the virgin one, but it stabilized after 25 s
and recorded a plateau. In the past, the decrease in the molecular weight of melt processed
polycarbonate, was evidenced in different papers [33,34]. Similar papers were published
about the PLA processing, proving the occurrence of a chain scission and the consequent
decrease in the molecular weight [35,36]; indeed the rheological properties and the solution
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viscosity are very sensitive to the molecular weight changes and the correlations between
the molecular weight and viscosity [37,38].
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3.1.2. Mechanical Properties

Starting from the PLA/R-PLA comparison, from the point of view of the tensile
properties (two representative stress/strain graphs in Figure 3), except for the elongation at
break, there are no substantial differences. These results can probably be ascribed to the
struggle between some phenomena that occur contemporarily during the reprocessing,
as the decrease of viscosity (registered by the torque decrement) is probably due to the
molecular chain scission [39,40]. This is crucial feedback, because it allows for the reuse
of the material for subsequent processing, as it has similar properties. Definitely, the PLA
matrix blends are fragile and show a low elongation at break, whereas the bi-continuous
blends, including a continuous PC phase, are better and show an improved elongation
at break.
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Figure 3. Stress/strain curves for PLA and R-PLA.

Furthermore, regarding the PC/R-PC comparison (where two representative curves
are depicted in Figure 4), there is a slight lowering of the stress at break and elongation at
break, again caused by reprocessing. A 3% degree decrease of the mechanical strength and
stiffness of polycarbonate, after two reprocessing steps, is in line with what was found by
Perez et al. [41] and more recently, by Reich et al. [42], in their studies on the mechanical
property variations of polycarbonate after successive stages of extrusion/molding.
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Figure 4. Stress/strain curves for PC and R-PC.

The results of the Charpy tests, shown in Table 2, reveal that the impact strength of
the virgin PLA is slightly higher than the impact resistance of the recycled polymer; a
reduction of around 5 percent in this property after the subsequent rework is what was
also evaluated by Aguero et al. [43], who reprocessed PLA up to six times, at which point
the lowering of the impact properties reached almost 50%. This progressive decrease in
the energy absorption capacity can be linked with the degradation process on PLA. A 15%
decrease has been evaluated for the impact resistance of R-PC, with respect to PC; but
the value still turns out to be very useful for blending it with R-PLA and improving its
impact resistance.
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Table 2. Resumé of the mechanical properties for virgin and recycled polymers.

Polymer Elastic
Modulus (GPa)

Yield
Stress
(MPa)

Stress
at Break (MPa)

Elongation
at Break

(%)

Charpy Impact
Strength (kJ/m2)

PLA 3.5 ± 0.3 - 67.3 ± 3.5 2.5 ± 0.4 2.9 ± 0.2
R-PLA 3.6 ± 0.2 - 65.1 ± 3.2 3.0 ± 0.6 2.7 ± 0.3

PC 2.2 ± 0.1 67.1 ± 0.8 63.1 ± 3.8 60.6 ± 3.2 10.9 ± 0.2
R-PC 2.3 ± 0.2 65.7 ± 1.6 54.8 ± 3.9 55.7 ± 4.5 9.4 ± 0.5

3.2. Blend Characterizations
3.2.1. Torque Analysis

Tests for the torque evaluation were performed on the studied blends at the same
extrusion temperature (Figure 5). As for the pure polymers, a decrease in viscosity is shown
for all blends with the increase of the dwell time in the micro compounder recirculation
chamber. The trend decreased abruptly in the first 20 s, then a stabilization of the fluidity
was registered.
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Figure 5. Torque trend for the R-PLA/R-PC blends.

The significant data concerning all of the materials, is that the addition of the catalytic
system decreases the torque value with respect to the relative counterparts without TA
and TBATPB; the reason is to be found in the typical process of the chain scission in the
presence of a catalyst that polymers undergo during the transesterification reaction in the
melt, with a decrease in the molecular weight and, consequently, of the torque value [44].
This difference is more pronounced for blends in which there is a higher amount of PC.
These considerations should be related to the morphology of the blends that are analyzed
in the following section.

3.2.2. Morphological Structure and the Mechanical Results

The fluidity of the polymeric melts, assessed indirectly by means of the torque mea-
surement, necessarily goes to influence the morphological structures of these blends, which,
in turn, influence the mechanical properties that are closely related. The micrographs
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presented in Figure 6a–d are explanatory: it can be seen in the 4000×magnifications, that
the R-PLA60/R-PC40 blend (Figure 6a) is characterized by a co-continuity of phases, while
the corresponding blend with the addition of TA and TBATPB (Figure 6c) shows rarefied
areas of bi-continuity, but especially areas where the presence of the deformed ellipsoidal
particles of PC, as dispersed phase in the PLA, is observed.
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In contrast, in the case of the R-PLA40/R-PC60 blend, a PC matrix structure with
spheroidal inclusions of PLA, is seen (Figure 6b), nevertheless the addition of the catalytic
system caused the formation of a bi-continuous morphological structure (Figure 6d).

In the literature, it is well known that immiscible polymers, such as the PLA/PC sys-
tems, are characterized by heterogeneous morphologies achievable during the melting. The
types and dimensions of the morphology determine the properties of the blend, depend-
ing on the interfacial tension, viscosities and compatibilizers [45,46]. The co-continuous
structures can be considered as the coexistence of at least two adjacent structures within
the same volume. The mixtures with a co-continuous structure can favorably combine the
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properties of both components [47] and the concept of the phase inversion must be taken
into account.

Phase inversion is a phenomenon that occurs when within a mixture, as the compo-
sition changes, the polymer that had the continuous phase changes to a dispersed phase,
and vice versa [48], but why is such a morphology obtained at different percentages of PLA
with and without a catalyst? According to Avgeroupolos et al. [49], phase inversion occurs
when the ratios of the torques and volume fractions of the components of a blend are equal.
For blends without CATA, in this paper, therefore, the phase inversion point is reached for
larger quantities of PLA, than for the compatibilized blends. The motivation we propose is
that the lowering of the viscosity generated by the catalyst flattening the torque values to
similar values, identifies the phase inversion around 50/50 between R-PLA and R-PC, for
such systems causing the different behaviors, in response to the tensile stress.

