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Abstract

Multilayer self-assemblies build up through layer-by-layer (LBL) deposition of polyelectrolytes has been
recognized as a straightforward, adaptable, and bottom-up surface modification approach which can be
applied on various substrates, regardless of their shape, size, and surface chemistry, under mild conditions.
The growth profile and structure of polyelectrolyte (PE) multilayer assemblies constructed through LBL
technique on fully smooth, flat, and non-porous inorganic surfaces including quartz slides or silica wafers
have extensively investigated in literature. However, there is a significant gap in the understanding of the
fundamental mechanism governing the LBL deposition and PE multilayer assemblies on rough, uneven,
and porous surfaces, particularly those found in textile materials, including nonwoven fabric. Therefore,
the aim of this study is to monitor the construction of multilayer assemblies consisting of dendritic amine-
terminated poly(amidoamine) (PAMAM) and poly(acrylic acid) (PAA) on pre-treated polylactide (PLA)
nonwoven fabric using the layer-by-layer technique via the dipping method.

In order to functionalize PLA substrate with positively charged surface, aminolysis reaction at different
time interval and two temperature was designed. According to characterization tests, optimum conditions

to provide the highest amine content with acceptable mechanical properties were obtained.

After finding the optimum condition of pre-treatment, the experiments and characterization tests have been
engineered to understanding the multilayer growth on the PLA nonwoven. Three key parameters including
polyelectrolytes solution pH, their concentration ratio, and intermediate drying was consider in LBL
deposition. Since PAMAM and PAA are both weak polyelectrolytes, can possess different surface charge
and conformational structure based on the PE pH, which can directly influence PE complex formation.
Therefore, the study was conduct in two phases: liquid-liquid phase to study polyelectrolytes complex
formation and liquid-solid phase to monitor multilayer growth with hydrated and dry LBL (intermediate

drying effect).



According to liquid-liquid phase, the optimal pH and concentration ratio of PAMAM: PAA complex to
form stable and irreversible turbid colloidal PEC dispersion were determined through turbidimetry
measurements. Acid-base titration and DLS analysis revealed that PAMAM: PAA at their partially charged
state (PAMAM/pH=8 and PAA/pH=4) where both have compact and globular conformation (not fully
compact), provide the stable higher concentration of aggregated PECs (highest turbidity~1668 NTU). UV-
visible spectroscopy were employed to characterized PECs interaction and confirmed PAA penetration into

PAMAM structure, along with electrostatic interaction of primary amines and carboxylate groups of PAA.

Three different concentration ratios of PAMAM: PAA, corresponding to the obtained highest turbidity at
each series of titration in liquid-liquid phase, were selected to study the PEC multilayer growth on the
substrate in liquid-solid phase. Based on the K/S value of the colored substrate, a concentration ratio of 7:7
(x 10 g/mL), at the obtained optimal pH, provided the highest PE multilayer growth on the substrate in
liquid-solid phase. Ninhydrin assay was conducted to quantify amine density after each deposition step. It
was revealed that PAMAM/PAA PE multilayer assemblies till the 7 layers have the converging profile
growth, while applying one step intermediate drying between LBL caused the stability of the PAA layers
and final divergent profile growth with more NH. density at the even top layer of the material. In addition,
according to air permeability analysis, it was found that PE multilayered assembled on the substrate with
dry LBL have less compact structure than those assembled hydrated LBL. In addition, based on the staining
test as a function of layer number, it was revealed that highest NH. density on the top even layer did not
always lead to higher accessible amine site to interact with another molecule. Indeed, the highest NH,
density does not lead to higher dye adsorption; there is a thresholds and limitation of the substrate layering

to achieve the desirable application such as dye adsorption or drug delivery.

In conclusion, knowledge of the PE multilayer growth profile and controlling their density to tailor surface
properties with optimal accessible functional groups is crucial for designing nonwoven substrates with
developed multilayer assemblies for applications like drug delivery where microbial contamination is

crucial.



Streszczenie

W pracy opisano proces samorzutnego tworzenia ukladow wielowarstwowych w wyniku
naktadania polielektrolitow metoda layer-by-layer. Jest to prosty, efektywny i prowadzony w tagodnych
warunkach sposob modyfikacji powierzchni, ktory mozna stosowaé na roznych podtozach, niezaleznie od
ich ksztattu, rozmiaru i struktury chemicznej warstwy wierzchniej. Profil wzrostu i struktura
polielektrolitowych ukladéw wielowarstwowych tworzonych ta metoda na catkowicie gtadkich, ptaskich i
nieporowatych powierzchniach nieorganicznych, takich jak szkietka kwarcowe czy wafle krzemowe, byly
szeroko badane w literaturze. Niemniej jednak istnieje istotna luka w poznaniu podstawowych
mechanizméw rzadzacych procesem naktadania warstw technika layer-by-layer i wytwarzanymi wowczas
uktadow wielowarstwowych na nieregularnych, nierdwnych i porowatych powierzchniach, takich jak
wiokniny. Celem niniejszej pracy jest zbadanie struktury uktadow wielowarstwowych sktadajacych si¢ z
poliaminowych dendrymeréw oraz poli(kwasu akrylowego) natozonych na wstepnie modyfikowana

wiokning polilaktydowsa za pomocg techniki layer-by-layer.

W celu funkcjonalizacji podtoza wiokninowego przeprowadzono reakcje aminolizy w rdéznych
przedziatach czasowych oraz w dwoch temperaturach. Na podstawie pomiaréw ilo§ciowych okreslono
optymalne warunki, ktére zapewniaja najwyzsza zawartos¢ grup aminowych przy akceptowalnych

poziomach wiasciwosci mechanicznych.

Po okre§leniu optymalnych warunkéw wstepnej modyfikacji, zaplanowano dalsze etapy
wprowadzania warstw polielektrolitow. Przy stosowaniu techniki layer-by-layer uwzgledniono trzy
kluczowe parametry: pH roztworu polielektrolitu, stosunek stechiometryczny poszczegdlnych sktadnikow
oraz mozliwos¢ stosowania posredniego suszenia. Poniewaz dendrymer PAMAM i poli(kwas akrylowy)
sg stabymi polielektrolitami, mogg posiada¢ r6zng ilo¢ fadunkOw na powierzchni, a takze rézne struktury
konformacyjne w zaleznos$ci od pH roztworu, co moze bezposrednio wptywaé na formowanie komplekséw
polielektrolitowych. Dlatego przeprowadzono badania formowania kompleksow w dwdch fazach: ciecz -

ciecz, oraz ciecz - cialo stale.



W wyniku badania uktadu ciecz-ciecz, okreslono optymalne pH i stosunek stezenia
poszczegolnych sktadnikow uktadu prowadzace do formowania stabilnej i nieodwracalnej koloidalnej
dyspersji kompleksu. Badania te przeprowadzono stosujac analize turbidymetryczng. Natomiast analiza
miareczkowa i wyniki DLS wykazatly, ze dendrymer i poli(kwas akrylowy) w czgsciowo natadowanym
stanie (pH=8 dla PAMAM i pH=4 dla poli(kwasu akrylowego)), maja zwarta i globularng konformacje
(ktebka) co zapewniaja stabilne, wysokie stezenie zagregowanych polikomplekséw (najwyzsza metnosé
~1668 NTU). Spektroskopia UV-Vis zostata wykorzystana do badania wzajemnych interakcji sktadnikow
polikompleksu i potwierdzita penetracj¢ polikwasu w strukturze PAMAM, a takze wystepowanie

oddziatywan elektrostatycznych grup aminowych i karboksylowych.

Trzy rézne stosunki stezen dendrymeru i polikwasu, odpowiadajgce najwyzszym poziomom
metnosci w kazdej serii miareczkowania w fazie ciecz - ciecz, zostaly wybrane do badania procesu
tworzenia wielowarstwowego polikompleksu w fazie ciecz - cialo stale. Na podstawie wartosci K/S
zabarwionego podloza, okre§lono stosunek stezen 7:7 (X 10* g/mL), ktory przy optymalnym pH zapewnit
najwyzszy wzrost uktadu polielektrolitowego na podtozu w fazie ciecz - ciato state. Przeprowadzono test
barwienia ninhydryng w celu ilosciowego okreslenia ilosci grup aminowych po kazdym etapie modyfikacji.
Stwierdzono, ze uktady wielowarstwowe dendrymer aminowy / polikwas maja profil wzrostu zbiezny az
do siodmej warstwy. Natomiast zastosowanie kroku po$redniego W postaci suszenia pomiedzy
nanoszeniem kolejnych warstw daje wigkszg stabilno$¢ warstw. Dodatkowo, na podstawie analizy
przepuszczalnosci powietrza, stwierdzono, ze wielowarstwowe uktady polielektrolitowe z zastosowaniem
etapu suszenia majg mniej zwartg strukture niz wowczas, gdy prébek nie suszono. Ponadto, na podstawie
wynikow testow barwienia analizowanego w funkcji liczby warstw, stwierdzono, iz najwyzsza ilo$¢ grup
NH: na zewngtrznej warstwie nie zawsze prowadzi do wigkszej interakcji grup aminowych z innymi
czasteczkami. W rzeczywistosci, najwyzsza gestos¢ grup NH: nie prowadzi do najwyzszej adsorpcji
barwnika. Istnieja takze inne ograniczenia hamujace proces kompleksowania, ktore nalezy pokona¢, aby

moc zastosowac otrzymane uktady do zastosowan takich jak adsorpcja barwnika czy dostarczanie lekow.



Podsumowujac mozna stwierdzi¢, ze znajomos¢ profilu wzrostu kompleksu polielektrolitowego na
wiokninie oraz kontrolowanie ilosci grup funkcyjnych w jej warstwie wierzchniej jest kluczowe dla
projektowania materiatéw widkninowych z rozwinigtymi uktadami wielowarstwowymi przeznaczonych do

zastosowan takich jak dostarczanie lekow.
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Abbreviations

PLA-polylactide nonwoven

GSM-Gram per square meter (g/m?)

PLA1-Polylactide nonwoven with 40 g/m?

PLAZ1-Polylactid nonwoven with 120 g/m?

LBL- Layer-by-Layer

Ln- layer number “n” deposited on polylactid nonwoven prepared with hydrated layer-by-layer
Ln-D- layer number “n” deposited on polylactide nonwoven prepared with dry layer-by-layer method
PE-Polyelectrolyte

PEC-Polyelectrolyte complex

PAA-Poly (acrylic acid)

PAMAM- Amine-terminated poly (amidoamine) dendrimer

PLAx- Multilayered polylactide nonwoven with layer number of n, where add n (1, 3, 5, and 7) refers to

PAA as the top layer and even n (2, 4, 6, and 8) refers to the PAMAM as the top layer
Cramam Or Cpaa-Concentration of PAMAM solution or PAA solution

Whn- waste-dye solution after staining procedure of multilayer PLA nonwoven with n layer prepared with

hydrated layer-by-layer method
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1. Introduction

1.1. Objective

Layer-by-layer (LBL) deposition is a well-defined, versatile, and straightforward surface modification
technique applicable to various substrates, irrespective of their shape, size, or surface chemistry, and can
be conducted under mild conditions [1][2], [3]. The polyelectrolyte (PE) multilayers formed via LBL are
easily tunable based on the selected polyelectrolytes and by controlling operational factors such as pH,
concentration, ionic strength, and the application method. The LBL approach encompasses various
techniques, including dipping, spray coating, spin coating, and brushing [4]. In this study, polylactide
nonwoven fabrics, recognized for their biocompatibility and eco-friendliness, have been chosen for LBL
modification. Poly (acrylic acid) (PAA), serving as a linear polyanion (-), and poly(amidoamine)
(PAMAM), functioning as a dendritic polycation (+), have been chosen for the LBL technique, utilizing
electrostatic attraction as the driving force. The amine-terminated PAMAM exhibits unique
physicochemical properties, including numerous positive functional groups and an interior hydrophobic
cavity, making it highly effective for host-guest applications such as drug delivery, wastewater treatment,
and filtration [1], [5], [6]. Additionally, its abundance of positively charged terminal groups allows for
electrostatic interactions with negatively charged molecules. Furthermore, the primary amines confer
excellent antibacterial properties [7]. Therefore, the introduction of PAMAM into PLA nonwoven fabric
through the LBL technique can enhance its functionality and broaden its application scope. Consequently,
the primary objective of this study is to monitor the multilayer assemblies of PAA and PAMAM
polyelectrolytes on pre-treated and functionalized PLA nonwoven fabric. One of the most important
characteristics of the LBL technique is the activation of the substrate to facilitate the depiction of the first
layer. As a result, the optimal conditions for PLA pre-treatment through aminolysis using the dendritic
aminolysis agent PAMAM were systematically investigated, aimed at creating a higher density of amine
anchors for the deposition of the first PAA layer. Following this, the study examines the effects of

operational factors, such as the pH and concentration of the polyelectrolytes, on the formation of turbid
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colloidal complexes in the liquid-liquid phase. Based on the established optimal conditions, multilayers
were assembled on the pre-treated PLA. The investigation then transitions to the liquid-solid phase,
focusing on the influence of polyelectrolyte concentration ratios and intermediate drying during the dipping

approach of LBL on the growth profile, structure, and density of the polyelectrolyte multilayers.

1.2. Hypothesis

Weak polyelectrolytes exhibit varying degrees of ionization depending on the pH of the medium, which
can lead to different conformations based on their ionization state. The repulsive forces between ionized
groups may cause the polymer structure to expand or swell, subsequently influencing its complexation with

oppositely charged molecules. Therefore, it was hypothesized that:

(1) Polyelectrolytes in the same conformational structure have a greater probability of forming

irreversible complexes.

Conversely, an increase in the concentration of polyelectrolytes at a specific pH results in a higher charge

density. Thus, it was hypothesized that:

(2) An increase in the concentration ratio of polyelectrolytes leads to greater formation of aggregated
polyelectrolyte complexes (PEC) in the liquid-liquid phase, although there will be a point beyond
which PEC formation decreases.

(3) The condition leading to maximum complex formation in the liquid-liquid phase may in turn
resulted in the most significant growth of polyelectrolyte multilayers on the substrate in liquid-solid

phase
Additionally, it was hypothesized that:

(4) The polyelectrolytes concentration ratio and intermediate air drying may influence the adsorption-

desorption phenomenon in the LBL process.



(5) Intermediate air drying may affect the growth profile, which can be quantified using the ninhydrin
assay.

(6) Intermediate air drying may impact the density of the assembled multilayers on the substrate, as
well as their mechanical properties.

(7) The multilayered PLA may exhibit superior antibacterial properties compared to simple

aminolyzed PLA.



2. Literature review

2.1. Polymer modification methods

Most industrial polymers, due to the absence of functional end groups, exhibit hydrophobic surfaces and an
inert nature. This characteristic significantly restricts their applicability across various fields and limits the
potential for further modifications. The inherent hydrophobicity can hinder adhesion, compatibility, and
interaction with other materials, which are critical factors in many applications, including coatings [8],
adhesives [9], and biomedical devices [10]. As a result, polymer modifications aimed at enhancing and
developing their properties are essential. [11], [12] [13]. Polymer modification methods, as illustrated in
Scheme 1, can generally be classified into three primary categories: "blending," "grafting," and "curing."

Each of these methods serves distinct purposes in enhancing the properties of polymers [14].
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Scheme 1. Schematic representation of the methods of polymer modification [14].



Briefly, as illustrated in Scheme 1:

Blending refers to the mechanical and physical mixing of at least two different polymers to create
a composite material. This technique allows for the combination of advantageous properties from
each polymer, resulting in a material that can exhibit improved performance characteristics such as
increased toughness, flexibility, or thermal stability. The effectiveness of blending is influenced by
factors such as the compatibility of the polymers involved, the specific ratios used, and the
processing conditions applied during the mixing process [15]-[17].

Grafting involves the covalent attachment of monomers or polymer chains to the main backbone
of an existing polymer. This method allows for the introduction of specific functional groups or
properties that may not be inherent in the original polymer. By modifying the polymer in this way,
it is possible to enhance properties such as hydrophilicity, thermal resistance, or chemical
reactivity, thereby broadening the potential applications of the modified material. Grafting can be
accomplished through various chemical reactions, including radical polymerization, click
chemistry, and other synthetic pathways [14], [18].

Curing is a process in which a monomer or a mixture of monomers is used to create a coating on a
polymer substrate, typically through physical forces or chemical reactions. This method often
results in the polymerization of the applied monomers, leading to the formation of a cross-linked
network that significantly enhances the mechanical and chemical properties of the underlying
polymer. Curing can improve characteristics such as hardness, chemical resistance, and overall
durability, making it suitable for applications in coatings, adhesives, and sealants. Curing methods
can be categorized into two main types: radiation curing, which includes ultraviolet light, gamma
rays, accelerated electron beams, and X-rays; and thermal curing, which encompasses radiation
heating (such as infrared, laser, and microwave), convection and conduction heating (including

flame and oven), as well as induction heating, ultrasonic heating, and resistance heating [19]-[21].



Notwithstanding the aforementioned classification of polymer modification methods, an alternative
categorization may also be considered. From a different perspective, the properties of polymers can be
tailored at two distinct levels: surface and bulk. Each level offers unique opportunities for modification,
allowing for the enhancement of specific characteristics that are critical for various applications. Various
chemical modification methods can be employed to achieve these modifications, enabling researchers and

engineers to optimize polymer performance for specific needs [22].

(a) Bulk Modifications refer to techniques that alter the entire volume of the polymer material, affecting

its overall properties. Key techniques at this level are blending [23], [24], solvent casting [25], [26],
copolymerization [27], [28], and cross-linking [29], [30]. For example, Raj A. et al. [31]
successfully enhanced the thermomechanical properties of poly (v-lactic acid) by blending it with
30 wt% of polyamide. This modification resulted in a final product exhibiting a maximum ductility
of 225%, an impact toughness of 48 kJ/m2, and thermal resistance up to 123°C, highlighting the

effectiveness of bulk modification techniques.

(b) Surface Modifications focus on altering the outer layer of the polymer material, which can
significantly influence its interaction with the environment. These modifications enhance surface
characteristics such as adhesion, surface charge, wettability, and biocompatibility [32], [33]. In the

following section, we will provide a comprehensive explanation of this method.

In summary, both bulk and surface modifications play critical roles in tailoring polymer properties for
specific applications. While bulk modifications focus on enhancing the overall material characteristics,
surface modifications are essential for optimizing interactions with other materials and the environment.
The details of these surface modification techniques will be discussed in greater depth in the subsequent

section, highlighting their significance and applications in polylactide.



2.2. Surface modification methods

Polymer properties can be determined not only based on its intrinsic nature but also as results of the polymer
modification. Surface treatment and improvement of outermost surface properties such as hydrophilicity,
hydrophobicity, biocompatibility, surface hardness, and introduction of new functionalities can obviate the
polymer application problems [13]. Surface modification can combine the main properties of polymers with
superficial properties which has been introduced to the polymer surface [22]. Polymer surface modification
can be categorized based on two different aspects: (a) type of treatment process and (b) treatment
methodology. In the former aspect, a wide range of process treatments are available to tailor the top layer
of polymer properties. The most common method is the manipulation of surface energy by adding
functional groups [34] and the introduction of micro- and nanoscale surface roughness by mechanical or
chemical abrasion process [35]. In the latter, surface treatment (based on the treatment methodology), can
be divided into four categories including physical, chemical, thermal, and optical methods [22]. For
example, Kamalov A. et al. [36] improved the biocompatibility of polylactide films by employing plasma
treatment as a physical surface modification to enhance human fibroblast proliferation activity. In another
study, J. Q. Kim et. al [37], introduced a novel surface modification strategy designed to create a
poly(ethylene terephthalate) (PET)-based membrane with a hydrophilic surface, resistance to organic
fouling, enhanced nutrient ion permeability, and adequate mechanical strength. This is achieved through
the use of anthracene (ANT)-attached polyethylene glycol (PEG) surface modification agent (SMA) in
which the anthracene moieties of the SMAs penetrate and anchor to the surface of a commercially available
PET woven fabric through physical interactions and mechanical locking. Meanwhile, the PEG chains
extend over the surface in brush and arch configurations, forming a hydration layer on the fabric. The
resultant surface properties and unique structure of the modified PET-based membrane lead to significantly
improved nitrate ion permeability, enhanced resistance to organic fouling, and increased microalgae

production compared to the unmodified membrane. In another study, alkaline hydrolysis as a chemical



surface modification was employed to functionalize PET fabric for further modification with poly (vinyl

alcohol) (PVA) [38].

In the following sections, we focus on the surface modification methods implemented in this research.

2.2.1. Grafting

Grafting is a common surface modification technique categorized into two approaches: “grafting to” and
“grafting from,” as illustrated in Scheme 2. The “grafting to” approach, also known as “direct polymer
coupling reaction,” involves the direct attachment of a known polymer with specific molecular weight and
composition onto a polymer surface that has reactive groups capable of bonding with the other polymer
[13]. For instance, the grafting of poly (ethylene glycol) chain onto cellulose surface via esterification is an
example of a direct polymer coupling reaction or “grafting to” approach [39]. Typically, achieving high
grafting densities with this approach due to steric hindrance and diffusion restriction of the modifier is
challenging [40]. To address these challenges, the “grafting from” approach, referred to as “graft
polymerization of monomers,” is employed. This method entails growing polymer chains directly from a
surface through graft polymerization of a specific monomer, initiated by high-energy radiation or oxidizing
agents [13]. The “grafting from” approach typically involves two main steps: (1) activating the inert surface
and (2) reacting selected monomers at the newly created active sites on that surface [13]. The activation
step for graft polymerization can be performed using several techniques, including (a) plasma discharge
[41], [42], (b) irradiation by ozone [43], electron beam [44], gamma rays [45], [46], ultraviolet radiation
(UV) [47], and (c) chemical method initiation through free-radical mechanism [14]. For example, in a study
acrylic acid monomer was polymerized on an activated polypropylene nonwoven filter surface with induced
oxygen plasma to introduce carboxylic acid groups onto the PP surface to prepare a cesium adsorbent filter

[48].
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Scheme 2. Schematic of (a) grafting to and (b) grafting from approaches [13]

In our research team, we successfully functionalized the surfaces of poly (propylene) (PP) and polylactide
(PLA) nonwovens with acrylic acid monomer using the “grafting from” approach. This process was
accomplished through three distinct activation methods including (1) chemical reaction using ammonium
peroxydisulfate an oxidizing agent, (2) photografting under UV light, and (3) plasma treatment using air
and oxygen [49]. In the context of chemical reactions using ammonium peroxydisulfate, commonly known
as ammonium persulfate, as an oxidizing agent, sulfate-free ion radicals can be generated by heat, leading
to the production of hydroxyl radicals. This process, outlined in mechanism (1), initiates graft
polymerization by abstracting hydrogen from the polymer chain, thereby creating free radicals on the
polymer backbone [14], [50]. For photografting under UV light, using hydrogen peroxide as a
photosensitizer, free radicals on the polymer chains are produced by hydroxyl radicals formed through the
photolysis of H202 under UV light, as described in mechanism (IT) [51]. In the case of plasma discharge,
macromolecular radicals on the polymer chains, which facilitate graft polymerization, can be generated by

accelerated electrons in the presence of oxidizing gases such as oxygen and air, as detailed in mechanism

(1) [14], [52].



Mechanism(1 ):
S,0Z + heat — 2S0;~
SO;” +H,0 — HSO; + OH*

Mechanism(II):
H,O, +ho — 20H"*

Mechanism(I11)
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According to the obtained results, the ATR-FTIR analysis revealed the emergence of a new peak around
1727 and 1650 cm™* corresponding to PP and PLA nonwoven, respectively, associated with the stretching
of the carbonyl bond, confirming the successful grafting of acrylic acid (AA) onto PP and PLA nonwovens
through three distinct methods. Quantitative assessment of the area under this new carbonyl peak indicated
that photografting under UV light produced a significantly larger standardized peak area, suggesting
enhanced AA grafting on both nonwovens, with values of approximately 42.7 for PLA and 22.7 for PP, in
comparison to other grafting methods. Furthermore, UV-visible spectrophotometry corroborated these
findings, demonstrating that photografting resulted in higher levels of AA grafting on both PP and PLA
nonwovens, as reflected by increased dye adsorption percentages in the grafted samples compared to those
processed by alternative methods. The findings help to find an appropriate method to create a functionalized

surface of PP and PLA with the highest carboxylic groups for future applications [49].

2.2.1.1 Aminolysis

The reaction of amines with esters, known as aminolysis, has roots in organic chemistry that date back to
the early 20™ century. While it is difficult to pinpoint a single individual who first proposed this reaction,
to the best of our knowledge, Hawkins and Tarbell [53] first suggested the mechanism of ester aminolysis
in 1953. According to records, all ester-containing polymers including polyesters [54], polyurethane [55],

and polycarbonate [56] are susceptible to aminolysis reactions when exposed to aminolysis agents. This
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chemical process involves the reaction of these polymers with amines, leading to significant enhancements

in the hydrophilicity and functionality of their surfaces [57], [58].

Aminolysis reaction, as described in Scheme 3, involves cleavage of hydrophobic ester bonds through
nucleophilic attack of amines on the carbonyl carbon of an ester, resulting in the replacement of them with
relative hydrophilic amid bonds and release of hydroxyl groups [59]. The molecules bearing one or more
nucleophilic amine groups can be considered as aminolysis agents [57]. Utilizing diamine molecules with
two amine groups (-NH>) as an aminolysis agent would endow the polymer surface with amino (-NH) and
hydroxyl (-OH) groups. Indeed, one amine participates in an aminolysis reaction and the second amine can
be utilized for further modification such as layer-by-layer [56] deposition or can participate in different
reactions leading to the polymer surface having other functional groups including —SH, -COOH, and —
CH=CH[57]. Furthermore, the formation of hydroxyl (~OH) groups on the polymer surface as a result of
the aminolysis reaction can serve as a critical initiator for various chemical processes including atom
transfer radical polymerization (ATRP), or other covalent bond or physical adsorption [57], [60]. The most
common diamines serves as aminolysis agents are hydrazine, ethylenediamine, and 1,6-diaminohexane,
1,3-diaminopropane (1,3-DAP), 1,2-diaminopropane (1,2-DAP) [61], [62]. Besides diamines, some
polyamines polymers can serve as aminolysis agents as well but are more complicated in stoichiometry
than diamines in terms of both the reactants and the products [57]. G. Mallamaci et al. [63] employed three
poly aminolysis agents including 1,6-hexamethylenediamine (HDA), polyallylamine hydrochloride (PHA),
and tetraethylenepentamine (TEPA) to develop antifouling properties of 2D-matrices of polylactic acid
(PLA) and polyhydroxybutyrate (PHB). It was revealed that PHB was more sensitive than PLA to

aminolysis and the highest amino group density was obtained on the surface through aminolysis with PAH.
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Scheme 3. minolysis reaction of an aminolysis agent with one amine groups [59]

Several factors can influence the aminolysis rate, including temperature, time, concentration of aminolysis
agent, and the solvent [60]. For instance, M. Somani et al. [55] investigated the influence of reaction
parameters including temperatures, time, and ethylene diamine (EDA) concentration as an aminolysis agent
on the formation of free amino (-NH.) groups and the physicochemical properties of the polyurethane film.
The highest yield of aminolysis resulted in ~ 0.08 pM/cm? with 10% EDA for 15 minutes. In another study,
the impact of the solvent on aminolysis was investigated. Bech et al. [64] (27) revealed that the rate of
aminolysis reaction on poly(ethylene terephthalate) fibers with 1,2-ethane diamines was faster in methanol
than water. Also, Z, Yang et al. [60] investigated the aminolysis rate of 1,6-hexanedimine with poly(€-
caprolactone) (PCL) as a function of solvent. This sequential order was obtained for the aminolysis are
water< isopropanol< ethanol< and methanol. This might be attributed to the solvent polarity. The reaction
proceeded very slowly in water, the most polar solvent, primarily due to the inadequate wetting of the
hydrophobic PCL membranes. This poor wetting created challenges for the diamine molecules to

effectively approach the PCL chains. In contrast, the reaction rates were considerably higher in relatively
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less polar alcohols, with methanol exhibiting the highest reaction rate among the solvents tested [60].
Another crucial factor that significantly affects the aminolysis reaction is the molar mass of the aminolysis
agent. Research has shown that as the molar mass of the amine increases, the density of amine groups in
PET fibers decrease, while other conditions remain constant. This decrease can be attributed to the fact that
aminolysis occurs at the interface between the polyester and the amine solution, making the reaction highly
dependent on the ability of diamine molecules to effectively contact the carbonyl carbons in the ester bonds.
Higher molar mass amines may have reduced mobility, limiting their interaction with the polyester surface

and consequently hindering the aminolysis process [64].

In addition to the commonly utilized linear aminolysis reagents, there exists a significant class of polymeric
materials known as dendritic polymers, particularly those with amine-terminated structures, can serve as
aminolysis agent [6], [65]. These dendritic structures possess a branched architecture, which provides
unique properties and functionalities that can enhance the aminolysis process. The following section (2.3.1)
will explore the potential applications and advantages of using dendritic polymers in aminolysis reactions,
highlighting their ability to improve reaction efficiency and surface modifications. Aminolysis reaction
creates functional groups that act as the activating layers in different surface modification methods like the

layer-by-layer (LBL) assembly technique explained in the next section.

2.2.2. Layer-by-layer technique as surface modification method

The manipulation of surface functionality in polymers to control their chemical properties has been a focus
of research for many years. This process often involves the direct introduction of discrete functional groups,
such as alcohol or hydroxyl groups, which can then be transformed into a series of chemically distinct
surfaces through well-controlled chemical reactions. However, a significant drawback of this method is its
impracticality [66]-[68]. Conversely, practical methods like plasma treatment or graft polymerization,

while widely used, often fail to produce chemically well-defined surfaces [68]. In this context, the layer-
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by-layer (LBL) assembly technique presents a promising approach, enabling the design and preparation of

surfaces with precisely defined chemical functionalities [67].

The deposition of multilayer nanoscale film on solid substrates through the layer-by-layer (LBL) technique
is recognized as a straightforward, adaptable, and bottom-up surface modification approach. This method
allows for the incorporation of desired properties into various substrates, regardless of their shape, size, and
surface chemistry, under mild conditions [2]. LBL deposition was first modeled by ller [69] in the 1960s
and further developed by Decher et. al [70] in the 1990s, continuing to the present day. The Langmuir-
Blodgett (LB) technique, which pioneered the creation of monolayers of organic molecules at the air/water
interface and their subsequent transfer onto a solid substrate, served as the foundation for the layer-by-layer
(LBL) technique. The LBL method aims to employ LB films to construct nanostructured films with
polyelectrolytes for specific applications [71]. There are various driving forces for the multilayer assembly

though the LBL technique including [72], [73]:

Biological affinity; the growth of multilayer nanoscale film achieved by biological components,

including enzyme (glycoenzymes) and non-catalytic protein (concanavalin A) through LBL to
prepare electrochemical biosensor [74].

- Charge-transfer interaction; the growth of multilayer film achieved by nonionic molecules

containing electron-acceptor and electron-donor groups, for example, poly[2-(9-carbazolyl)ethyl
methacrylate] as electron-donor and poly[2-[(3,5-dinitrobenzoyl)oxy]ethyl as electron-accepter
where assemble to prepared ultrathin film based on charge transfer interaction [75].

- Hydrophobic interaction; the growth of multilayer film achieved by uncharged molecules. For

instance, stable ultrathin film can be obtained by repetitive physical adsorption of poly(vinyl
alcohol) (PVA) onto gold substrate followed by drying process [72].

- Hydrogen bonding; the growth of multilayer film achieved by uncharged materials that can act as

hydrogen bonding donors and hydrogen bonding acceptors. For instance, multilayers of poly(N-

vinylpyrrolidone and poly(methacrylic acid) were prepared by hydrogen bonding attraction [76].

14



- Covalent bonding; the growth of multilayer film achieved by intermolecular interaction between

complementary functional groups of two polymers which can covalently bond in situ leading to the
formation of the most stable, robust and functional multilayer. For instance condensation reaction
of nucleophiles (such as amines) and carbonyl derivatives (anhydride polymer) [77].