In this context Veenstra et al. [50] stated that the co-continuous morphology improves
the characteristics of both polymer components, with respect to all possible morphologies.
This assumption is confirmed by the quasi-static tensile properties (Figure 7 and Table 3) in
which the bi-continuous blends (R-PLA60/R-PC40 and R-PLA40/R-PC60 + CATA) exhibit
a much higher ductility, with elongations at break, even exceeding those of the pure PC,
without decreasing in tensile strength. In contrast, the other two blends show a comparable
ultimate tensile strength but with an evident brittleness. What drives the achievement
of the improved properties over the pure PLA is the accomplishment of a co-continuous
morphology during the processing.

Polymers 2022, 14, x FOR PEER REVIEW 9 of 15 
 

 

continuous structures can be considered as the coexistence of at least two adjacent 
structures within the same volume. The mixtures with a co-continuous structure can 
favorably combine the properties of both components [47] and the concept of the phase 
inversion must be taken into account. 

Phase inversion is a phenomenon that occurs when within a mixture, as the 
composition changes, the polymer that had the continuous phase changes to a dispersed 
phase, and vice versa [48], but why is such a morphology obtained at different percentages 
of PLA with and without a catalyst? According to Avgeroupolos et al. [49], phase 
inversion occurs when the ratios of the torques and volume fractions of the components 
of a blend are equal. For blends without CATA, in this paper, therefore, the phase 
inversion point is reached for larger quantities of PLA, than for the compatibilized blends. 
The motivation we propose is that the lowering of the viscosity generated by the catalyst 
flattening the torque values to similar values, identifies the phase inversion around 50/50 
between R-PLA and R-PC, for such systems causing the different behaviors, in response 
to the tensile stress. 

In this context Veenstra et al. [50] stated that the co-continuous morphology 
improves the characteristics of both polymer components, with respect to all possible 
morphologies. This assumption is confirmed by the quasi-static tensile properties (Figure 
7 and Table 3) in which the bi-continuous blends (R-PLA60/R-PC40 and R-PLA40/R-PC60 
+ CATA) exhibit a much higher ductility, with elongations at break, even exceeding those 
of the pure PC, without decreasing in tensile strength. In contrast, the other two blends 
show a comparable ultimate tensile strength but with an evident brittleness. What drives 
the achievement of the improved properties over the pure PLA is the accomplishment of 
a co-continuous morphology during the processing. 

 
Figure 7. Stress-strain curves for the R-PLA/R-PC blends with and without CATA. 

The elastic modulus exhibits higher values for the mixtures with CATA; this is due 
to the formation of bonds, due to the interchange reaction between the components. In a 
previous study [22], it was seen that, after the quasi-static tests, the elongations at break, 
even greater than 120%, were achieved, but always with polycarbonate amounts of at least 
60%; in the present work, with the recycled polymers, it is possible to state that this range 

Figure 7. Stress-curves strain curves for the R-PLA/R-PC blends with and without CATA.

Table 3. Resumé of the mechanical properties for the blends with the recycled polymers.

Blend Elastic Modulus
(GPa)

Yield Stress
(MPa)

Stress at Break
(MPa)

Elongation at Break
(%)

Charpy Impact
Strength (kJ/m2)

R-PLA60/R-PC40 2.7 ± 0.4 61.1 ± 1.1 57.2 ± 2.0 63.9 ± 8.7 7.5 ± 1.9
R-PLA60/R-PC40 + CATA 3.0 ± 0.2 - 60.1 ± 0.7 4.0 ± 0.6 6.3 ± 0.2

R-PLA40/R-PC60 3.2 ± 0.3 - 63.6 ± 2.8 3.5 ± 0.2 5.6 ± 0.8
R-PLA40/R-PC60 + CATA 3.4 ± 0.3 61.7 ± 1.5 66.4 ± 3.5 72.4 ± 9.5 4.6 ± 0.9
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The elastic modulus exhibits higher values for the mixtures with CATA; this is due
to the formation of bonds, due to the interchange reaction between the components. In a
previous study [22], it was seen that, after the quasi-static tests, the elongations at break,
even greater than 120%, were achieved, but always with polycarbonate amounts of at least
60%; in the present work, with the recycled polymers, it is possible to state that this range of
bi-continuity is much wider, allowing even blends with 60% PLA to have a co-continuous
morphology, resulting in its ductile behavior.

This strong relationship between the phase morphology and the elongation at break
values for the studied blends, has been highlighted in Figure 8.
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Figure 8. Morphology/elongation at break relationship.

Conversely, when these materials were examined at high-speeds, through the impact
tests, it has been noticed that what increases the toughness is the amount of R-PC in the
compound, rather than the morphology; in fact, the trend is almost linear for both blends
without and with a catalyst (Figure 9). This difference, in response to the slow test, versus
the fast test, has also been found in other polymer systems, such as PLA/PBAT [51] or
PLA/POE-g-GMA [52].
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The catalytic system, operating through the chain rupture, did not favor the achieve-
ment of the impact strengths equivalent to the blends without a catalyst.

Definitely, as a result of the mechanical response in the slow test, specifically the
tensile toughness is increased when a bi-continuous structure has been achieved during the
processing, while in the fast test (impact test) it is the higher PC content that causes high
value of energy absorbed before the crack propagation.

3.2.3. DMTA Analysis

The development of such blends, based on polylactic acid and polycarbonate, could
have a higher impact if the studied catalytic system could form copolymers during the
reactive extrusion. Even polymers suffered in the industrial recycling process. In this
regard, the DMTA analysis guarantees the possibility, through the study of tan delta peaks
generated by a tensile test carried out at a certain frequency and in temperature sweeps, to
evaluate the formation of copolymers, as demonstrated by Liu et al. [18]

As shown in Figure 10, the energy released by the viscous motion of the polymer
chains is reflected in the relaxation peak of tan δ, whose maximum can be considered
an expression of Tg. Since the immiscible blends are those without CATA, a clear phase
separation structure occurs, as revealed by two maxima in the tan δ curve. The small
intermediate peaks of the blends without catalyst (red and black dots in Figure 10) are
explained as the occurrence of the crystallization of the material; moreover, the more
evident and significant ones (circled in yellow in Figure 10) that are present in the curves,
concerning the blends with a catalyst are attributable to the formation of a copolymer that
has, as Tg, a temperature intermediate between those of PLA and PC. This finding also
confirms the data obtained with the virgin polymers, by Phuong et al. [22], namely that the
presence of a new species is represented by the tan δ peak at around 110 ◦C.
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Moreover, it can be noticed that the blends with the catalyst system exhibit a glass
transition that starts at lower temperatures; this is probably due to the viscosity decrease
caused by TA. The modulus storage E’ is higher for the mixtures with CATA, when high
temperatures are reached; this is due to the bond formation because of the interchange
reaction between the components.