- Electrostatic attraction; the primary driving force for multilayer self-assembly relevant to our

study, is explained in detail below.

The self-assembly electrostatic interaction is the most typical driving force behind the layer-by-layer (LBL)
technique for forming multilayer thin films. This interaction occurs between the oppositely charged regions
of at least two polyionic components. The primary objective of the LBL technique is to deposit thin organic
layers containing functional groups of charged water-soluble materials on the surface [71]. As depicted in
Scheme 4, the LBL principle involves the sequential immersion of an activated substrate into diluted
solutions of oppositely charged polyelectrolytes (PEs) until the desired number of layers obtained. The
rinsing between the LBL processes is crucial to remove any excess PEs and weakly adsorbed molecules,
preventing cross-contamination with the PE complex assembled during the LBL deposition. These
successive adsorptions of cationic and anionic polyelectrolytes lead to the creation of multilayered thin
films [78], [79]. The features of LBL components, polyelectrolytes, and the factors governing multilayer

formation are going to be discussed in the following section.
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Scheme 4. Multilayer construction on functionalized substrate by layer-by-layer technique

2.4.1.2 Polyelectrolytes: characterization and types

Polyelectrolytes (PE) are macromolecules bearing functional groups able to get charged when they are
dissolved in a polar solvent like water. PE can acquire charges by the adsorption of ions or by the
dissociation of the surface functional groups; especially proton exchange equilibria including the
protonation and deprotonation process [80]. Polyelectrolytes are the primary components of the layer-by-
layer technique, with electrostatic interactions serving as the driving force. Below are some polyelectrolytes
that have been utilized in LBL deposition: polyethyleneimine (PEI), poly(sodium-4-styrenesulfonate)
(PSS), poly(diallyldimethylammonium chloride) (PDADMAC) [81], poly(allylamine hydrochloride)
(PAH) and poly(acrylic acid) (PAA) [82], PSS and PDADMAC [83], Poly(amidoamine) dendrimer
(PAMAM) and PSS [84], chitosan and PSS [85], poly(allylamine) (PAM) and PSS [86] carboxyl-
terminated poly(amidoamine) dendrimer (PAMAM-COOH) and poly(methacrylic acid) (PMA) [87].
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PEs can be classified based on different aspects including [88]:

(1) Their origin: natural (e.g., proteins), semi-synthetic (e.g., xanthan gum), and synthetic (e.g., poly
(styrene sulfonic acid)
(2) Their charge: polycation (e.g., +), polyanion (-), and polyampholyte (+ and -)

(3) Their charge density: strong and pH-independent charge and weak and pH-dependent charge

(4) Their shape: rigid (e.g., poly(p-phenylene) and spherical (e.g., globular proteins)

(5) Their position of ion sites: linear including integral (ions present in the backbone of the polymer)

and pendant (ions present inside-chain of the polymer), branched/cross-linked

(6) Their composition: homopolymer (one type of small ion) and copolymer (two different of two types

of monomers)

The most typical classification is based on their charge density. PEs can be considered as either strong or
weak, depending on their ability to dissociate in aqueous media. Strong PEs, such as poly (styrene sulfonic
acid) (PSS), can be fully charged in aqueous environments. In contrast, weak PEs, like poly (acrylic
acid)(PAA), have a dissociation constant range of 0 < pK < 14 and undergo proton exchange depending on
the pH of the experimental conditions which can affect their conformational structure [80]. PEs exhibit a
propensity to form complexes with one or more oppositely charged ionic species, giving rise to
polyelectrolyte complexes (PECs). The formation of a PEC is driven by the electrostatic interactions
between polycation and polyanion upon mixing aqueous solutions of oppositely charged PEs [88], [89].
The formed PECs can be categorized as either nonstoichiometric water-soluble PECs, which are formed by
a large difference in the mixing ratio of PEs, or stoichiometric insoluble PECs, which are formed by a 1:1
molar ratio of the strong ionic groups of the PEs. Therefore, the electrical charge, degree of ionization,
charge distribution, ionic strength and pH of the media, concentration, mixing ratio, nature and molecular

weight of PEs can influence their interaction to form PEC formation [88].
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According to the findings reported by T. Swift et al., [90] the conformational structure of poly(acrylic acid)
(PAA) is heavily dependent on its molecular weight, in addition to the pH and ionic strength of the system.
Particularly for low molecular weight PAA (M, < 16.5 kDa) pH-responsive conformational changes was
not observed. Therefore, for the high molecular weight of PAA, the conformational structure would be
changed by the ionic strength and pH of the media. Generally, weak polyelectrolytes can undergo
conformational changes based on the degree of protonation in which the greater protonation and molecular
charge result in more expanded and hydrated polymer conformation [91]. Concerning PAA, it undergoes a
reversible conformational transition from coil-to-globule from high to low pH. At low pH, it has a compact,
not fully collapsed, and globular conformation. As pH increases, ionization along the polymer chain may
cause the polymer structure to swell and change to an open coil conformation. The PAA chain conformation
as a function of ionic strength revealed that as ionic strength increases, the repulsive force between the
negatively charged groups along the chain is reduced due to counter-ion screening, leading to
conformational changes from the open coil to globular conformation [90], [92], [93].

Poly(amidoamine) dendritic polycation as another weak polyelectrolyte can undergo conformational
changes based on the degree of protonation. It was suggested that the PAMAM charging mechanism
involve two independent protonation steps of primary and tertiary amine groups [94]. At high pH and
deprotonated state, PAMAM possesses “dense core” conformation with a maximum density at the
dendrimer core and uniform void spacing between branches; however, at low pH and fully protonated
state, PAMAM conformation changes to “dense shell” with maximum density at the dendrimer periphery

and non-uniform void spacing between branches [95].

2.4.1.3 Operational factors in Layer-by-layer

The profile growth and overall thickness of the multilayer assemblies deposited on the substrate via the

layer-by-layer (LBL) technique governed by several key factors including:

1- Polyelectrolyte pH

18



The pH of the polyelectrolyte solutions can influence their degree of ionization, affecting the charge density
and conformation of the adsorbing species. D. Scheepers et al. [81] studied the effect of the pH on the
deposition of polyelectrolyte layers of poly(ethylene amine) (PEI) as polycation and poly(sodium-4-styrene
sulfonate) (PSS) on a silicon wafer via layer-by-layer technique to produce nanofiltration membrane. PEI,
one of the most common weak PE, has primary, secondary, and tertiary amines. Therefore, the growth
behavior on silicon wafers at three charge density PEI (pH= 4, 8, and 9) was studied using optical fixed
angle reflectometry. The results showed that for all charge density, the adsorption increased as a function
of layer’s number. However, increasing the pH leading to the lower charge densities of PEI and
consequently more PEI adsorption on the substrate. It was shown that at the higher charge densities or
number of charged groups of PEs lower number of counterpart PEs is required to compensate for the overall
charge density. Therefore, at high charge density lower number of the PEI molecules are deposited on the

oppositely charged substrate [81].

2- lonic strength

The ionic strength of the deposition media can modulate the electrostatic interactions between the
oppositely charged polyelectrolytes, influencing their adsorption behavior. At the high ionic strength, the
repulsive force between the ionized groups due to the counter-ion screening reduces and causes the polymer
structure to change from straight to coil conformation, and affect interaction with the oppositely charged
PEs counterpart. Generally, salt may reduce the interaction between PEs and consequently permit the
rearrangement process [93], [88]. B. Y. Kim et al. [96] investigate the multilayer film formation of
poly(amidoamine) and poly(acrylic acid) at the present (0.2 M NaCl) and the absence of the salt on the
gold-coated silicon wafer as a substrate. They found that films prepared in the absence of the salt possess
larger pores than those prepared at an ionic strength of 0.2 M NaCl. It was proposed that the observed
changes in morphology are a consequence of introduction of a supporting electrolyte. The added salt is
expected to screen the charges within the films, thereby producing a structure characterized by an increased

number of loops and tails. Such a loopy structure may account for the smaller pores observed in films
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deposited in a 0.2 M NaCl solution [96]. In another study, the polyelectrolyte multilayers assemblies of
poly(amidoamine) and poly(styrenesulfonate) (PSS) on silicon at different salt concentration including no
salt, 0.154, 0.5, and 1.0 M NaCl were analyzed. It was revealed that the quantity of PSS deposited per
bilayer, following the dendrimer adsorption step, initially rises with an increase in salt concentration (0.5
M NaCl). However, at elevated salt concentrations (1 M NaCl), this amount begins to decrease. This
phenomenon is likely attributed to two factors: (i) the enhanced screening of electrostatic interactions at
high ionic strength, and (ii) the more coiled conformation of PSS at elevated salt concentrations, which
occurs due to charge screening. This coiling results in a reduced number of contact points, and lower PSS

deposition at very high ionic strength (1.0 M NacCl) [97].

3- Polyelectrolyte concentration

The polyelectrolyte solutions used in the LBL process can affect the amount of material deposited per layer.
M. Yu et al. [83] reported the effect of polyelectrolyte concentration on the filtration membranes
performance. Various concentrations of poly(sodium 4-styrene sulfonate) (PSS) polyelectrolyte (1, 2, 3, 4,
and 5 g/L) were examined to construct multilayer assemblies of PSS and poly(diallyldimethylammonium
chloride) (PDADMAC) on a porous support substrate. The results indicate that an increase in PSS
concentration leads to enhanced rejection of sulfate ions (SO4?7) while simultaneously decreasing
permeance. This phenomenon can be attributed to the higher negative charge density on the membrane
surface, which arises from the increased PSS concentration, thereby improving the membrane's separation
performance. Conversely, the elevated charge density of PSS intensifies the electrostatic attraction between
PSS and the oppositely charged polyelectrolyte poly(diallyldimethylammonium chloride) (PDADMAC).
This interaction results in smaller pore sizes and a more compact structure of the polyelectrolyte multilayer.
Consequently, these factors contribute to an increase in the membrane's rejection performance while

reducing its permeance [83].
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4- Intermediate drying:

The inclusion of drying stages between deposition steps can alter the conformation and profile growth of
the adsorbed polyelectrolytes, affecting the overall film structure and thermal behavior. A. Vidyasagar et
al. [98] reported the effect of drying on polyelectrolyte multilayer of poly(diallyldimethylammonium
chloride) (PDAC) and poly(styrene sulfonate sodium salt) (PSS) on Teflon and quartz substrate. It was
revealed that hydrated LBL showed exponentially growing film while dried LBL exhibited linearly growth
behavior. Also, dry LBL assemblies were glassy at room temperature and did not show glass transition

temperature up to 250 °C, while hydrated LBL showed glass transition at 49-56 °C.

5- Adsorption time

The duration of polyelectrolyte adsorption during each deposition step can influence the thickness and

morphology of the individual layers [3].

6- Intermediate rinsing

The rinsing steps between polyelectrolyte depositions are crucial for removing weakly bound species and

preventing cross-contamination between layers [3].

When carefully controlled, all these mentioned parameters govern the growth profile and ultimate thickness
of the multilayered polyelectrolyte films fabricated via the LBL technique. Optimizing these factors is
essential for tailoring the properties and performance of the resulting functional thin film assemblies [86],
[97], [99], [100]. However, another phenomenon, adsorption-desorption, dominates the growth of

polyelectrolyte multilayer assemblies, which is discussed in the next section.

21



2.4.2.3 Adsorption-desorption phenomenon

In addition to the factors mentioned above influence the growth, structure, and properties of polyelectrolytes
multilayer growth, another interesting phenomenon that governs multilayer assemblies constructed via the
LBL technique is the adsorption-desorption phenomenon. This dynamic process involves partial desorption
and removal of the previously adsorbed layer upon exposure to the oppositely charged PE solution to
deposit the next layer [85], [87]. However, this trend is not commonly observed in multilayer films
composed of linear polyanion/polycation polyelectrolytes [86]. Such behavior has been more significantly
reported when one of the constituent species possesses a low molecular weight like dye [101] or in
dendrimer/polyanion systems [97]. For example, A. J. Khopade et al. [84] investigated the adsorption-
desorption behavior during the construction of multilayers composed of poly(styrenesulfonate) (PSS) and
poly(amidoamine) dendrimers on planar supports. Results from quartz crystal microbalance measurements
indicated consistent layer growth, while UV-Vis spectroscopy of the film demonstrated partial removal of
PSS upon the deposition of PAMAM. Notably, the absorption peak at 227 nm, associated with the phenyl

groups of PSS, was observed to decrease following the deposition of PAMAM.

The investigation of the adsorption-desorption phenomenon has primarily focused on multilayer film
formation on smooth and uniform substrates, such as quartz slides and silicon wafers. Techniques like
quartz crystal microbalance measurements and UV-Vis spectrophotometry of the layered substrate have
been extensively employed to elucidate this dynamic behavior [84], [97]; however, there is a gap in
understanding of the adsorption-desorption behavior of multilayered dendrimer-based assemblies on prose

and rough substrates like textiles materials including nonwoven.

The occurrence of adsorption-desorption during the LBL assembly process can have profound implications
for the growth kinetics and ultimate structure of the multilayer films, particularly in systems involving

polyelectrolytes of varying molecular weights or dendrimer-based architectures. Developing a
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comprehensive understanding of this phenomenon is crucial for the rational design and optimization of

multilayer thin film systems with tailored properties and performance.
2.3 Dendritic Polymer

In the field of polymer science, a distinct class of synthetic polymers known as dendritic polymers has
emerged, exhibiting unique and specialized physicochemical properties that attract considerable attention
in both academic and industrial realms. Dendritic polymer can be divided into four groups, hyperbranched
polymers, dendrigrafts, dendrons, and dendrimers [102]. Among dendritic polymers, hyperbranched
polymers and dendrimers, attracted more attention since they possess unique structural characteristics,
including three-dimensional highly branched topologies, functionalized structures, and relatively nonpolar

interior cavities between their branches [103], [104].

Generally, hyperbranched and dendrimer polymers, as depicted in Scheme 5, possess three fundamental
components: a central core, repetitive units, and surface functional groups. The core, which can have
varying degrees of multiplicity, is situated at the center of the dendrimer, and the construction of the
dendrimer either initiates or terminates from this core. The repetitive units or branches are covalently
bonded to the central core and are organized in a series of radially concentric layers referred to as
‘generations’ (G) [6]. Dendrimers can be synthesized by two distinct approaches including divergent and
convergent as ascribed in Scheme 6. Briefly, the divergent method involves the outward growth of the
dendrimer from a multifunctional core molecule, progressing generation by generation. In contrast, the
convergent synthetic approach is characterized by a stepwise construction that begins with the periphery
groups and progresses inward to attach to the multifunctional core molecule [104]. Hyperbranched polymer
synthesis involving single-step synthesis is a transition between liner polymers and highly branched
dendrimers while providing many of the dendrimer's properties being a good alternative for the dendrimers
[5], [104]. These distinctive features endow dendritic polymers with the potential to be utilized in a wide
range of applications, such as biomedical and drug delivery systems [105], [106], energy-harvesting devices

[107], [108], bio- and chemical sensors, wastewater treatment processes [102], [109], [110], and surface
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modification [58], [111]-[113]. For instance, poly(amidoamine) dendritic polymer has been utilized as a

poly(ether-b-amid) modifier to prepare dense membranes with CO2/CH4 gas separation properties [114].

Hyperbranced polymer Dendrimer

Scheme 5. Dendritic polymer architecture [6]
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Scheme 6. Diagram of dendrimer’s synthesis route
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2.3.1 Amine-terminated dendrimer as an aminolysis agent

The surface functionality of the dendrimer and hyperbranched polymer can be tailored, for example,
adapting different terminal groups to make them more or less hydrophilic which can change their solubility
properties, surface charge and functionalities, and applications [6], [102]. Among dendrimers and
hyperbranched polymers, those with NH- terminated groups, namely amine-terminated dendritic polymers,
are very promising and interesting dendritic polymers in textiles area. The most common amine-terminated
dendritic polymers, are poly(propylene imine) (PPI), poly(ethylene amine) (PEI), and especially

poly(amidoamine) (PAMAM) families [5].

Aminolysis through amine-terminated dendritic materials containing a large number of amine groups in
their structure is an almost new approach to modifying and functionalizing polymers, even more efficient
than previously used common aminolysis agent described in section (2.2.1.1) [65], [115]. Burnett et al. [65]
investigated the aminolysis rate as a function of the number of amine groups. The aminolysis reaction of p-
nitrophenyl acetate was conducted using ethylenediamine (EDA), which has 2 amine groups, and
generations G1 to G5 of PAMAM dendrimers, containing 4, 8, 16, 32, and 64 terminal amines, respectively.
The yield of the aminolysis reaction was monitored via UV absorbance measurements at 410 nm,
corresponding to the yellow color produced by the leaving group during the aminolysis reaction. The results
indicated that the initial aminolysis rate increased approximately 28-fold from EDA to generation 4.
However, a decrease in the aminolysis rate was observed for G5, which has 65 terminal amines, compared
to G4, although it remained 21 times greater than that of EDA with two amine groups. This increase in
aminolysis rate from EDA to G4 was attributed to two factors. (1) The dendrimer acted as static covalent
micelles, solubilizing p-nitrophenyl acetate within its hydrophobic interior cavities, thus increasing the
effective molarity of the reagents and enhancing the aminolysis rate; (2) the internal amide groups of
PAMAM stabilized the intermediate reaction product, lowering the activation energy and resulting in a
faster aminolysis rate. However, the reduction in aminolysis rate for G5 relative to G4 was attributed to the

highly crowded surface of dendrimer, which hindered substrate access to the hydrophobic environment
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within the dendrimer [65]. In Table 1, the application of amine-terminated dendritic polymer as an

aminolysis agent on the polyester polymer is summarized. In Table 2, examples of the chemical structures

of common and dendritic aminolysis agents are presented.

Table 1. Examples of surface modification using dendritic polymer

Aminolysis agent Substrates Aims

Hydrophilicity improvement and create an active

Polylactide nonwoven
site for further layer-by-layer deposition [58]

Poly(amidoamine)

(PAMAM) Polycaprolactone Increasing the hydrophilicity, introduction of drug

nanofiber loading and anticancer properties [116]

Poly(I-lactic acid) Enhancement of wettability, antibacterial, host-

Poly(propylene imine)
guest properties [111], and promoted cell adhesion

electrospun fibers and

(PPI)
films and viability [112]
Poly(lI-lactic acid) Controlled drug release and antibacterial properties
Poly(ethylene imine) electrospun nanofibers [117]
(PEI) Functionalized PPC surface for further layer-by-

Polycarbonate film
layer deposition to improve cytocompatibility [56]
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Table 2. Example of aminolysis agents
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2.3.2 Amine-terminated dendritic polymer as Antimicrobial Agents

Numerous studies have shown that primary amino groups on the surface of the cationic dendritic polymer
(PPAMAM, PPI, and PEI) contribute to their positive surface charge which can act as an antibacterial agent
in drug delivery systems and biomedical applications [1], [118] as well as polyelectrolyte in the self-
assembly system [119]. The antibacterial activity of positively charged polymers can be attributed to their
interaction with negatively charged cell membranes. This interaction results in the formation of nanopores
in the bacteria cell membrane, causing damage, leakage of cellular contents, and ultimately leading to cell
death [7], [120]. For instance, in a study, functionalized electrospun poly(L-lactic acid) (PLLA) nanofibers
were created by blending PLLA with polyethylene imine (PEI) at various weight ratios and mixing times
to enhance the drug-loading capacity and antibacterial properties of the matrix. The findings demonstrated
that the functionalized PLLA nanofibers exhibited 99.99% antibacterial activity, attributed to amine groups
in PEL. The optimal mixing time and polymer ratio were also identified as critical factors in achieving
suitable nanofiber characteristics and improving spin-ability for subsequent biomedical applications [117].
The application of the amine-terminated dendrimer in a self-assembly system using the layer-by-layer

technique is discussed in the next section.

2.3.3 Dendritic polymer application in self-assembly application

Dendritic polymers, regarded as promising synthetic materials due to their distinctive physicochemical
properties, can engage in layer-by-layer self-assembly processes through various mechanisms, including
electrostatic interactions, hydrogen bonding, and covalent bonding, contingent upon their functional
terminal groups. Multilayer assemblies can be formed using positively charged dendrimers paired with
polyanion, negatively charged dendrimers combined with polycation, and oppositely charged dendrimers.
In this context, the primary driving force is electrostatic attraction [119]. Regarding hydrogen bonding as a
driving force in LBL assembly, dendrimers with terminal carboxylic acid groups can function as both
hydrogen bond donors and acceptors. For instance, S. Tomita et al. [87] developed a multilayer thin film

using carboxyl-terminated poly(amidoamine) and poly(methacrylic acid) (PMA) at pH 4 through LBL
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assembly. At this pH, hydrogen bonding between the carboxyl groups of COOH-PAMAM and PMA served
as the driving force. However, at a higher pH of approximately 7, the polymers became charged, leading to
electrostatic repulsion between the negatively charged carboxylate groups, which resulted in the
decomposition of the multilayer film. It has also been reported that amine-terminated dendritic polymers,
such as PAMAM and PPI, can be covalently bonded to anhydride copolymers like poly(maleic anhydride)-
co-poly(methyl vinyl ether) to facilitate multilayer self-assembly. This occurs through the reaction of
primary amines with anhydride groups, resulting in the formation of amide and imide linkages.
Furthermore, carboxyl-terminated PAMAM and diazo resin have demonstrated the ability to create
multilayer film assemblies through photochemical reactions [119]. Consequently, dendritic polymers, such
as PAMAM, can be effectively utilized to construct multilayer assemblies for a wide range of applications
including biosensing to monitor the biological and biochemical process, bio-imaging, and gene therapy,
drug/therapeutics delivery [119], [121]. Some notable applications of dendrimer-containing LBL multilayer

assemblies include:

(1) Filtration application; D. Scheepres et al.[81] prepared an asymmetric membrane at three different

pH (4, 8, and 9 ) with a combination of poly (diallyldim-ethylammonium chloride) (PDADMAC)
and poly (sodium-4-styrene sulfonate) (PSS) base layer terminated with layers of highly branched
poly (ethylenediamine) (PPI)/PSS. The results showed that independent of the pH, the asymmetric
membrane showed >90% salt retention. In addition, the membrane prepared at pH=4 formed an
open base layer and defect-free layer resulting in much higher permeability.

(2) Waste-water treatment; M. Xu et al. [122] developed a novel multilayered membrane that serves

dual functions: it excels in catalytic degradation and oil separation while exhibiting high
permeability and recovery performance for treating oily wastewater containing water-soluble dyes.
The commercial PVDF membrane was modified using a one-step self-assembly method, driven by
electrostatic attraction. The environmentally friendly polyelectrolyte complex was created through

the sequential deposition of tetra (4-carboxyphenyl) porphyrin (TCPP), poly(amidoamine)
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©)

(4)

hyperbranched (PAMAM), and phytic acid (PA). The modified membrane showed >99% oil
rejection, 93% and 96% degradation efficiency of rhodamine B and methylene blue.

Encapsulation and Controlled Release; It has been reported that dendrimer-containing self-

assemblies can effectively adsorb and release dye molecules at specific pH levels, functioning as
both nanodevices and nanoreservoirs. A. J. Khopade et al. [84] fabricated ultrathin polyelectrolyte
multilayers with 10 layers by sequentially dipping planar support into negatively charged poly
(styrenesulfonate) (PSS) and a positively charged fourth-generation poly(amidoamine) dendrimer
driven by electrostatic attraction. This approach demonstrated the potential for encapsulating 4,5-
Carboxyfluorescein (CF) as a model acidic substance within the dendrimer-based shell, achieving
an 80-90% release of CF after 4 hours. UV-visible spectroscopy measurements indicated no loss
of PSS following CF release, which suggests the stability of the prepared film. In another study,
hydrogen-bonding multilayers of carboxyl-terminated PAMAM (PAMAM-COOH) and poly
(methacrylic acid) (PMA) were constructed on quartz slides. The results demonstrated that the film
was capable of adsorbing Rose Bengal and 5,10,15,20-tetraphenyl-21H, 23H-porphine tetra
sulfonate, which served as two model dyes. These dyes could be released in a controlled manner
upon changes in pH. Consequently, it was proposed that PAMAM-COOQOH-containing layer-by-
layer (LBL) films have the potential to function as effective nanodevice for pH-sensitive delivery
systems [87].

Controlled drug release; dendrimer-containing LBL can be effectively engineered for drug delivery

systems, offering enhanced control release over multilayer due to well-defined dendrimer and
hyperbranched architecture in comparison to conventional polymer-based LBL system [121]. In
one study, mesoporous silica nanoparticles were functionalized using the LBL assembly method to
deposit multilayers of biocompatible PAMAM and chondroitin sulfate (CS), a natural
polysaccharide found in bone. The resulting multilayered nanocarriers exhibited self-fluorescent
properties and demonstrated pH-dependent drug release behavior, along with enhanced targeted
delivery performance [123].

30



2.3. Polylactide Material

Polylactide (PLA) is a biocompatible and biodegradable thermoplastic aliphatic polyester derived from
renewable resources such as biomass and agricultural waste. It has attracted significant attention as an eco-
friendly, greener plastic alternative. PLA is one of the promising industrial polymers that can replace
common petrochemical polymers, including polypropylene [124]-[127]. The PLA synthesis process begins
with LA (Lactic Acid) production, which then leads to the formation of lactide as an intermediate step. The
process concludes with the polymerization of the lactide to produce PLA. There are several polymerization

processes to convert LA to PLA, as depicted in Scheme 7 [124].
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Scheme 7. Synthesis route of PLA [124]
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2.3.1 Polylactide Surface Modifications Method

Polylactide (PLA) as an biodegradable and biocompatible polymer due to its physicochemical advantages
such as good mechanical strength, non-toxicity, biocompatibility, and process-ability may be applied in a
wide range of applications including drug transport and smart clothing in three-dimensional printing
technology [128], [129] and in many other fields like drug delivery systems, biomedical, and tissue
engineering [126], [130], [131], food packaging [132], [133], agriculture and automotive [126], [134].
However, PLA suffers from some drawbacks such as low thermal stability, a relatively slow degradation
rate, and poor hydrophilicity limiting its range of application. Therefore, PLA modification is crucial [135],
[136]. For instance, a recent study investigated modifying PLA film surface properties to enhance cellular
compatibility. The researchers reported that improving the hydrophilicity of the PLA film surface led to a
significant increase in the viability of fibroblast cells cultured on the modified PLA substrate. To achieve
this, the PLA film was, first, subjected to the argon plasma, and then acrylic acid plasma grafting was
followed [137]. The most well-established permanent surface modification techniques for PLA can be
broadly categorized into two main approaches (1) chemical conjunction using alkaline hydrolysis and
aminolysis and (2) photografting including liquid phase photografting and vapor phase photografting [54],
[136], [138]. Table 3 provides a summary of selected publications that have addressed the surface

modification of PLA materials.
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Table 3. Summary of PLA Surface Modification Methods

Modification approaches Materials Aim

Enhancement of the surface
hydrophilicity [139] and

surface compatibility with
Alkaline hydrolysis NaOH and gelatin

living medium after following

Chemical post-treatment of gelatin

conjunction grafting [140]

Improvement of cell viability
The second generation of

and hydrophilicity of the
Aminolysis poly(propylene imine)

nanofibers to provide host-
dendrimer

guest properties [111], [112]

A radio frequency of 10.5 MHz
discharge in air plasma as pre-

treatment followed by

Bioactive surface with faster
Liquid phase photografting by acrylic acid

degradation [141]
and acrylamide as monomers

photografting
and benzophenone as an

initiator

N-vinylpyrrolidone as a

Improve wettability and
Vapor phase monomer, and benzophenone

adhesion of cell culture [142]
as an initiator
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2.4, Nonwoven Technology

Nonwoven fabrics are made of individual fibers that are tangled, bonded, or felted together. These are
filament yarn or short (staple) fibers, which are bonded together by different methods to form the nonwoven

roll. The binding of the web, layers of loosely networked, can followed by various methods including:

(1) Heat low melt fibers used and heat melts the fibers together
(2) Chemical fibers are chemically bonded to each other

(3) Mechanical treatment fiber entanglement.

Indeed, this binding corresponds to waving or knitting the yarn in traditional textile production [143], [144].
There is a three major areas in nonwoven technology [145].
(1) Drylaid nonwoven; carded or aerodynamically formed fibers bounded various methods including
needle-punching, thermo-bonding, chemical bonding, hydro-entanglement, etc.
(2) Wetlaid materials in papermaking

(3) Spunlaid nonwoven in polymer extrusion and plastic.

Synthetic thermoplastic polymers, such as polylactide, can be utilized to produce spunlaid nonwovens. The
spunlaid nonwoven is directly produced by the collection of extruded filaments onto a conveyor, forming
a randomly oriented web, which is subsequently bonded through thermal, mechanical, and chemical
methods to create the final nonwoven fabric [145]. The spunlaid technique involves two main processes,
spunbond and meltblown, as operated often in sequence in the production line. Both spunbonding and
meltblowing share a fundamental principle, yet the technologies employed in each process are markedly
different. In both methods, the molten thermoplastic polymer is extruded through a spinneret, subsequently
cooled, and then collected on a rotating drum or a moving belt. In the spunbonding process, from the
extruded filaments, a continuous web is created; and then bonded together. Conversely, in the meltblowing
process, molten filaments are thinned and entangled, achieving self-bonding as they are deposited onto a

collector [146].
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Textile materials, especially nonwovens have great applications in different areas ranging from hygiene,
medical, and healthcare to electronics, automotive, and packaging. The common industrial polymers to
produce nonwovens are polypropylene (PP), polyethylene (PE), polyester (PET), and nylon (PA6 and
PAAG66) which all are petroleum-based. Polylactide as an eco-friendly and natural-based polymer has been
attracting the most attention in nonwoven technology [145], [143]. Therefore, the Spunlaid polylactide

nonwoven had been selected as substrates for polyelectrolyte multilayer assembly.
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3. Aim and area of dissertation

The growth profile and structure of polyelectrolyte (PE) multilayer assemblies constructed through layer-
by-layer technique on fully smooth, flat, and non-porous inorganic surfaces including quartz slides or silica
wafers have been extensively investigated in the literature. However, there is a significant gap in the
understanding of the fundamental mechanism governing the layer-by-layer deposition and PE multilayer
assemblies on rough, uneven, and porous surfaces, particularly those found in textile materials, including
nonwoven fabric. Therefore, this study aims to monitor the construction of multilayer assemblies consisting
of dendritic amine-terminated poly(amidoamine) (PAMAM) and poly(acrylic acid) (PAA) on pre-treated
polylactide (PLA) nonwoven fabric using the layer-by-layer technique via the dipping method. This

comprehensive study is structured into three phases:

(1) Optimization of PLA Functionalization: This phase focuses on aminolysis to prepare the
functionalized PLA for subsequent LBL deposition.

(2) Liquid-Liquid Phase Study: This phase encompasses the characterization of PAMAM and PAA
polyelectrolytes, as well as the optimization of polyelectrolyte complex (PEC) formation based on
the pH and concentration ratio of the polyelectrolytes.

(3) Liquid-Solid Phase: This phase involves monitoring the construction of PE multilayers (eight
layers) on functionalized PLA nonwoven fabrics via the layer-by-layer technique.

(4) Confirmation of the structure and analysis of the properties: In this stage, the methodology of the
modified surface analysis is included, as well as the selected properties of the material are

investigated.
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4. Experimental Part

4.1. Materials

Polylactide polymer with M,=167 700 g/mol (6202D) was produced by Nature Works. Polylactide (PLA)
nonwoven with a gram per square meter (GSM) of 40 (PLA1) and 120 g/m? (PLA2) were prepared in
Lukasiewicz — Institute of Biopolymers and Chemical Fibers. Ethanol with 99.6% purity, poly(acrylic acid)
(PAA, M= 450 kDa), hydrochloride acid (HCI, 37% w:w), sodium hydroxide pallet (NaOH), and
ninhydrin reagent were purchased from Merk & Co., Inc. Acid red 1 as an anionic model dye was obtained
from Ciba, Inc. Amine-terminated poly(amidoamine) dendritic polymer (PAMAM, generation 2, M,,=3256
Da) was donated by Delta-Dolsk, Poznan, Poland. Distilled water was used for the pre-treatment

modification and deionized water was used for all modifications.