4. Conclusions

The development of materials that are environmentally friendly and recyclable, that
also have good mechanical properties (comparable to benchmarks), compatible with af-
fordable price and capable to replace petroleum derivatives, is the path currently pursued
in polymer research.

In this paper, the melt viscosity and mechanical properties of the virgin PLA and
PC were first compared with the corresponding materials that had undergone extrusion,
thermoforming processes and were recovered as production scraps. Such processing was
seen to decrease the properties, but always in an acceptable range of values that guaranteed
their reuse and subsequent compounding.

For this purpose, the blends with 40 and 60% wt. of recycled PLA (R-PLA) were
processed by studying whether a system of compatibilizers (successfully tested on the virgin
polymers in a previous paper) would also work for the blends obtained from the recycled
polymers. An interesting phenomenon was seen, as a result of the mechanical response in
the slow test, specifically, the tensile toughness is increased when a bi-continuous structure
has been achieved during the processing, while in the fast test (impact test), it is the higher
PC content that causes the high value of energy absorbed before the crack propagation. The
catalytic system, through the DMTA analysis, was seen to be able to induce the formation
of the PLA-PC copolymers, since the presence of a peak of the tan delta at an intermediate
temperature, with respect to PLA and PC, an α-transition has been registered.

The R-PLA/RPC blends with an improved ductility, with respect to the pure recycled
PLA, were obtained in the present work, thanks to the achieved R-PC phase continuity,
thus suggesting the methodologies to foster the use of recycled renewable polymers in
a wider range of durable applications, such as in automotive and electronic equipment,
where recyclability is requested.

With respect to the blends produced by using the virgin PLA and PC [22] where
60 wt.% of PC was necessary to observe blends with a good ductility, the use of recycled
polymers allowed to obtain blends with an improved ductility, using only 40% of R-PC,
thus allowing to increase the renewable content (and thus the carbon storage potential)
of the developed secondary material). Such compounds, therefore, represent a great
opportunity because they combine a good technical potential, a high renewable content,
eco-sustainability, recyclability and can be a viable solution to post-consumer disposal
problems, which are increasingly burdensome in both economic and environmental terms.
The challenge that needs to be addressed concerns logistics, i.e., ensuring the suitable
recycling lines for materials of this type and the widespread possibility of implementing
the circular-by-design concept.
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Abstract: The potential of furan-based epoxy thermosets as a greener alternative to diglycidyl ether
of Bisphenol A (DGEBA)-based resins has been demonstrated in recent literature. Therefore, a deep
investigation of the curing behaviour of these systems may allow their use for industrial applications.
In this work, the curing mechanism of 2,5-bis[(oxiran-2-ylmethoxy)methyl]furan (BOMF) with methyl
nadic anhydride (MNA) in the presence of 2-methylimidazole as a catalyst is analyzed. In particular,
three systems characterized by different epoxy/anhydride molar ratios are investigated. The curing
kinetics are studied through differential scanning calorimetry, both in isothermal and non-isothermal
modes. The total heat of reaction of the epoxy resin as well as its activation energy are estimated by the
non-isothermal measurements, while the fitting of isothermal data with Kamal’s autocatalytic model
provides the kinetic parameters. The results are discussed as a function of the resin composition. The
global activation energy for the curing process of BOMF/MNA resins is in the range 72–79 kJ/mol,
depending on both the model used and the sample composition; higher values are experienced by
the system with balanced stoichiometry. By the fitting of the isothermal analysis, it emerged that the
order of reaction is not only dependent on the temperature, but also on the composition, even though
the values range between 0.31 and 1.24.

Keywords: epoxy resins; anhydride curing agent; curing kinetics; calorimetry; bio-based epoxy;
furan-based epoxy

1. Introduction

Epoxy thermoset resins are polymeric materials widely used in the industrial field
thanks to their excellent mechanical and thermal properties, as well as their chemical
resistance [1]. Specific applications require remarkable structural characteristics of epoxy
resins, which in turn are dictated by the nature of the epoxy monomer and hardener, as well
as the network feature developed upon curing [2]. The curing reaction proceeds through
different mechanisms depending on the nature of the crosslinking agent and the catalyst,
as well as on the curing conditions [2].

In particular, the latter have a significant impact on the network structure, and as a
result, the deeper the understanding of the curing mechanism and kinetics of an epoxy
resin, the greater the control on the final properties of the material [3]. Several experimental
techniques and methods are used to assess chemical reaction kinetics, such as Fourier
transform infrared spectroscopy (FTIR) [4,5], nuclear magnetic resonance (NMR) [6,7], and
dynamic mechanical analysis [8,9]. In this sense, one of the most widely used techniques to
identify the kinetic parameters, such as the rate constant, activation energy, and reaction
order, associated with a curing reaction is differential scanning calorimetry (DSC), used [10]
under both isothermal and dynamic conditions [11]. The widespread use of the DSC
technique is due to its higher feasibility compared to FTIR and NMR. In fact, NMR analysis
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requires highly expensive and difficult-to-use apparatus. FTIR instead, despite the easiness
of use, is a less accurate technique due to the possible overlapping of the characteristic peaks
associated with the reacting groups [12]. In fact, Shnawa [13] investigated the structure of a
tannin-based epoxy resin (TER) by means of FTIR. Although this equipment provided some
insights about the chemical architecture of this compound, it was possible to investigate
the formation of the crosslinked network by DSC only. In particular, it was observed that
the TER was successfully cured with an amine-based curing agent. Moreover, DSC analysis
confirmed that TER blended to commercial epoxy resin could act as a curing accelerator
by monitoring the exothermicity of the curing peaks and the completion of the curing
temperatures. In another work, Yang and co-authors [14] demonstrated that the addition
of a phosphorous/imidazole-containing compound to epoxy resins significantly decreases
the curing time.