Table 4. Chemical structures of Acrylic acid as first layer and dyes model

Chemical structure of the used materials
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4.2. Methods
4.2.1. Pre-treatments of PLA nonwoven via aminolysis reaction using amine-terminated
dendritic poly (amidoamine) (PAMAM) polymer

PLA inert surface was amine-functionalized through aminolysis reaction using amine-terminated groups of
dendritic poly (amidoamine) (PAMAM) [58]. PLAs nonwovens were immersed into 1% (w: v) PAMAM
solution in ethanol at 2 different temperatures and 4 times intervals as summarized in Table 5 to find out
the maximum PAMAM qgrafting conditions of aminolysis for the further layer-by-layer modification.
Through aminolysis of PLA ester chains, amino groups and hydroxyl would be created that can facilitate

the polyelectrolyte deposition.

Table 5. Aminolysis condition as pre-treatment “method of PLA nonwovens

Temperature of aminolysis reaction (°C)

28+2 58+2

Time of the aminolysis
1 2 3 4 0.5 1 15 2

reaction (hour)

Two time quick rinsing, followed by 1 hour immersing into distilled water,

Rinsing process o S
finalized by one quick rinsing
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4.2.2. Preparation of Polyelectrolyte Multilayer Assemblies via Layer-by-Layer Deposition

on Functionalized PLA Nonwoven

To prepare multilayer assemblies of poly (acrylic acid) (PAA) and poly (amidoamine) (PAMAM)
polyelectrolytes (PEs) on functionalized PLA nonwoven substrates, we first focused on the liquid-liquid
phase interaction of PAA and PAMAM. This step aimed to identify the optimal pH and concentration ratio
necessary to form aggregated polyelectrolyte complexes (PECs). Following this, the multilayer growth on

the substrate was investigated.

4.2.2.1 Liquid-Liquid Phase Study
The polyelectrolyte's optimal pH and concentration ratio to form a turbid colloidal complex was first studied
in a liquid-liquid phase based on polyelectrolyte titration. To determine the optimal pH for complex
formation, 7 x 10* g/mL PAMAM polyelectrolyte at different pH values of 10, 8, 6, and 3 was titrated
against 7 x 10™* g/mL PAA polyelectrolyte at pH levels of 10 and 4 (8 titration experiments). After
identifying the optimal pH, various concentrations of PAMAM and PAA polyelectrolytes were tested,
ranging from 1x10%, 4x10*4, 7x10* and 10x10* g/mL, resulting in a total of 16 titration experiments

conducted.

4.2.2.2 Liquid-Solid Phase Study

The layer-by-layer (LBL) technique has been employed to assemble polyelectrolyte complex multilayers
of PAA and PAMAM on functionalized PLA nonwoven substrates. Based on the results obtained from
liquid-liquid phase studies, the LBL technique was performed as described in Table 6. Initially, the
positively charged PLA nonwoven, achieved through aminolysis, was immersed into PAA PE solution at a
specific concentration and pH for 10 minutes. After that to remove weakly adsorbed PAA molecules, the
substrate was then immersed in deionized water for 1 minute. Subsequently, the negatively charged
substrate was dipped into PAMAM polyelectrolyte solution at a defined concentration and pH for another
10 minutes. This cycle was repeated until a total of 8 layers was obtained, with PAMAM as the top layer.
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To investigate the impact of intermediate drying on multilayer growth, a series of samples was prepared

with intermediate drying at 40 °C following the rinsing process, prior to the deposition of the next layer.

Table 6. LBL conditions to assemble PAA/PAMAM multilayers on Functionalized PLA nonwoven

Concentration

Polyelectrolyte (10“xg/mL) Dipping time Intervgl rinsing
a b C PH (minutes) (m?nnaies)
PAA 7 10 10 4
o 10 1
PAMAM 7 7 4 8

4.3 Characterization tests

4.3.1 Characterization tests of aminolyzed and layered PLA nonwovens
4.3.1.1 Weight changes
To analyze the weight reduction of PLA nonwovens resulting from surface erosion caused by aminolysis,
the weights of the samples were measured both before and after the aminolysis process. Functionalized
PLA is anticipated to exhibit increased hydrophilicity due to the presence of amino and hydroxyl groups.
Therefore, to ensure that the observed weight changes were attributable solely to bond cleavage through
aminolysis reaction and not to moisture adsorption, all samples were maintained in a desiccator for 24 hours
before weighing. The experiments were repeated five times and the average with standard error was

reported.

4.3.1.2 ATR-FTIR analysis
ATR-FTIR spectroscopy was employed to investigate the chemical changes in modified PLA nonwovens,
utilizing a Thermo-Nicolet Nexus 870 system over a range of 5004000 cm™ with a resolution of 4 cm™.

All spectra were normalized using the intensity of the CHs band at 1455 cm™ as the internal standard for

PLA [147].
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4.3.1.3 Color depth (K/S value)
All samples, including neat and aminolyzed PLA nonwovens were stained with Acid Red 1 (AR) as an
anionic model dyes as detailed in Table 7. The color strength of the samples (K/S value) was measured
using a MiniScan EZ 4500L portable spectrophotometer with a 45°/0° geometry. Samples were one fold;

and a white background were considered to minimize the error of the reflected light.

Table 7. Condition of staining procedure of the neat and aminolyzed PLA nonwovens

Conditions
The wavelength pH Temperature Time L:G
Samples Model dyes of maximum ) (min) (cc:q)
absorbance(nm) 9
PAMAM-grafted C.1.Acid Red 1, 10 505 3 40 45 1:300

PLAs ppm

The color strength of the substrates after PE multilayer deposition through LBL up to the eighth layer was
evaluated in terms of the host-guest properties of the PEC multilayer assemblies. Neat, aminolyzed, and
layered PLA nonwovens were stained with a 40 ppm solution of Acid Red 1 at 70 = 2 °C for 30 minutes.
The K/S value of the stained samples was calculated using the Kubelka-Munk equation [148], as outlined
in Equation |. Reflectance data for the stained substrates were measured from 400 to 700 nm at 10 nm
intervals using a GretagMacbeth Color-Eye 7000A spectrophotometer. Furthermore, to assess the stability
of the PEC multilayers, the adsorption of the dye solution after the staining procedure was recorded using

a UV-visible spectrophotometer (HACH Company, DR 6000, Germany) at 505 nm.

K (@-R)
S (Eqg. 1)

" 2R

Where R is the recorded reflectance data by spectrophotometer.
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4.3.1.4 Ninhydrin assay as NH; content analysis

The ninhydrin assay was conducted to quantify the available amines following the aminolysis reaction and
each layer deposition of PAMAM and PAA polyelectrolytes on PLA nonwoven substrates, as well as to
investigate the growth profile of the multilayers. Samples were cut into 1 x 1 cm? pieces and immersed in
a 1 wt% ninhydrin solution in ethanol, then heated at 85 °C for 10 minutes to achieve approximately 90%
evaporation. Upon completion of the reaction between ninhydrin and the available amine groups on the
substrate, the nonwoven surface developed a purple coloration. Subsequently, dichloromethane was
introduced as a solvent for PLA, along with ethanol as a color stabilizer, maintaining a ratio of ethanol to
dichloromethane of 1:1.6 (v/v). The absorbance of the resulting mixture was recorded over a range of 500—
600 nm using a UV-visible spectrophotometer. The amine content was quantified using Equation (11).

AxV (L)

g(molcm™L) w(g) (B

NH ,density(mol /g) =

Where the “A” is recorded absorbance, “V” is the volume of solution, “£” is the absorptivity coefficient
measured from the calibration curve (£=14161.39 mol*.cm™.L), and “w"” is the weight of the substrate (1*1

cm?).

A calibration curve was established for the PAMAM solution in ethanol at a concentration of 2 x 107 g/mL.
A total of eight diluted PAMAM solutions were prepared by diluting 16-20 pL of the stock PAMAM
solution to 500 pL in ethanol. Then, 1 mL of 0.1 wt% ninhydrin solution in ethanol was added to each
diluted PAMAM solution. The mixtures were then heated at 85 °C for 10 minutes. After cooling to room
temperature, each sample was diluted to 5 mL with the ethanol-dichloromethane mixture (1:1.6 v/v). The

absorbance of each solution was recorded at 575 nm.
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4.3.1.5 Water Contact Angle

To investigate the changes in hydrophilicity of the samples after aminolysis using PAMAM dendritic
polymer, water contact angles were measured in accordance with the ASTM D 724-99 test method. Each

sample was tested ten times, and the average contact angle along with the standard deviation was reported.

4.3.1.6 Air Permeability

To examine the density and structure of the PEC multilayers assembled on the functionalized PLA
nonwoven, airflow velocity at a pressure drop of 25 pascals was measured using the SDL-ATLAS Air

Permeability Tester (cm?-cm™:s7!) in accordance with the ASTM D 737 standard [149].

4.3.1.7 SEM images

The surface morphology of neat, aminolyzed PLA nonwovens, and layered-PLA nonwoven was
investigated using scanning electron microscopy (SEM) (30XL, Philips, Netherlands) following gold

coating.

4.3.1.8 Mechanical test

The mechanical properties of neat and aminolyzed PLA and layered nonwovens were measured using an
INSTRON system (USA). Five samples of each type were cut into rectangular dimensions of 1 x 10 cm2,

and the average results along with the standard error of the mean were reported.

4.3.1.9 Antibacterial Properties

The antibacterial activity of neat, aminolyzed, and layered- PLA with PAMAM and PAA top layer was
tested against gram-positive Staphylococcus aureus and gram-negative Escherichia coli using the colony-

forming unit (CFU) method, as described by the ATCC 100 standard test method.
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4.3.2 Characterization tests of polyelectrolytes and polyelectrolytes complex

4.3.2.1 Acid-base titration
To determine the pKa and pKb of the PAA and PAMAM PE, respectively, acid/base titrations were
conducted using 5 mL of 107 g/mL. PAMAM and PAA aqueous solutions, with 0.1 M HCI and NaOH as
titrants, respectively. The initial pH of the solutions was adjusted to 12 and 2 using diluted NaOH and HCI
of the same molarity. Data collection was performed using a pH 691 Microprocessor pH meter (Metrohm,
Switzerland). The degree of ionization (Dol) at the equivalence point was calculated according to Equation

Dol % = lz' x100 (Eg. 1)

m

Where, N is mole of the ionized groups at the equivalence point, and the N is total mole of ionizable
groups in sample.

4.3.2.2 Dynamic Light scattering measurement

The conformational changes of polyelectrolytes as a function of solution pH was analyzed by dynamic light
scattering (DLS) test. The hydrodynamic radii of PAA and PAMAM PE solutions at concentrations of 2
mg/L and 1 mg/L, respectively, were measured using a dynamic light scattering device (DynaPro IlI,

WYATT Technology) at various pH levels.
4.3.2.3 Turbidimetric measurements

To find the optimal pH conditions and concentration ratio of PAA and PAMAM PE necessary for forming
stable and irreversible complexes in liquid-liquid phase solution, reliable and well-established turbidimetric
measurements were carried out. Additionally, to monitor the desorption of the adsorbed species into the PE
solution during subsequent layer deposition (LB), the turbidity of the waste polyelectrolyte after each layer

deposition was recorded. Turbidity measurements were taken using a turbidity meter (HACH Company,
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2100N TURBIDIMETER, Germany). The turbidity values were reported in Nephelometric Turbidity Units

(NTU).

4.3.2.4 UV-Visible Spectroscopy

The UV-visible spectra of the pure polyelectrolytes and the PAA/PAMAM complex solution under optimal
conditions were analyzed using a UV-visible spectrophotometer (HACH Company, DR 6000, Germany)

within the wavelength range of 200 nm to 500 nm.

45



5 Results and discussion

Nonwoven fabrics, particularly those composed of polylactide, have gained significant attention due to their
biodegradable properties and versatility. These materials find extensive applications across various fields,
including medical textiles, hygiene products, and filtration. However, polylactide is characterized by its
inert nature and limited functionality, which can impede its broader applications. The layer-by-layer (LBL)
technique, recognized for its simplicity, versatility, and widespread use in surface modification, can be
applied to various substrates including nonwoven, irrespective of their shape and size, to engineer surfaces
with precise chemical functionalities. The driving forces in LBL deposition include electrostatic, covalent,
and hydrogen bonding interactions. In the context of electrostatic interactions as a driving force in LBL, it
is essential to charge the substrate to facilitate the deposition of the initial and subsequent layers. Therefore,
pre-treatment of PLA to create functional groups and a charged surface is necessary. In this regard, the first

attempt was to functionalized and charge PLA nonwoven surface to facilitate LBL deposition.

5.1 Pre-treatment of the PLA nonwoven with 2 different GSM using PAMAM

dendritic Polymers as an aminolysis agent

Layer-by-layer (LBL) deposition of weak polyelectrolytes entails the sequential immersion of a
functionalized and charged substrate into solutions of polyelectrolytes with opposing charges. The
driving force behind this process is the electrostatic attraction between the charged species. Therefore,
to enable effective LBL deposition, it is essential to functionalize the PLA nonwoven to increase the
availability of functional charged groups. In this context, an aminolysis reaction was employed as a
one-step treatment to introduce positively charged amine groups onto the PLA surface. This
modification enhances the substrate's capacity to interact with negatively charged polyelectrolytes,

thereby facilitating the LBL deposition process.

The optimal conditions for the aminolysis reaction to functionalize the PLA nonwoven surface with

varying surface weights were investigated in this part. The following characterization tests were
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conducted to determine the optimized aminolysis reaction conditions: weight changes, color strength
(K/S value), water contact angle (WCA), ATR-FTIR analysis, scanning electron microscopy (SEM),

mechanical tests, and a ninhydrin assay to quantify amine density.

5.1.1 Weight Reduction
As an aliphatic polyester, PLA can undergo aminolysis reaction, a nucleophilic addition reaction that
cleaves ester bonds and replaces them with N-H bonds. This cleavage results in shorter polymer chain
lengths and a slight decrease in weight as a surface erosion mechanism. Therefore, the weight reduction
serve as an initial indicator of the aminolysis reaction's progress [57]. PLA nonwovens with two different
grams per square meter (GSM) (PLA1/40 g/m? and PLA2/120 g/m?) were subjected to aminolysis under
varying conditions of time and temperature, with the percentage of weight loss per cm2 illustrated in Figure

1.
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Figure 1. Percentage of weight loss per cm? of PLAs nonwovens through aminolysis at different conditions
According to Figure 1, PLAL nonwoven, with the lower GSM, exhibited its maximum weight reduction
after 1 and 1.5 hours at 60 °C and room temperature (RT), respectively; and PLA2 nonwoven, with the
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higher GSM, showed maximum weight loss after 2 and 3 hours at 60 °C and room temperature (RT),
respectively. This initial peak in weight loss suggests that maximum aminolysis and PAMAM grafting
occur at these specific time intervals. As dendritic polymers reveal abundant amino functional groups, the
aminolysis reaction first happened by reducing weight and followed by diminishing weight loss by re-

crosslinking of residual cleaved PLA molecular chains with the PAMAM grafted onto the PLA surface.

To investigate the impact of nonwoven surface weight (measured in grams per square meter, GSM) on the
kinetics of the aminolysis reaction, it was found that the rate of aminolysis for PLAL, which has a lower
surface weight, is consistently higher than that of PLA2, which has a higher GSM, regardless of the reaction
temperature. This is evidenced by the greater weight loss observed in PLAL compared to PLA2, as indicated
by the weight loss curves where PLAL is positioned above PLA2. Specifically, PLA1 experienced a weight
reduction ranging from 0.93% to 1.36%, ultimately reaching its maximum loss, while PLA2 exhibited a
weight reduction between 0.78% and 0.79% over a reaction time of 30 to 60 minutes. To explain this, PLAL
and PLA2 demonstrated air permeability of approximately 165 + 47 cm?-cm™2s' and 15.5 + 0.87
cm?-cm 257!, respectively. The more open structure of PLA1 results in a greater available surface area for

amine molecules to interact with, leading to an increased rate of aminolysis [60].