In recent studies carried out by the authors, the curing behavior of 2,5-bis[(oxiran-2-
ylmethoxy)methyl]furan (BOMF) with methyl nadic anhydride (MNA) has been already
reported [12]. This resin has been applied as a tinplate coating, showing excellent adhesion
and chemical resistance, thus being a good substitute for DGEBA-based products in the
field of metal packaging [15]. An interesting aspect of such systems relies on the possibility
of tuning their properties by changing the epoxy/anhydride ratio, the nature of the catalyst,
or by including an opportunely selected inorganic filler.

Considering the already well-established use of carbohydrate derivatives concerning
the category of thermosetting epoxy resins, furanic compounds attracted an increased inter-
est as a potential alternative in the replacement of oil-based ones. Under this perspective,
furan-based epoxy resins have been studied in the last years but have not been fully ex-
ploited yet. To assess the potential use of these compounds, a study on the reaction kinetics
by FTIR [12] and the coating properties [15] was already performed. To our knowledge, a
deeper study on the reaction mechanisms and the kinetic parameters of BOMF/MNA has
not been performed yet.

Taking all the above considerations into account, the goal of this work is not only to
provide insight into the curing kinetics of the biobased BOMF/MNA resin, but also to
evaluate the effects of different epoxy/anhydride combinations in the reacting mixture.
To this aim, DSC has been selected as a tool to carry out these studies. In particular, non-
isothermal and isothermal DSC analyses were conducted, and different thermokinetic
methods were used to calculate the characteristic kinetic parameters of the BOMF/MNA
curing process as function of the resin composition.

2. Materials and Methods
2.1. Materials

In this work 2,5-bis[(oxiran-2-ylmethoxy)methyl]furan (BOMF) was used as a biobased
epoxy monomer and methyl-5-norbornene-2,3-dicarboxylic anhydride (methyl nadic anhy-
dride, MNA, 90%), purchased from Sigma-Aldrich (Darmstadt, Germany), was used as a
curing agent. To ensure the obtainment of a crosslinked material, 2-methylimidazole (2-MI,
99%), purchased from Acros Organics (Geel, Belgium), was used as an initiator. MNA and
2-MI were used as received without further purification, while BOMF was synthesized
following the procedure present in the literature [12].

2.2. Sample Preparation

Epoxy/anhydride mixtures were prepared by mixing at room temperature the epoxy
monomer and the curing agent in the proper amounts and the initiator to the extent of
0.5 wt.% of the total amount of the epoxy monomer and anhydride. The weights of BOMF
(the epoxy monomer) and MNA (the anhydride curing agent) were calculated to obtain
different molar epoxy-to-anhydride ratios, namely 1/1 (stoichiometric ratio), 1/0.8 (epoxy
excess), and 0.8/1 (anhydride ratio).
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2.3. Differential Scanning Calorimetry

Differential scanning calorimetric analyses (DSC) were performed by means of a DSC
Q2000 (TA Instrument, New Castle, DE, USA) equipped with a refrigerator cooling system
(RCS). The analyses were performed on samples of about 7–8 mg sealed in aluminum pans
immediately after the preparation of the mixtures. The samples were stored at −30 ◦C
for a maximum of 2 days. Measurements under inert nitrogen flux (50 mL/min) in both
non-isothermal conditions, heating from 25 to 200 ◦C at heating rates of 1, 1.5, 3, 5, and
10 ◦C/min, and isothermal conditions, at temperatures of 90, 100, 110, 120, and 130 ◦C,
were performed.

3. Modeling

The degree of cure (α) corresponds to the integrated area of a specific DSC peak and
can range from 0 to 1. At the current time (t), α can be measured as reported [16–18]:

α(t) =
1

∆Htot

∫ t

0
dH =

∆H(t)
∆Htot

(1)

where ∆H(t) =
∫ t

0 dH is the reaction enthalpy at the time t and ∆Htot is the total reaction
enthalpy [19,20]. As commonly performed in kinetic analyses conducted by DSC [16], it is
assumed that there is a direct proportionality among the heat flow (dQ/dt) detected during
the analysis and the conversion rate (dα/dt) [21] according to the following equation:

dQ
dt

= Qtot
dα

dt
(2)

In the case of the isothermal mode, the functional dependencies of the conversion
rate can be regarded as the product of two basic functions, respectively, related to the
dependency on the temperature and the degree of cure:

dα

dt
= k(T) f (α) (3)

where k(T) is the rate constant and f (α) is the reaction model. According to the transition-
state theory [22], the activation energy represents the difference in the energy amount
between the reactant molecule at its initial configuration and the corresponding transition-
state molecule in its activated configuration. In the context of a chemical reaction, this
quantity can be formally regarded as the minimum amount of energy required to activate
the reactant molecules so that they can undergo chemical transformations [23]. Under this
perspective, the activation energy can be enclosed in a rate constant that is dependent on
the temperature, not the concentration of the reactants, and can be formally expressed by
the Arrhenius equation:

k(T) = A e(
−Ea
RT ) (4)

where A is a preexponential factor, R is the gas constant, T is the temperature, and Ea is
the activation energy. The reaction model f (α) reflects the reaction mechanism and, in the
specific case of an epoxy curing reaction, it generally takes the form of a nth-order kinetic
model (Equation (5)) or an autocatalytic process (Kamal’s model, Equation (6)) [23–25]:

f (α) = (1 − α)n (5)

f (α) = αm(1 − α)n (6)

In general, the nth-order and the autocatalytic model provide a suitable description
of the behavior of the thermosetting materials [26,27]. In particular, the nth-order kinetics
report a reaction rate proportional to the n exponent of the reactant concentration. In
this case, the model assumes that only one reaction occurs during the curing process and,
therefore, can lead to some limitations since more simultaneous reactions can take place
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during the whole process. With reference to the autocatalytic model, reaction products
also participate in the reaction, leading to a reaction rate increase during the initial stage,
reaching a maximum, and then decreasing [16,28].