To investigate the impact of the temperature on the aminolysis rate, the percentage of weight reduction per
cm2 at 60 °C was consistently higher than that at room temperature. Elevated temperatures typically increase
the rate of reactions by providing more energy to the reacting molecules, leading to more frequent and
effective collisions [60]. Therefore, the higher temperature at 60 °C enhanced the reaction rate, resulting in
a greater percentage of weight reduction per cm2 compared to room temperature. For example, PLA1
experienced a weight reduction of 1.38% after 1 hour of aminolysis at 60 °C, compared to a 0.94% reduction

at room temperature.

To investigate the impact of reaction time on aminolysis rate, regardless of the reaction temperature,
extending the aminolysis duration beyond the point of maximum weight loss led to a surprising decrease in
weight reduction. This phenomenon may indicate the reformation of cross-links between the hydroxyl
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group presented in detached and cleaved polymer chains and the amines of grafted PAMAM in the PLA
backbone. Similar findings have been reported in other studies [112]. For further analysis of the effect of
the reaction time on the aminolysis reaction of PLA nonwoven, the aminolysis reaction for PLA1 was
extended to 4 hours at room temperature after observing a slight decrease in weight loss following 3 hours
of treatment. After 4 hours, a second increase in weight loss was noted, likely due to increased interaction
between PAMAM and PLA molecular chains. This interaction would enhance aminolysis, leading to
additional cleavage of ester bonds, resulting in shorter polymer chains and further weight reduction. Thus,

the initial peak in weight loss can be interpreted as a potential indicator of the grafting yield of PAMAM.

5.1.2 Surface density of amine groups
To evaluate the positive charge density of aminolyzed PLA nonwoven fabrics as a function of temperature,
reaction time, and substrate GSM, a staining procedure utilizing the anionic model dye Acid Red 1 was
conducted. The results of the color depth analysis are illustrated in Figure 2. Acid red 1 contains two
sulfonic acid groups bearing negative charge as sulfonate (SO7) groups in aqueous media [150]. The
aminolyzed PLA, characterized by the presence of surface NHz groups, can exhibit positive charge due to
the protonation of these amine groups (NHs") in aqueous media, with a higher density of positive charge
observed under acidic condition. Consequently, during the staining process conducted in acidic conditions,
the driving force for dye adsorption is the electrostatic attraction between the negatively charged sulfonate
groups SO of the dye molecules and the positively charged NHs" groups present on the polymer surface.

Thus, the color strength of the stained substrate serves as an effective indicator of the aminolysis reaction.

49



1.8
60 °C

1.6 N —=— 40GSM-60°C
14 AN - 4 - 120GSM-60°C
] AN —e— 40GSM-RT

1.2 A - ¥ - 120GSM-RT
1.0 A

Q]

X
0.8 +
0.6

Room temperature
0.4 -

0.2 4/

0.0 +— LI A S EL A R B R |
0.0 0.5 1.0 15 2.0 2.5 3.0 35 4.0

Aminolysis time (hour)

Figure 2. K/S value of stained neat and aminolyzed PLA nonwoven

As depicted in Figure 2, the color depth of the samples aminolyzed at 60 °C was significantly higher than
that of those aminolyzed at room temperature, with the highest color depths achieved after 1 and 1.5 hours
for PLAL and PLAZ2, respectively. These findings align with the grafting yield results obtained from the
weight change data presented in section 5.1.1. The increase in amino group density on the PLA surface
during aminolysis initially enhances the availability of reactive sites. However, this density subsequently
decreases, likely due to the re-crosslinking of residual cleaved PLA molecular chains with the PAMAM
grafted onto the PLA surface as was identified by a decrease in the weight loss. This re-crosslinking reduces
the number of available NH: groups, leading to a lower positive charge density and diminished electrostatic
attraction for the negatively charged dye molecules. Therefore, aminolysis conducted at the elevated
temperature of 60 °C resulted in an accelerated reaction, which facilitated greater PAMAM grafting. This,
in turn, led to significantly higher dye adsorption and increased color depth (K/S) compared to samples

aminolyzed at room temperature.
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To assess the effect of GSM, the analysis at 60 °C demonstrates a pronounced difference in amine density.
Samples with a more open structure provide a greater available surface area, resulting in higher K/S values.
This increase is attributed to the elevated amine density, which enhances electrostatic attraction between
the positively charged amine groups and the negatively charged dye molecules. Conversely, at room
temperature, the aminolysis reaction appears to be limited. The amine molecules and ester bonds do not
possess sufficient kinetic energy to facilitate effective collisions, thereby impeding the reaction process. In
this scenario, the structural characteristics of the substrate become less significant, as the primary factor
influencing the reaction—temperature—remains insufficient to promote the required interactions for
successful aminolysis. Thus, the effectiveness of the reaction is largely contingent upon the temperature,

highlighting its critical role in driving the aminolysis process.

Furthermore, a ninhydrin assay was performed to quantitatively assess the amine density on modified PLA
nonwovens as a function of reaction temperature and substrate GSM. The ninhydrin assay is a widely
recognized analytical method used to detect primary amine groups in materials. When ninhydrin reacts with
primary amines, as depicted in Figure 3, it produces a purple color complex known as Ruhemann’s purple,
which can be measured at a wavelength of 570 nm [151], [152]. The average amine density per gram of
aminolyzed PLA nonwovens, as a function of reaction temperature, is illustrated in Figure 4. As shown in
Figure 4, the amine density of PLA with higher GSM is lower than that of PLAL at both temperatures,
attributed to the more compact structure and reduced surface area available for reaction in PLAZ2.
Considering the reaction time, the amine density at room temperature experienced a reduction of
approximately 67.0% for PLA1 and 67.8% for PLA2, compared to elevated reaction temperatures. As
explained earlier, higher temperatures can facilitate the reaction by enabling molecules to overcome the

activation energy required for the process. This ultimately leads to an increased amine content [60].
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5.1.3 Water contact angle (WCA)
To investigate the effect of grafting on the surface hydrophilicity of aminolyzed-PLA nonwovens, water
contact angle (WCA) of neat and aminolyzed-PLA, at the maximum grafting condition obtained from
weight change and amine density analysis, was measured; and the results presented in Figure 5. The neat
PLA nonwoven exhibited a WCA of approximately 114.7° + 1.5° In contrast, the aminolyzed PLAS
demonstrated lower WCAs, indicating an increase in surface hydrophilicity. Specifically, for aminolyzed-
PLA1 at 60 °C for 1 hour, the WCA decreased by approximately 22.7%, reaching 88.7° + 6.6°. Similarly,
for aminolyzed-PLA2 at 60 °C for 1.5 hours, the WCA decreased by about 23.3%, resulting in a value of
88° + 9°, These findings suggest that the functionalization process significantly enhances the hydrophilic
properties of the PLA nonwovens due to the present of the amine and hydroxyl groups upon the aminolysis

reaction.

Figure 5. Water droplet images on (a) neat PLA nonwoven, (b) aminolyzed-PLAL at 60°C for 1h, and (c)
aminolyzed-PLA2 at 60°C for 1.5 h

5.1.4 ATR-FTIR analysis
To examine the chemical alterations on the surface of aminolyzed PLA nonwovens, Attenuated Total
Reflectance Fourier Transform Infrared Spectroscopy (ATR-FTIR) analysis was conducted. The
normalized ATR-FTIR spectra results are presented in Figure 6 (a and b), while the calculated peak heights
(intensities) and peak areas are detailed in Table 8. Figures 6a and 6b correspond to PLA1 (40 g/m?) and
PLA2 (120 g/m?), respectively. Notably, a new peak appears around 1650 cm™! for PLA1 and at 1645 cm™

for PLA2 attributed to the N-H bending vibration. Additionally, a distinct double peak in the range of 3100-
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3650 cm™ is associated with the stretching vibrations of the —-NH amide groups, indicating the absorption

of amide carbonyl groups from PAMAM [112].

According to the literature [61], the cleavage of the ester bond is a critical step in the aminolysis reaction,
necessitating a corresponding decrease in the intensity of the carbonyl bond of the PLA molecular chain.
As illustrated in the curves and detailed in Table 8, for PLA1, there was a reduction in carbonyl intensity
of approximately 31.0% at 60 °C and 41.4% at room temperature. In the case of PLA2, the reductions in
carbonyl intensity were around 65.5% at 60 °C and 24.1% at room temperature. Additionally, the peak areas
associated with N-H bending and stretching vibrations (as shown in Table 8) for substrates aminolyzed at
60 °C were greater than those treated at room temperature. This suggests a higher degree of PAMAM
grafting on the PLA surface at 60 °C compared to room temperature, which aligns with the results observed

in the weight changes and amine density results.
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Figure 6. ATR-FTIR spectra of neat and aminolyzed (a) PLAL and (b) PLA2 at the maximum PAMAM grafting

reaction time

Table 8. Peak intensity of ester carbonyl bond of PLA and peak area of emerging new N-H bending and stretching
associated with PAMAM

Peak intensity Peak area
Substrate C=0 of PLA N-H bending at N-H stretching at
at 1766 cm? 1590-1730 cm'? 3100-3650 cm™*
Neat 2.9

PLA1-60°C/1h 2.0 31.6 220.3
PLAL/RT/2h 1.7 25.1 48.3
PLA2-60°C/1.5h 1.0 26.2 125.2
PLA2-RT/3h 2.2 13.9 97.1

5.1.5 Scanning electron microscopy (SEM)

To examine changes in surface morphology, scanning electron microscopy (SEM) analysis was conducted.
The SEM images presented in Figure 7 reveal that the initially smooth and homogeneous surface of PLA

becomes noticeably rougher following the grafting of PAMAM under optimal conditions. Furthermore,
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energy-dispersive X-ray spectroscopy (EDX) results confirm the successful grafting of PAMAM, as
evidenced by the presence of nitrogen atoms in the analysis. This indicates a successful modification of the
PLA surface, highlighting the effectiveness of the grafting process. Creating a rough surface may facilitate

further modification as well.

N/C ratio for aminolyzed-PLAL at 60°C for 1h and aminolyzed-PLA2 at 60°C for 1.5h are 0.24 and 0.16,
respectively. Similarly, the O/C ratio for aminolyzed-PLAL at 60°C for 1h and aminolyzed-PLA2 at 60°C
for 1.5h are 2 and 1.755, respectively. More aminolysis reaction create more amide groups, more nitrogen
and oxygen content present. Both N/C and O/C ratio confirm other results mention more functional groups

for lower GSM samples.
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Figure 7. SEM images and EDX of (a) neat PLA; (b)/ (b") aminolyzed-PLA1 at 60°C for 1h and (c)/ (c') aminolyzed-PLA2 at

60°C for 1.5h
5.1.6 Mechanical tests
The mechanical properties of aminolyzed PLA nonwovens as a function of reaction temperature (60°C and
room temperature) with two different GSM values were evaluated using static tensile tests. The stress-strain
curve and the average of results are reported in Figure 8 (a and b) and Table 9, respectively.
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Figure 8 showed neat PLAs exhibited the highest stiffness and tensile strength. In contrast, aminolyzed
PLAs demonstrated a notable reduction in these properties, with more significant reduction for elevated
aminolysis temperature (60°C). For PLA1 with a GSM of 40 g/mz2, aminolysis resulted in lower than 1%
reductions and approximately 87.84% in Young's modulus corresponding to aminolysis at room
temperature and 60°C, respectively. Concerning tensile strength, there was a reduction about 4.39% and
85.0% corresponding to aminolysis at room temperature and at 60°C, respectively. In contrast, PLA2 with
a GSM of 120 g/m2 showed reductions of about 15.60% and 65.72% in Young's modulus related to
aminolysis at room temperature and 60°C; and about 9.18% and 73.96% in tensile strength under the same
conditions. Furthermore, neat PLAs displayed elongation at break (EB) values of approximately 29.16 +
3.54% for PLAL and 10.83 £ 2.58 % for PLA2. Aminolysis resulted in a marked decline in EB%, with
more profound reduction for aminolysis at 60°C. Aminolyzed PLA1 showed an EB of about 7.29 + 2.8%,
while PLA2 exhibited no elongation at break following aminolysis at 60°C. Indeed, the slippage of fibers
in nonwovens plays a significant role. Neat PLA1, which has a lower GSM and surface density, exhibited
higher elongation at break, facilitating easier fiber slippage compared to neat PLA2, which has a higher

GSM and denser surface, resulting in lower EB%.

When comparing the mechanical properties of PLA as a function of reaction temperature, the decrease was
particularly significant at 60°C compared to those treated at room temperature. These changes can be
attributed to the aminolysis reaction and the cleavage of ester bonds, as confirmed by ATR-FTIR analysis,
which resulted in a reduction in molecular chain length. This shortening of the molecular chains adversely
affects the mechanical properties of the aminolyzed PLAs [154]. Aminolysis leads to a reduction in both
ductility and tensile strength of the substrates, with the decrease being more pronounced at higher

temperatures since elevated reaction temperatures accelerate the rate of aminolysis [60].

In conclusion, the aminolysis process and the incorporation of PAMAM into the molecular chains of PLA
resulted in a brittle structure, particularly at higher temperatures (60°C) and for substrates with lower GSM.

Despite the observed reductions in ductility and tensile strength, the modified substrates still possess
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adequate mechanical integrity to withstand the subsequent processing steps involved in LBL assembly.

This capability ensures that the functionalized surfaces can effectively interact with polyelectrolytes,

facilitating successful deposition while maintaining the structural stability necessary for practical

applications.
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Figure 8. Stress-strain curve of neat and aminolyzed (a) PLA1-40GSM and (b )PLA2-120GSM
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Table 9. Young’s modulus (E;), tensile strength (om), and elongation at break of neat and aminolyzed PLA

nonwoven

Samples E:(MPa) om (MPa) Elongation
40GSM-neat 1.48+0.15 3.87+0.20 29.16+3.54
40GSM-RT/3h 1.47+0.02 3.70+0.24 13.60+2.3

40GSM-60C/1.5h 0.18+0.03 0.85+0.08 7.2942.80

120GSM-neat 4.23+0.61 11.33+0.27 10.83+2.58

120GSM-RT/3h 3.57+0.12 10.29+0.27 ---

120GSM-60C/1.5h 1.45+0.05 2.95+0.07 ---

5.2 Preparation of multilayer assemblies on functionalized PLA nonwovens

In this section, efforts were made to design PLA nonwoven with polyelectrolyte (PE) multilayer assemblies
on the pre-treatment PLA nonwoven with optimized conditions obtained previously. Three key factors
including PE’s pH, PE’s concentration ratio, and intermediate air-drying were considered as prominent
factors influencing multilayer growth on the substrate. Poly(amidoamine) (PAMAM), a dendritic
polycation, and poly(acrylic acid) (PAA), a linear polyanion, were selected as weak polyelectrolytes for
multilayer deposition. PAMAM, with its unique dendritic structure and amine-terminated groups, offers
potential applications in biomedical systems, particularly in drug delivery, while also providing

antibacterial properties.

This chapter is divided into two sections: liquid-liquid phase study and liquid-solid phase study. The first
section focuses on the analysis of polyelectrolyte complex (PEC) formation in the liquid phase,
investigating the effects of pH and concentration ratio on the formation of stable and irreversible turbid
colloidal complexes. Techniques such as acid-base titration, turbidimetric analysis, UV-visible
spectroscopy, and dynamic light scattering (DLS) were employed to study PEC formation. The second
section is dedicated to applying the optimal pH and concentration ratio to the solid phase (functionalized

PLA nonwoven) to examine the growth profile of multilayers. It also investigates the effect of intermediate
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air-drying on multilayer growth profile, the density of amine groups after each layer deposition, and the
multilayers’ loading capacity and PE multilayer density and structure. The analytical tool to characterize
the PE multilayers were ninhydrin assays, UV-visible spectroscopy, color depth measurements of stained
substrates, air permeability tests, static mechanical tests, scanning electron microscopy, and assessments of

antibacterial properties.

5.2.1 Liquid-liquid phase
5.2.1.1 Polyelectrolyte Characterization Based on Acid-Base Titration
The interaction between polyelectrolytes plays a vital role in deepening our understanding of their
complexation behavior, particularly with respect to their charge density and structural conformation. This
understanding is essential for elucidating the mechanisms underlying polyelectrolyte interactions, which
can significantly influence their physical and chemical properties [89], [155]. To investigate these
interactions, we conducted acid-base titrations of poly(amidoamine) (PAMAM) and poly (acrylic
acid)(PAA) polyelectrolytes. This method allows us to estimate their dissociation constants and degrees of
ionization, providing insight into how these polyelectrolytes behave in solution at different acidities.
Additionally, we performed hydrodynamic radius analysis to assess conformational changes in response to

varying solution pH levels. The results of these analyses are presented in Figure 9 and Table 10.