The abovementioned models imply that a system achieves a full extent of cure,
that is, α = 1. As a complete cure is not always observed in epoxy curing systems,
Equations (5) and (6) can be manipulated so that the kinetic models are also applicable to
incomplete cure, and Equations (7) and (8) are, respectively, obtained:

f (α) = (αmax − α)n (7)

f (α) = αm(αmax − α)n (8)

where αmax is the maximum degree of conversion (experimentally measured) and must be
implemented to cope with the incomplete curing reaction. As these concepts are generally
valid in the simple case of one-step chemical reactions, the aforementioned considerations
and the formalism introduced for the activation energy can be extended to complex mul-
tistep reactions, taking into account the rate-controlling step. In our case, for multistep
reaction mechanisms, the reaction rate can be expressed as a function of more than one
rate constant. Indeed, Kamal’s model can be rearranged and expressed as reported in
Equation (9) [29]:

dα

dt
= (k1 + k2αm)(αmax − α)n (9)

where k1 is the rate constant of a catalyzed n-order reaction and k2 is the rate constant of an
autocatalytic m-order reaction.

When dealing with the non-isothermal mode, the formalism implied for the expression
of the conversion rate in the case of the isothermal analysis (Equation (3)) can be adopted
in the same way to express the functional dependencies. As heating experiments are
performed at constant heating rates β = dT/dt > 0, the conversion rate can be expressed as
the following:

dα

dt
=

1
β

k(T) f (α) (10)

Typically, the rate of reaction at a constant heating rate as function of temperature
exhibits a relative maximum within the temperature interval under study. Moreover, the
rate constant can be expressed by the Arrhenius equation also in the case of the non-
isothermal analysis. In our case, the Kissinger and the Flynn–Wall–Ozawa models have
been applied for the determination of the energy of activation of the overall reaction.

The Kissinger model [30,31] retrieved the Ea at several peak temperatures (Tp) due
to the different applied heating rates β, assuming that the reaction rate in a constant
conversion is solely dependent on the temperature. In this case, the following linear
relationship is reported:

ln

(
β

T2
p

)
= − Ea

RTp
+ ln

(
AR
Ea

)
(11)

Under these conditions, Kissinger [30–32] reported that, for a series of non-isothermal
tests, the following dependency of the heating rate on the inverse of the peak temperature
holds true:

d ln
(

β/T2
p

)

d
(
1/Tp

) = −Ea

R
(12)

In the case of the Flynn–Wall–Ozawa model, the Arrhenius rate law was integrated
and then the Doyle approximation [33,34] was applied to obtain Equation (13). According
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to ASTM E698, [35] also in this case, the analysis was performed on several heating rates,
with Tp being independent of the heating rate:

ln(β) = −1.052
Ea

RTp
− const. + ln

(
A Ea

R f (α)

)
(13)

where const. stands for a constant term depending on the integration method applied to
the Arrhenius law, while f (α) is the reaction model. As well in this case, for a series of
non-isothermal tests, the following dependency of the heating rate on the inverse of the
peak temperature holds true: [36,37]

d ln(β)

d
(
1/Tp

) = −1.052
Ea

R
(14)

Both Equations (12) and (14) suggest two alternative ways to estimate the activation
energy. Through the linear fitting of data derived by dynamic DSC measurements, from
a plot of ln(β/T2

p) [or ln(β)] versus 1/Tp, it is possible to determine the apparent activa-
tion energy value with further insight on the preexponential factor A in the case of the
Kissinger method.

4. Results

Differential scanning calorimetry was used to investigate the curing behavior of
epoxy/anhydride mixtures with different molar ratios in both dynamic and isothermal
conditions. DSC thermograms collected at different heating rates (from 1 to 10 ◦C/min) for
the three formulations (stoichiometric, epoxy excess, and anhydride excess) are respectively
reported in Figure 1a,c,e with their respective peak temperature (Tp) values listed in Table 1.
The absence of any residual post-cure reactions was certified by the absence of a further
exotherm peak during the second heating ramp performed on all the studied samples. As
no further peak was detected, samples were assumed as fully cured during the dynamic
run. Therefore, the total heat of reaction ∆Htot was evaluated using the DSC analysis
conducted at 10 ◦C/min for each sample. The calculated values of ∆Htot are 353.7, 301.1,
and 377.2 J/g for the samples at a stoichiometric epoxy/anhydride ratio, epoxy excess, and
anhydride excess, respectively. The thermal stability of the same three epoxy/anhydride
systems at different molar ratios was investigated by means of thermogravimetric analysis
(TGA) and reported in the supplementary information of a previous work [12]. The systems
did not experience any thermal degradation in the range of temperatures utilized in the
DSC analyses.

Figure 1. Cont.
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Figure 1. Non-isothermal DSC thermograms of BOMF/MNA resins with (a) a stoichiometric
epoxy/anhydride ratio, (c) epoxy excess, and (e) anhydride excess. Dynamic DSC analyses were
conducted at five heating rates (i.e., 1 ◦C/min, 1.5 ◦C/min, 3 ◦C/min, 5 ◦C/min, and 10 ◦C/min)
for each sample. Isothermal DSC thermograms of BOMF/MNA resins with (b) a stoichiometric
epoxy/anhydride ratio, (d) epoxy excess, and (f) anhydride excess at five different temperatures
(i.e., 90, 100, 110, 120, and 130 ◦C) for each sample.

Table 1. Peak temperature (Tp) values for the non-isothermal DSC analyses at different heating rates
for mixtures with balanced and unbalanced epoxy/anhydride ratios.

10 ◦C/min 5 ◦C/min 3 ◦C/min 1.5 ◦C/min 1 ◦C/min

Stoichiometric 158.4 ◦C 145.6 ◦C 136.7 ◦C 126.1 ◦C 119.0 ◦C
Epoxy Excess 153.1 ◦C 140.7 ◦C 130.8 ◦C 120.9 ◦C 114.5 ◦C