Amine-terminated poly (amidoamine) (PAMAM) dendrimers, classified as polyprotic bases, are anticipated
to display two distinct endpoints in their titration curve. These endpoints correspond to the protonation of
the peripheral primary amines and the interior tertiary amines of the dendrimer structure [156]. Studies have
indicated that the pKb range for the terminal primary amines in amine-terminated PAMAM dendrimers is
between 7 and 9. This range suggests that these amines exhibit basicity, allowing them to interact with
protons under alkaline conditions. In contrast, the pKb range for the interior tertiary amines is reported to
be between 3 and 6, indicating that they are more readily protonated in acidic environments [103], [157].
Here, the pK, of the primary amines was calculated to be approximately 8.93 where 55.37% of all amines

(Dol= 55.37%) are ionized. The pK, of tertiary amines, where 92.6% of all amines were ionized
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(Do1=92.66%), occurred at 3.19 which fell within the reported range. There values of pka and degree of
ionization were in good agreement with those reported before where DOI of PAMAM-G2 around 3.50 and
8.50 was approximately 95% and 40% at ionic strength of 0.1 M, respectively; and the pKa ranged 7-9 and

3-6 for primary and tertiary amines, respectively [103], [157], [94].

To investigate the conformational structure of PAMAM at the equivalence pH, dynamic light scattering
(DLS) analysis was performed, as presented in Table 10 (Figures are reported in supplementary data
section). The results indicate that the PAMAM dendritic polymer can adopt either a compact or an open
structural conformation, depending on the pH of the solution. At high pH levels, the PAMAM tends to
maintain a more compact conformation, while at low pH levels, it exhibits a more open and extended
structure. This observed behavior could be attributed to the repulsive electrostatic interactions among the
protonated amine groups within the PAMAM structure. As the pH decreases and more amine groups
become protonated, these repulsive forces increase, leading to a more open and extended conformation of
the PAMAM [91], [95], [158]. As reported in Table 10, at a pH of 8, the hydrodynamic radius of PAMAM
dendrimers is measured to be 66.57+4.73 nm. However, when the pH is decreased to 4, the structure

undergoes an expansion, resulting in a hydrodynamic radius of 86.47+£7.32 nm.

—A— PAMAM titration with HCI
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Figure 9. Titration curve of poly (amidoamine) with HCI
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Poly (acrylic acid) (PAA), as a monoprotic acid, is capable of donating only a single proton, which
corresponds to its carboxylic acid groups (-COOH). Studies have demonstrated that the titration curve of
PAA exhibits a single endpoint, reflecting its behavior as a monoprotic acid. The pKa value of PAA can
vary depending on factors such as its molar mass and the ionic strength of the solution, with reported values
ranging between 4.52 and 4.55 [90] and 5.5 to 6.36 [92], [159]. However, as illustrated in Figure 10, the
titration curve of PAA unexpectedly revealed two distinct endpoints: one at a pH of 4.27, corresponding to
a degree of ionization (Dol) of 50.44%, and another at a pH of 9.73, with a Dol of 87.91%. The first
equivalence point aligns well with the previously reported pKa range for PAA, suggesting a consistent
behavior in its acid-base properties [90]. The slope of the titration curve in this region was observed to be
quite gradual. This slow slope can be attributed to the increasing molecular weight of PAA, which makes
the ionization of the polymer chains more challenging. As the molecular weight rises, the total electrostatic
potential on each monomer unit increases, resulting in greater resistance to ionization. Consequently, this
phenomenon reflects the complex interplay between molecular weight and the ionization behavior of PAA
[92]. Consequently, this phenomenon contributes to the observed gradual slope in the titration curve, which
corresponds to the initial equivalence point. It is hypothesized that at low pH, the polymer adopts a compact
globular (collapsed) conformation, transitioning to an open coil (swelled) conformation as the pH increases.
This transition is driven by the repulsive forces generated by ionized groups, leading to a globular-to-coil
transformation. For PAA with a high molecular weight, the strong hydrogen bonding between non-adjacent
monomers may result in a more collapsed structure. As a result, a polymer chain with a greater number of
monomer-monomer interactions is less likely to fully swell, as these intermolecular interactions restrict the
chain's ability to expand. Thus, the pH-induced conformational transition observed in PAA is dependent on
its molecular weight, highlighting the intricate relationship between polymer structure and environmental

conditions [90].
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To elucidate the second sharp slope in the titration curve of poly (acrylic acid) (PAA), which occurs between
pH 6 and 11, the following hypothesis can be proposed: this phenomenon is likely due to the sudden
swelling of the polymer chains, resulting in a larger accessible surface area and the exposure of previously
entrapped carboxyl groups to the alkaline media. This hypothesis is supported by dynamic light scattering
(DLS) analysis, as shown in Table 10. At pH 4, the hydrodynamic radius of PAA is approximately 94.43
+5.44 nm, indicating that the structure is not fully compact or collapsed. However, upon increasing the pH
to 10, the hydrodynamic radius expands to 129.56+5.44 nm, reflecting a swelled and open coil conformation
of the PAA. In conclusion, the unique and intriguing conformational behavior observed in PAA can be
attributed to its relatively high molecular weight of 450 kDa, which influences its swelling dynamics and

overall structural characteristics in response to changes in pH.

Layer-by-layer assembly of thin films is primarily governed by the electrostatic interactions between
oppositely charged polyelectrolytes [71]. Therefore, it is essential to understand the optimal pH conditions
and the conformational states of the polyelectrolytes, as these factors influence the formation of complexes
between the two species. In the subsequent investigation, the PAMAM polyelectrolyte was titrated against
the PAA polyelectrolyte at various pH levels around the obtained pKa values. This approach aims to

elucidate the specific conditions under which the complex between PAMAM and PAA is formed.

—v— PAA titration with NaOH
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Figurel0. Titration curve of poly (acrylic acid) with standardized sodium hydroxide
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Table 10. Hydrodynamic radii (Rn) of PAMAM and PAA PE soulion at different pH

PAMAM PAA
pH 4 8 4 10
Rn (nm) 86.47+7.32 66.57+4.73 94.43+£5.44 129.56+25.26

5.2.1.2 The Effect of Polyelectrolyte’s pH on Complex Formation between PAMAM/PAA
Based on the determined pKa and pKb values for PAA and PAMAM PEs, an investigation was conducted
to identify the optimal pH conditions for complex formation. Solutions of PAMAM PE at a concentration
of 7x10* g/mL were titrated against PAA solutions, also at 7x10 g/mL, across four distinct pH levels: 10,
8, 6, and 3. The PAA solution pH was adjusted to 10 and 4, performed under gentle stirring at room
temperature. The turbidity of the resulting mixed solutions was measured as an indicator of complex
formation, with increased turbidity correlating to a higher concentration of the formed polymeric electrolyte
complex (PEC) [88]. The results are illustrated in Figure 11. At the partially charged state of PAA at pH 4
(Figure 11a), a decrease in pH from 8 to 3, which corresponds to an increase in the charge density of
PAMAM from approximately 55.37% to over 92.66% as derived from the titration curve, resulted in a
significant reduction in complex formation. The highest degree of complex formation, measured at 1668
NTU, was observed at the partially charged state of PAMAM at pH 8. Under these conditions, both
polyelectrolytes, PAMAM and PAA, exhibit partial charge characteristics and adopt a nearly compact and

globular conformation, respectively.

In contrast, as shown in Figure 11b, where PAA is nearly fully ionized at pH 10 and adopts an open coil
conformation, the maximum complex formation was observed at a turbidity of approximately 50 NTU
when PAMAM was at pH 6. However, this level of complex formation is not comparable to the significantly
higher turbidity of around 1668 NTU recorded under conditions where PAMAM was at pH 8. Based on
this information, it can be concluded that the optimal formation of the PAMAM/PAA complex occurs under
conditions where both PAMAM and PAA are partially charged, rather than fully charged, and exhibit nearly

compact and globular conformations (though not completely compact). In contrast, when both
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polyelectrolytes are fully charged—specifically, PAMAM at pH 3 and PAA at pH 10 (as illustrated in
Figure 11b)—the extent of complex formation is significantly reduced, resulting in turbidity values of less
than 30 NTU. This is markedly lower than the turbidity exceeding 1000 NTU observed when both
polyelectrolytes are in their partially charged states. As reported by D. Scheepers et al. [81], at higher
charge densities or increased numbers of charged groups in polyelectrolytes (PEs), a smaller quantity of the
counterpart PEs with oppositely charged densities is needed to balance the overall charge density of the
polymeric electrolyte complexes. Consequently, at elevated charge densities, fewer PE molecules
participate in complex formation, which results in a reduced formation of turbid colloidal PECs and,
therefore, lower turbidity values. This observation led to the selection of pH 8 for PAMAM and pH 4 for
PAA as the optimal pH conditions. Subsequently, the effect of polyelectrolyte concentration ratio on

complex formation under these optimal pH conditions was also investigated.
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Figure 11. Turbidity of mixed solution at different pH of titration 0(a) PAMAM titrated with PAA at pH=4, and
(b) PAMAM titrated with PAA at pH=10; (a’) and (b’) is presented for better visualization; PAMAM and PAA
concentration was 7x10* g/mL
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5.2.1.3 The Effect of Polyelectrolyte’s Concentration Ratio on Complex Formation between
PAMAM/PAA
In addition to the pH of the weak polyelectrolytes, the concentration ratio is another critical factor
influencing polyelectrolyte complex (PEC) formation. The turbidimetric method [40] was utilized to
examine the effect of the concentration ratio of polyelectrolytes on the formation of the PAA/IPAMAM
complex. Solutions of PAMAM at varying concentrations (Cpamam) Were titrated with PAA solutions across
four different concentrations (Cpaa) under the obtained optimal pH conditions. The concentrations
investigated ranged from 1x10* to 10x10* g/mL, encompassing a total of 16 titration experiments. The
maximum turbidity of the mixed solutions as a function of the concentration ratio is illustrated in Figure

12.

Polyelectrolyte complexes can be classified into two categories: stoichiometric water-insoluble PECs,
which have a molar ratio of 1:1, and nonstoichiometric water-soluble PECs. Stoichiometric PECs are
electrically neutral and precipitate out of the solution. In contrast, nonstoichiometric PECs carry a net
charge that depends on their molar ratio, and the turbidity of the solution serves as an indicator of their
concentration within the solution [89]. Nonstoichiometric PECs, which are of particular interest, can be
further divided into two types: (a) those that are soluble in a macroscopically homogeneous system, where
their formation is reversible, and (b) those that are soluble but form irreversible turbid colloidal PECs,
which are in a transition range leading to phase separation [160], [161]. Additionally, it is important to note
that the interaction between polyelectrolytes is primarily influenced by two key factors: (1) the ionic
strength of the solution and (2) the linear and colloidal surface charge density of the polymers [155]. Indeed,
the quantity of dissociated groups must exceed a critical value to facilitate effective complex formation.
This threshold is essential for achieving the necessary electrostatic interactions between the polyelectrolytes

[88].

As shown in Figure 12, at a PAMAM concentration (Cpamam) Of 1x10* g/mL and varying PAA

concentrations no changes in turbidity were observed. This leads to two possible hypotheses: (1) the formed
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complexes were unstable, similar to PEC type (a), where the PECs are uniformly dispersed in water, and
their formation is reversible, resulting in a macroscopically homogeneous system; or (2) no complexes were
formed, as at this low Cpamam concentration (1x10* g/mL); indeed, the quantity of charged and ionized
amines available to interact with the ionized carboxyl groups of PAA electrostatically is insufficient to
create any complex. Two approaches were examined to generate stable turbid colloidal PECs. In the first
approach, the charge density of the PAMAM solution was increased by lowering the pH to 3. According to
section 1.1, the obtained pK, for the tertiary amines was approximately 3, resulting in about 92.6% of the
amines being protonated and ionized. Under these conditions, a turbid colloidal PEC system was formed
and precipitated at a Cpaa 0f 7x10* g/mL (supplementary data). Indeed, the aggregated PECs appeared to
be electrically neutral (n+ /n-), leading to a loss of colloidal stability and subsequent precipitation from the
solution [161]. In the second approach, to compensate for the charge density of the PAMAM PE solution,
the concentration was increased to 4x10* g/mL at pH 8. As shown in Figure 13, stable PECs between
PAMAM and PAA began to form, indicated by the creation of stable and irreversible turbid colloidal PECs.
Therefore, the concentration required for incipient complex formation was considered to be Cpamam > 4x10°
4 g/mL. This condition reflects a scenario where one polyelectrolyte's charge cannot neutralize the highly
charged counterpart, resulting in excess charge and leading to the formation of stable soluble turbid

colloidal PECs [160].

In the following, by increasing the Cpamam at a certain Cpaa, it was observed that turbidity increased, which
can indicate the presence of larger PEC suspensions. This increase in turbidity is likely a result of PEC
agglomeration at higher PAMAM PE concentrations, leading to the formation of bigger aggregates within
the solution [88], [161]. Additionally, within a specific range of Cpamam, at certain PAMAM: PAA
concentration ratios (10 g/mL)—including 4:10 (418 NTU), 7:7 (1668 NTU), and 10:10 (1810 NTU)—
the highest concentrations of turbid colloidal PECs were formed. This observation highlights the

importance of achieving an optimal charge density ratio of the polycation to the polyanion (n+/n-) and their
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molar ratio. Maintaining these values is crucial to ensure the formation of irreversible and stable colloidal

turbid complexes, thereby preventing the precipitation of PECs from the solution.
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Figure 12. Turbidity of the PAMAM/PAA mixed solutions at different concentration ratios

5.2.1.4 UV-Visible Spectroscopy analysis of PAA/PAMAM complex
UV-Visible spectroscopy was conducted to study the interaction and mechanism of PAMAM and PAA
complex formation. The conditions (pH and concentration ratio) under formation of the maximum turbid
colloidal complex were considered. The PAA/PAMAM complex was obtained through titration at a
concentration ratio of 7:7 (10 g/mL) and then examined using UV-Visible spectroscopy. The results are
summarized in Table 11, and the spectra are depicted in Figure 13. As noted, the UV-Vis absorbance of
PAMAM is expected to occur around 285 nm, corresponding to the interior tertiary amines [162], in
accordance with our dendritic PAMAM maximum absorbance wavelength at 298 nm. As shown in Figure
13, the absorbance curve of the PAA/PAMAM complex exhibited two notable changes: (1) it was shifted
to a higher position than that of the pure polyelectrolyte, and (2) the peak area at 298 nm (within the range
of 270-320 nm) decreased by about 42%. The vertical shift in the absorbance curve may be attributed to

the increase in solution concentration due to the addition of the second polyelectrolyte, leading to the
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creation of a turbid colloidal system. This results from complex aggregation, which causes more light
scattering and, consequently, a higher absorbance than the actual value. The reduction in peak area within
the 270 to 320 nm range confirms the engagement of the tertiary amines in the complex formation. It
appears that the PAA chain can penetrate the PAMAM structure, facilitating the interaction between the
two components, and highlighting the host-guest behavior of complex formation between dendritic
PAMAM polymer [163]. As reported by Welch et al. [163], computer-based Monte Carlo simulations were
employed to study the molecular nature of dendrimer-linear polyelectrolyte complexes. The observations
from this study revealed the formation of a unique complex between the polymer and dendrimer when a
very small dendrimer was complexed with a large polymer chain, which aligns with our focus. In this
specific case, it was noted that small segments of the polymer chain were able to penetrate into the
dendrimer structure; however, a significant portion of the polymer chain density remained outside the
dendrimer. This finding from the simulation study corresponds with our UV-Visible absorbance results
obtained for the PAA/PAMAM complex system. The experimental data support the existence of this unique
polymer-dendrimer complex structure, indicating that the dendrimer did not completely shield the self-

repulsion of the polymer chain.