Anhydride Excess 158.3 ◦C 144.9 ◦C 137.3 ◦C 125.9 ◦C 116.7 ◦C

All the systems exhibit a single exothermic peak with a Tp, which shifts to higher
temperatures by increasing the heating rate regardless of the epoxy/anhydride ratio.
Furthermore, when an epoxy excess is used, at each heating rate, Tp is about 5 ◦C lower
than that of other samples. It has been reported that a lower Tp appears to be an indicator
of higher curing reactivity [38]; however, this occurrence will be confuted by considerations
regarding the activation energy of the curing reaction, reported further in this section. This
trend can be, instead, explained by the increased mobility of the growing macromolecular
units associated with the decrease in the mixture viscosity when the epoxy monomer is
added in stoichiometric excess [12].
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As both the Kissinger and Ozawa approaches are based on fitting procedures ap-
plied at various heating rates [30–32,35–37] and rely on the assumption that the extent
of reaction α at the peak temperature (Tp) is constant and independent of such heating
rates, these methods were applied to calculate the activation energy as solely a function of
the epoxy/anhydride ratio and provide a better elucidation on the stoichiometry effects.
Figure 2a reports the values of ln(β/T2

p) as function of 1/Tp; these data were linearly fitted,
and the obtained parameters were used to evaluate the activation energy as well as the pre-
exponential factor A for the overall reaction, according to Equation (11). Similarly, Figure 2b
reports the linear plot of ln(β) versus 1/Tp according to the Ozawa model (Equation (13)),
and its linear fitting can be observed. The calculated values of the kinetic parameters are
summarized in Table 2.
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Figure 2. Plots of the heating rate versus 1/Tp. Dash lines represent the linear fit according to
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Table 2. Values of the global activation energy (Ea
K) and the preexponential factor (AK) determined

by the Kissinger method and the global activation energy (Ea
O) determined by the Ozawa method.

Kissinger Ozawa

Ea
K [kJ/mol] AK [s−1] Ea

O [kJ/mol]

Stoichiometric 76.2 1.37 × 107 78.9
Epoxy Excess 75.2 1.40 × 107 77.9

Anhydride Excess 72.4 4.51 × 106 75.3

Both the Kissinger and Ozawa models return similar values of activation energy
for systems with a stoichiometric ratio and an excess of epoxide, indicating the same
global reactivity of the two systems. In particular, it can be observed that the lower peak
temperatures when epoxides are added in larger quantities, compared to those of mixtures
at a stoichiometric ratio, may suggest an enhanced reactivity of the samples at epoxy
excess. However, we remark that this observation may lead to an erroneous evaluation
of the tendency of reaction of the system. On the other hand, for the system with an
excess of anhydride, the Ea is lower, and this occurrence indicates an inhibited reactivity of
the system despite the fact that Tp is comparable with the stoichiometric system. The Ea
values evaluated with the Kissinger method are systematically lower than those evaluated
with the Ozawa method, as expected by the comparison with similar data reported in the
literature [30–32,35–37,39–41].

In the case of the isothermal DSC tests conducted on the BOMF/MNA resins at differ-
ent epoxy/anhydride ratios, to prevent vitrification as much as possible, five temperature
values lower than the onset temperature value of the cure peak detected in the dynamic
DSC analyses were chosen. In Figure 1b,d,f, the thermograms of the isothermal analyses
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are reported in which the heat flows as a function of time (directly related to the rate of
conversion according to Equation (2)) are depicted. As can be seen, when decreasing the
curing temperature, a longer reaction time is needed for the system to complete the cure
and to reach the maximum conversion rate. This behavior is characteristic of autocatalytic
reaction kinetics [18,42]. As already observed, reactions characterized by n-order kinetics
show a peak in isothermal scans, eventually approaching zero for longer times regardless
of the temperature. In our case, all systems cured at 90 ◦C did not fully react during the
analysis time (two hours). It was proved by performing a heating scan on the samples
that underwent the isothermal analysis in which a residual cure was detected. In addition,
lower peak temperatures and higher values of the conversion rate are associated with an
increase in the curing temperature. For all the samples cured above 90 ◦C, no post-cure
reactions were detected by dynamic scans performed on the samples that underwent
isothermal tests.

The kinetic parameters of the curing reaction were calculated using the analyses of
thermograms obtained from the isothermal DSC experiments. To this regard, an accurate
baseline construction was required to obtain consistent results relevant to the kinetic
analysis. In this work, for all the samples, a baseline was constructed, according to the
procedure reported by Barton et al. [10], by performing an isothermal scan on the post-cured
samples. The degree of cure as a function of time for each temperature (Figure 3a,c,e) was
determined relating the reaction enthalpy obtained by isothermal analysis to the ∆Htot value
derived from the dynamic measurements previously reported, following Equation (1).
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Figure 3. Plots of the degree of conversion (α) as a function of time and conversion rate (dα/dt) as
function of conversion for epoxy/anhydride mixtures with (a,b) a stoichiometric ratio, (c,d) epoxy
excess, and (e,f) anhydride excess, respectively. Solid lines in (b,d,f) represent the fitting curves of
the experimental data by the Kamal model (Equation (9)).

The sigmoidal shape of the α–time curves, especially for low temperatures, is character-
istic of autocatalytic processes for which the reaction rate is relatively low at the beginning
of the process, and the conversion degree only slowly increase due to the initial reaction
steps. As new functional groups, which can catalyze the curing process, are created by the
first reaction steps, the cure degree rapidly increases until a high degree of cure is achieved.
At this time, the reaction rate drastically decreases, and α reaches a plateau. Nevertheless,
no sample reaches the maximum degree of cure (Table 3). In particular, a linear increase in
αmax with temperature can be noticed for the system with an equimolar epoxy/anhydride
ratio, while systems with unbalanced stoichiometry exhibited a non-linear behavior.

Table 3. Values of the maximum degree of cure αmax reached after 2 h of isothermal DSC analysis for
samples with different epoxy/anhydride ratios.

αmax

90 ◦C 100 ◦C 110 ◦C 120 ◦C 130 ◦C

Stoichiometric 0.48 0.74 0.77 0.78 0.79
Epoxy Excess 0.70 0.76 0.70 0.43 0.57

Anhydride Excess 0.51 0.75 0.67 0.84 0.65

Reaction rate data were fitted to the Kamal model (Equation (9)) by minimizing the
least square error function to evaluate the k1, k2, m, and n kinetic parameters with no prior
assumption for the total reaction order m + n. The best-fitting values obtained for the
kinetic parameters at various curing temperatures are listed in Table 4. In Figure 3b,d,f the
experimental data (symbols) are compared to the fitted data (black solid lines). Overall, the
curing degree rate is adequately described by autocatalytic behavior.

The total reaction order m + n as well as the rate constants show an increasing trend
with the curing temperature at each epoxy/anhydride ratio.

Further analysis can be carried out on the obtained values for the rate constants k1 and
k2, which express, respectively, the influence of the initiation step on the overall reaction
and the dependence of the reaction rate on the species formed during the reaction steps
(that also act as catalysts in autocatalytic processes) [18,42]. As the rate constants comply
with the Arrhenius law (Equation (4)), by plotting their logarithm against the inverse of the
cure temperatures (Figure 4), it is possible to gather values of the preexponential factor A
and the activation energy Ea for the single-reaction processes (Table 5).
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Table 4. Kinetic parameters obtained by least square fitting of the curing degree rate dα/dt versus
α by the Kamal method for systems with different epoxy/anhydride ratios as function of curing
temperature (Tc).

Tc [◦C] k1 [s−1] k2 [s−1] m n m + n

Stoichiometric

90 1.31 × 10−4 2.27 × 10−4 0.29 0.06 0.35
100 1.40 × 10−4 5.87 × 10−4 0.40 0.28 0.68
110 2.18 × 10−4 1.41 × 10−3 0.58 0.37 0.95
120 4.29 × 10−4 3.49 × 10−3 0.86 0.50 1.36
130 5.09 × 10−4 5.92 × 10−3 0.75 0.49 1.24

Epoxy Excess

90 1.21 × 10−4 2.86 × 10−4 0.18 0.13 0.31
100 1.60 × 10−4 7.72 × 10−4 0.51 0.36 0.87
110 1.89 × 10−4 1.67 × 10−3 0.57 0.40 0.97
120 2.21 × 10−4 3.23 × 10−3 0.56 0.47 1.03
130 2.82 × 10−4 6.18 × 10−3 0.65 0.46 1.11

Anhydride Excess

90 1.19 × 10−4 2.39 × 10−4 0.28 0.05 0.33
100 1.45 × 10−4 3.76 × 10−4 0.27 0.25 0.52
110 1.77 × 10−4 7.49 × 10−4 0.27 0.31 0.58
120 3.02 × 10−4 3.35 × 10−4 0.79 0.78 1.57
130 3.28 × 10−4 5.03 × 10−4 0.59 0.64 1.23
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Table 5. Values of the preexponential factor (A1) and activation energy (Ea1) from the linear fitting of
the rate constant k1 and values of the preexponential factor (A2) and activation energy (Ea2) from the
linear fitting of the rate constant k2 for systems at different epoxy/anhydride ratios.

A1 [s−1] Ea1 [kJ/mol] A2 [s−1] Ea2 [kJ/mol]

Stoichiometric 5.49 × 102 46.5 8.83 × 1010 101.3
Epoxy excess 4.13 × 10−1 24.5 6.22 × 109 92.4

Anhydride excess 7.64 33.6 2.85 × 1010 98.2

5. Discussion

One of the key factors influencing the morphological changes in the physical structure
during thermosetting processes is the curing kinetics. In particular, the epoxy/anhydride
crosslinking mechanism is extremely complex, as it involves the simultaneous occurrence
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of competitive reactions, such as etherification and esterification reactions, which globally
lead to the network formation [39,43,44].

When anhydrides are used as curing agents in presence of imidazole as an initiator,
the first reaction step is the initiation, a nucleophilic attack of the imidazole nitrogen to
the anhydride group (Scheme 1a) that generates a zwitterion intermediate containing a
quaternary nitrogen cation and an active oxyanion. The latter reacts with the anhydride or
the epoxy group, giving rise to a carboxylate anion (Scheme 1b), which initiates chain-wise
polymerization [43–45]. The formed anion can further react both with an epoxy group
(polyetherification, Scheme 1c) or with another anhydride (polyesterification, Scheme 1d),
propagating the chain growth through an alternating copolymerization anionic mechanism.
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Scheme 1. Reaction steps of epoxy/anhydride cure: (a) initiation, (b) propagation, (c) polyetherifica-
tion and (d) polyesterification.

Due to the complexity of the mechanism underlying the generation of the thermoset-
ting network of epoxy/anhydride resins, a single-step reaction mechanism is unlikely
to correctly fit the experimental data. Moreover, the continuous generation of reac-
tive groups throughout the propagation steps suggests the autocatalytic behavior of the
epoxy/anhydride reaction. In fact, the autocatalytic nature of the BOMF/MNA curing
reaction clearly is suggested by the shape of the thermograms derived from isothermal DSC
analysis: the presence of a maximum at different times, depending on the cure temperature,
is particular to autocatalytic processes [46–48].

Non-isothermal DSC analyses were elaborated by means of two different methods to
derive information about the activation energy of the overall curing process. As expected,
the Kissinger and Ozawa methods did not return the same value of Ea, [40,41] but the
latter are reasonable values for an epoxy/anhydride cure, in trend with the reported
literature [39,49]. In the specific case of BOMF/MNA, if an excess of anhydride is used,
even though the maximum reaction rate is reached at a temperature comparable with the
systems with a stoichiometric epoxy/anhydride molar ratio, the system is more reactive
(lower activation energy, Table 2). An accelerating effect is indicated by a decrease in the
activation energy since less energy from the reacting components is required to complete
the reaction [40]. This finding could be related to the higher number of initiation sites
formed in the presence of higher amounts of anhydride [12]. Consequently, the number of
propagating chains is increased, and so is the number of reactive sites, with an autocatalytic
effect responsible for a globally faster reaction (reflected also by the lower value of Ak,
Table 2). We remark that the activation energy only provides data on the reaction rate, not
about the reaction mechanism, and that both the Kissinger and Ozawa methods provide a
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single value of the activation energy for the whole process despite the fact that, in complex
systems such as epoxy/anhydride resins, this parameter fluctuates with the curing period.

The isothermal analysis of the curing process can, instead, give a major degree of detail
about the reaction mechanisms. Isothermal DSC data were fitted to an autocatalytic model
developed by Kamal, which well characterizes systems wherein the reaction rate increases
due to the catalytic impact of the groups formed during the reaction itself, to define the
relationship among conversion, time, and temperature. First of all, the conversion α as
a function of time was evaluated at different temperatures for the three studied systems
(Figure 3a,c,e). The lack of a linear dependance of α with temperature for the systems with
epoxy excess and anhydride excess, together with the partial extent of cure experienced
by all the samples, can be explained by the occurrence, to different extents, of vitrification.
The reactivity of the molecules dominates the rate of reaction at the beginning of a curing
reaction. As the reaction proceeds, the degree of cure increases and the system first
undergoes gelation (i.e., the development of molecular branching), which is related to
an increase in viscosity and a subsequent worsening of the molecular mobility. When
diffusion-controlled processes overstep the mobility of the reacting groups, the reaction
becomes diffusion-controlled and vitrification occurs [50]. By correlating this phenomenon
to the conversion degree, we can observe that at low conversion values, the network is
far from being formed and the reacting species, still present in high concentrations, can
easily diffuse, and the reaction proceeds fast. Once high conversions are reached, long
chains are formed, resulting in a viscosity increase which limits the chain mobility; at this
point, the reaction becomes diffusion-controlled, and a plateau value for the conversion is
reached. When the system vitrifies, increasing the temperature above the glass transition
temperature (Tg), the viscosity decreases, and subsequently, the chain mobility is somehow
improved, enabling the reaction of the remaining unreacted functional groups [51]. For the
systems studied in this work, all the temperatures selected for the isothermal analysis are
above Tg [12]. However, due to the narrowness of the cure peak (Figure 1a,c,e), even though
the temperature of isothermal analysis is higher than Tg, this latter is still too close to the
peak temperature, so vitrification is unavoidable. It is noteworthy to highlight the behavior
of the system with an epoxy excess, for which strong vitrification is verified at temperatures
of 120 and 130 ◦C. Using the non-isothermal DSC analysis, it emerged that when BOMF is
present in stoichiometric excess, the curing reaction begins at a lower temperature (Tonset)
compared to the other systems. In particular, when this system was heated at 10 ◦C/min
to the temperature of 120 ◦C, the degree of conversion reached was higher than the α

experienced by the other samples at the same temperature. This behavior was also reflected
in the dependence of conversion on temperature resulting from the isothermal analysis.

The fitting of experimental data with the mechanistic Kamal method was also carried
out. As can be seen from Figure 3b,d,f, the model fits well the experimental data, especially
for the system with epoxy excess, regardless of the conversion degree. For both mixtures
at a stoichiometric ratio and anhydride excess, instead, the fit is in good agreement with
the model, particularly at low α values, and a lack of accuracy at higher conversions is
noted, when the reaction is controlled by diffusion phenomena rather than by kinetic
parameters [52].

The parameters obtained by the fitting of the experimental data, reported in Table 4,
reflect, as far as k1 and m are concerned, the contribution of non-autocatalytic phenomena
(in this specific case of study, the initiation step). On the other hand, k2 and n account for
the contribution of autocatalytic phenomena (i.e., propagation in epoxy/anhydride cure).
Regardless of the resin composition, all four parameters generally increase with tempera-
ture, even though with a different trend, and k2 and m are systematically higher than k1
and n. Specifically, when the stoichiometry is unbalanced, the order of reaction increases
faster with temperature. For the stoichiometric system, instead, m increases much more
than n with temperature, indicating a stronger temperature dependance of propagation
compared to initiation. Noteworthy are the values of m and n for the system with an excess
of anhydride: they are almost the same, with an exception made at 90 ◦C. This occurrence
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indicates that initiation and propagation proceed simultaneously. Generally speaking, the
overall reaction order, m + n, is in the range of 0.35–1.23 regardless the composition.

Further analysis was conducted on the rate constants obtained by the fitting procedure,
extrapolating the values of the activation energy (Ea1 and Ea2) and the preexponential factor
(A1 and A2) for k1 and k2, respectively. In particular, while the trend of k2 with temperature
is well fitted by a linear trend, the behavior of k1 is less prominent of a linear behavior,
although it is still well described by a linear fit. This is due to the fact that k1 is only
calculated using two or three of the first experimental datapoints, which might result in
inaccurate estimated values [52]. As a general consideration, it emerges that the propagation
step is much more kinetically disfavored.

All the considerations expressed here can be summarized into practical advice for
the application of BOMF/MNA resins. As the curing degree of samples with a stoichio-
metric ratio among the reactants has an increasing trend with the curing temperature, this
composition should be used for applications in which significant differences in curing
temperatures might be experienced by different samples, or also at different points of the
same sample (i.e., thick samples). If lower curing temperatures must be used, instead, a
composition with an epoxy excess should be chosen, which ensures a higher αmax at 90 ◦C.
However, for the cure of this sample, it is mandatory to control the curing temperature, as
an uncontrolled increase in the temperature will have a detrimental effect on the degree
of cure. On the other hand, when energy consumption is a limiting factor, the use of
anhydride excess may be preferred due to the lower activation energy overall required for
the curing process.

6. Conclusions

The cure kinetics of bioderived furan-based epoxy resins reacted with anhydride in
the presence of 2-methylimidazole as an initiator were investigated by both non-isothermal
and isothermal differential scanning calorimetry (DSC). The cure kinetics of BOMF/MNA
resulted in being dependent on the epoxy/anhydride molar ratio. The main findings of
this study can be summed up as follows:

When anhydride is in a molar excess, the promotion of the initiation step leads to an
overall improved reactivity. In fact, it was observed that the activation energy of the curing
process decreased from 76.2 to 72.4 kJ/mol (Kissinger method) and from 78.9 kJ/mol to
75.3 kJ/mol (Ozawa method) for stoichiometric and anhydride excess, respectively;

The high reactivity of the system, independent of the resin composition, leads to
incomplete cure due to vitrification. This occurrence was observed even at the higher
curing temperature (130 ◦C) from the maximum degree of conversion (0.79, 0.57, and 0.65
for stoichiometric, epoxy excess, and anhydride excess, respectively);

Both propagation and initiation are favored by increasing the temperature, but with a
different dependence, as a function of the composition.

The autocatalytic Kamal model fits well the experimental data but did not succeed in
fully describing the complex epoxy anhydride curing process. The global order of reaction
(m + n) was in the range 0.35–1.24, 0.31–1.11, and 0.33–1.23 for stoichiometric, epoxy excess,
and anhydride excess, respectively.

Overall, the observed results enlighten a promising use of these compounds, and a
deeper understanding of the reaction kinetics and mechanisms of these systems could help
in promoting the application of these biobased materials at an industrial level, addressing
the global dependence on oil-derived polymers.
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