Table 11. Absorbance and turbidity of pure PEs and PAA/PAMAM complex

Con. pH Amax Maximum Peak area Turbidity
(a/h (nm) Absorbance  (270-320nm) (NTU)
PAMAM 0.7 8 298 0.25 3.33 7.45
PAA 0.7 4 230 0.30 4.16
PMAMA/PAA 298 2.05 1.94 1668
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Figure 13. UV-visible spectra of pure PEs and PAMAM/PAA complex

5.2.1.5 The Effect of Mixing Order on Turbid Colloidal Complex Formation
To better understand the desorption behavior in the solid-liquid phase, the partial removal of previously
adsorbed layers into the polyelectrolyte (PE) solution during the deposition of subsequent layers as well as
the formation of turbid colloids as a function of mixing order in the liquid-liquid phase were investigated.
PAMAM PE addition into PAA PE in the liquid-liquid phase (PAMAMaPAA) corresponds to the
desorption of PAMAM upon deposition of the PAA layer in the liquid-solid phase, and PAA PE addition
into PAMAM PE solution in the liquid-liquid phase (PAAGPAMAM) corresponds to the PAA removal
upon the deposition of PAMAM layer in liquid-solid-phase. To simulate the desorption process of the solid-
liquid phase within a liquid-liquid framework, the mixing process began with 15 mL of a polyelectrolyte
solution composed of PAMAM and PAA, identical to that used in LBL assembly. The PEs concentration
and pH were also identical to the LBL process; a concentration of 7x10* g/mL for both PEs, pH=8 and 4
for PAMAM and PAA, respectively. The oppositely charged polyelectrolyte was added incrementally in a
dropwise manner, ranging from 0.1 mL to 4.0 mL; and turbidity measurements were recorded following

each addition. The turbidity as a function of mole of the added PE is depicted in Figure 14. These curves
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can be further employed as calibration curves to quantify layer removal during LBL deposition. As shown
in Figure 14, the system exhibited distinct behavior depending on the mixing order, while in both cases; the
data were well-fitted using a cubic polynomial model, resulting in an R2 value exceeding 0.99. It is worth
to mentioning that the moles of added polyelectrolyte were designed to align with the range of turbidity

values obtained from the adsorption-desorption turbidity data presented in Section 5.2.2.5.
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Figure 14. Turbidity of the turbid colloidal complex as a function of added PE; (a) PAMAM was added in to
PAA PE solution, (b) the PAA PE was added into PAMAM solution

72



5.2.2 Liquid-solid phase
According to the results obtained from the liquid-liquid phase study, the optimal pH conditions for the two
weak polyelectrolytes, which provide a sufficient charge density ratio (n+/n-) to form a turbid colloidal
complex, were pH 8 for PAMAM and pH 4 for PAA, both of which are partially charged. Furthermore, the
concentration ratio of the polyelectrolytes indicated that the charge density also depended on the PE
concentration; to form a stable PECs; the concentration of the polyelectrolyte needed to exceed a critical
threshold at the specific pH. At specific PAMAM PE concentrations ranging from 1x10* g/mL to 10x10*
g/mL, and varying PAA PE concentrations, maximum turbidity was achieved at the ratios of 7:7, 7:10, and
4:10 (PAMAM: PAA). Consequently, further investigations were conducted under these optimal pH and

concentration ratios.

5.2.2.1 The effect of PE concentration ratio on multilayer growth on Functionalized PLA
nonwoven
According to the results obtained from the liquid-liquid phase study, the growth of multilayers of the
PAA/PAMAM complex on a functionalized PLA nonwoven substrate via the layer-by-layer (LBL)
technique was studied. The LBL assembly was conducted up to the fourth layer, with PAMAM as the top
layer (Functionalized PLA-PAMAM/PAA/IPAMAM/PAMAM = PAMAM4), as summarized in Table 6 (in
experimental section 4.2.2.2). The neat, aminolyzed, and layered PLA samples were then stained with an
anionic model dye, Acid Red 1, to study the growth of the multilayer film. Negatively charged dye
molecules are expected to electrostatically interact with the accessible positively charged amines introduced
onto the PLA substrate by the LBL assembly. The color depth (K/S) and the absorbance of the waste dye

(after the staining procedure) are presented in Figures 15 and 16, respectively.

To investigate the effect of PE concentration ratio on multilayer growth and their stability in different acidic
media, a staining procedure was conducted at three distinct pH levels: 2, 3, and 5. As shown in Figure 15,
higher acidity of the media resulted in greater K/S value, following the logical order of pH: 2 >3 > 5. This

can be attributed to the fact that in an acidic environment, both the dye molecules and the amines of layered
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PLA are charged, ensuring electrostatic attraction between the negatively charged dye molecules and the
positively charged amines of the layered PLA. To further investigate this condition, the absorbance of the
dye solution after the staining procedure (waste-dye solution) at 505 nm was recorded. As illustrated in
Figure 16, the absorbance of the waste dye at pH 5 was higher than at pH 2 and 3, which corresponded to
the lowest K/S value. This information suggests that the staining condition at pH 5 did not facilitate the
critical charge conversion necessary to ensure effective electrostatic attraction between the dye molecules

and the amines.

To study the impact of the PE concentration ratio (Cpamam: Cpaa) oOn the multilayer growth on
functionalized PLA nonwoven at pH=2 of the staining procedure, the logical order of K/S value was
7:7>7:10>4:10. This indicated the lowest and highest color depth at 4:10 and 7:7 (10*xg/mL) concentration
ratio, respectively. To evaluate the stability of the deposited PE multilayers on the substrate, the absorbance
of dye solution after the staining procedure (waste-dye solution) corresponding to 7:7 and 7:10 samples
measured and reported in Figure 16. As it can be seen from Figure 16, the adsorbance of the waste-dye
solution of 7:7 and 7:10 samples was very close, while their K/S value was significantly different. This
suggested that the partial removal of the adsorbed layer (containing turbid complex) into the dye solution
contributed to a reduction in absorbance, which approached levels comparable to those of the 7:7 sample.
A similar trend was noted at pH 3, where the K/S value for the 7:7 sample exceeded that of the 7:10 sample,
resulting in lower dye content in the solution for the 7:7 sample. Conversely, the waste dye absorbance for

the 7:10 sample was lower, indicating partial layer removal into the dye solution bath.

Concerning the substrate multilayers assembled at the concentration ratio of 4:10, the color depth was the
lowest, and the absorbance of the waste dye was the highest at both pH 2 and 3. This implied that, although
the multilayers were stable at this Cramam: Craa ratio, the growth of the polyelectrolyte complexes on the

substrate was constrained, leading to diminished dye absorbance; and consequently color depth.

In conclusion, it can be proposed that the highest turbidity observed in the solution-based study correlates
with the most significant multilayer growth on the substrate. The subsequent investigation focused on the
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multilayer film assembled on the PLA nonwoven substrate at the PE concentration ratio (10 g/mL) of

CPAMAMZ CPAA of 7:7.

3.0
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Figure 15. color strength of modified PLA via LBL at different PE concentration ratios as a function of dye

solution pH (left side), to better visualization (right side)
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Figure 16. The absorbance of the acid red 1 at 505 nm after the staining procedure of layered-PLA nonwoven

with different PE concentration ratio
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5.2.2.2 FTIR-ATR analysis
The ATR-FTIR analysis was conducted to investigate the chemical changes in modified PLA nonwoven
following pre-treatment and the deposition of the first PAA layer. The results, including the normalized
ATR-FTIR spectra and the calculated peak areas, are presented in Figure 17 and Table 12, respectively.
For the aminolyzed PLA, a new peak was observed around 1630 cm™, which is associated with N-H
bending vibrations. Additionally, a distinct double-peak between 3300-3600 cm™, corresponding to the
stretching vibrations of -NH amide groups, indicates the successful grafting of PAMAM amines, leading
to the formation of amide carbonyl groups [112] Cleaving the ester bond is essential for the aminolysis
reaction [54]; therefore, a decrease in the intensity of the carbonyl bond of PLA is necessary. As indicated

in Table 12, the peak area for both aminolyzed-PLA decreased approximately 50%.

Following the successful introduction of amines into the PLA matrix, the deposition of the first layer of
PAA as a polyanion onto the positively charged aminolyzed PLAs (NHs* groups from PAMAM) was
carried out using the layer-by-layer technique. As previously noted by Stawski et al. [164], non-ionic PAA
exhibits a prominent peak around 1710 cm™, which is associated with the carbonyl bond (C=0) of its non-
ionic carboxyl groups (COOH). In contrast, the ionized —COO~ groups demonstrate symmetric and
asymmetric vibrational bonds around 1590 cm™ and 1408 cm™, respectively. As illustrated in Figure 17,
the emergence of a new broad peak around 1535 cm™ may be attributed to the symmetric vibration of
ionized —COO™ groups, while its asymmetric vibration may be overlapped or masked by the strong signals
originating from the PLA substrate in that frequency range. Additionally, a reduction in the N-H bending
vibration around 1630 cm™ may indicate the masking of PAMAM by the molecular chains of PAA.
Furthermore, there is a possibility of overlapping between the stretching vibrations of N-H and the hydroxyl
(OH) groups of PAA, leading to a shift from the original range of 3300-3600 cm™ to approximately 3500-
3900 cm™. These findings collectively support the initial grafting of PAMAM onto the surface of neat PLA

and suggest a masking of PAMAM due to the deposition of the first PAA layer on aminolyzed PLA.
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Table 12. Peak area under specific ranges corresponding to the respective bonds.

C=0 C=0
stretching stretching N-H bending N-H stretching
Samples (PLA) (PAA) 1600-1700 3300-3600
1700-1800 1480-1580 (cm™) (cm™)
(cm™) (cm™)
Neat PLA 108
Aminolyzed-PLA 54 - 7.8 21
Layered-PAA:1 191 1.0
1740
N

PLA-PAMAM/PA

o P\ﬂeat-PLA

T T T T T T T T T T T T T T 1
4000 3500 3000 2500 2000 1500 1000 500
Wavelenumber (cm™)

Figure 17. Normalized ATR-FTIR spectra of neat, aminolyzed (-PAMAM), and layered aminolyzed-PLA with PAA
(-PAMAM/PAA)

5.2.2.3 Growth profile of multilayer assemblies on Functionalized PLA nonwoven
PAA/PAMAM multilayers were assembled on aminolyzed PLA by repeatedly immersing the amine-
functionalized substrate in solutions of oppositely charged polyelectrolytes, as outlined in condition (a) in
Table 6 (section 4.2.2.2). To investigate the growth profile of the multilayer assemblies, a ninhydrin assay
colorimetric was performed to qualitatively assess the density of NH2 groups present on the substrate

following the deposition of each PAA and PAMAM layer via the layer-by-layer technique.
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The ninhydrin assay is a well-established analytical method for detecting primary amine groups in
materials, producing a purple color complex known as Ruhemann’s purple (at 570 nm) upon reaction with
primary amines [151], [152]. The reaction mechanism of ninhydrin with primary amines is illustrated in
Figure 3 (section 5.1.2). The density of primary amine groups (moles of primary amines per gram of
substrate) on the substrate was calculated according to Equation (11) in Section 4.3.1.4, and the results are

presented in Figure 18.

A. J. Khopade et al. [97] was studied film growth of PSS and PAMAM-G4 on quartz slides. The reduction
in PSS absorption following PAMAM deposition was occurred and interpreted as the removal of PSS.
Additionally, a converging-diverging behavior was observed, which can be explained by the adsorption-
desorption phenomenon. The partial removal of the adsorbed layer during subsequent deposition steps led
to the complexation of PSS-PAMAM within the polyelectrolyte solutions, resulting in changes to the charge
density and conformation of the deposited molecules. Consequently, this behavior produced a converging
or diverging profile for the PSS-PAMAM system during the film growth of PSS and PAMAM-G4 on the

quartz slide.

As illustrated in Figure 18a, the NH: density of functionalized PLA (aminolyzed-PLA) was initially
measured at approximately 6.07 x 107 mol/g. After the deposition of the first layer of PAA, this density
decreased to 5.6 x 107° mol/g, representing a reduction of about 7.7%. As the layering process continued
up to the eighth layer, fluctuations in the amine density were observed. This decrease can be attributed to
two primary factors: (1) the successful deposition of the PAA layer onto the aminolyzed-PLA surface,
which effectively interacts with the NH> groups leading to the reduction in available amines, and (2) the

partial removal of PAMAM during the layering process.

Furthermore, it was observed that the solid line connecting the data points before and after PAMAM
adsorption converged as the number of layers increased. This indicates that the growth profile of the
PAA/PAMAM multilayer assemblies on functionalized PLA nonwoven is converging. The explanation for
this behavior is that the previously adsorbed PAA is partially removed into the PAMAM polyelectrolyte
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solution during the deposition of next layer. This leads to the formation of PAA-PAMAM complexes in PE
bath, which alters the dynamics of subsequent layer deposition. As a result, the adsorption of individual
PAMAM molecules competes with the existing PAMAM-PAA complexes. This competition results in a
diminished increase in NH: density upon the deposition of even layer, as the layering process progresses.
Indeed, there exists a potential for the adsorption of complexed PAMAM, wherein a portion of the amine
groups is occupied by PAA. Consequently, this results in a reduced availability of amine groups within the
specific layer, leading to diminished deposition of PAA. This phenomenon becomes increasingly
pronounced as the multilayer assemblies develop. The multilayers formed in this manner exhibit a
converging behavior, as noted in reference [97]. It is important to highlight that this growth profile behavior
was observed in layers one through seven; while the notable increase in amine density at the eighth layer

may be attributed to PAMAM agglomeration.

The same experiments were conducted for the PLA2 with higher GSM, to study the impact of the substrate’s
structural impact on the growth profile of the PE multilayer; the data are represented in Figure 18b. The
results indicate that while PLAL exhibited a distinct growth profile characterized by either converging or
diverging patterns, PLA2, which has a higher GSM, did not demonstrate a clear growth trend. This lack of
specificity in the growth profile for PLA2 suggests that the structural properties of the substrate may

significantly influence the multilayer growth dynamics.
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Figure 18. Amine density of the aminolyzed and multilayered-PLA nonwoven (a) PLal and (b) PLA1 and
PLAZ2 as a function of layer number. The solid line in (a) is for the better visualization. Zero corresponds
to functionalized PLA. Odd and even layers represent the amine density of the substrate after PAA and

PAMAM layer deposition.
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5.2.2.4 Effect of intermediate drying on growth profile of multilayer assemblies on

Functionalized PLA nonwoven

To scrutinize the influence of intermediate drying on the adsorption behavior of polyelectrolyte complexes

(PEC), multilayered samples prepared by dry LBL were subjected to the ninhydrin assay. PLAL with 40

GSM was selected to analyze the drying effect on the growth profile of PE since the samples prepared with

hydrated LBL (without drying) showed distinct growth profile with converging behavior. The results of the

ninhydrin assay, which quantifies amine density, are depicted in Figure 19. As shown in Figure 19, the

application of intermediate drying in LBL caused a diverging growth profile of PE multilayers. In other

words, intermediate drying resulted in increased PAMAM adsorption, which consequently led to greater

PAMAM desorption during the subsequent PAA layer deposition. This is evidenced by the lower amine

density at the odd layers of the dried samples compared to those multilayered with hydrated LBL. There

are two possible hypotheses to explain this diverging behavior:

1.

It has been demonstrated that the removal of previously adsorbed dendritic polycation (PAMAM) into
the linear polyanion (PAA) polyelectrolyte solution during the deposition of the next layer leads to
complex formation with PAA in the solution. This interaction results in increased coiling of PAA due
to typical linear polyelectrolyte-dendrimer complexation [163]. Additionally, it has been observed that
coiling of PAA induced by salt promotes greater deposition of PAA (aggregated complex) [82], [93].
Consequently, the presence of PAMAM in the solution alter the conformation of PAA, promoting its
adsorption. In summary, the removal of PAMAM into the PAA solution not only promotes increased
adsorption of PAA but also sets the stage for enhanced PAMAM adsorption in subsequent layers, driven
by the interplay of electrostatic forces and the availability of ionized functional groups. This synergistic
effect caused the diverging behavior in the dry LBL system.

Intermediate drying can lead to the neutralization and stabilization of the PAA layer on the substrate.

In aqueous environments, polyelectrolytes tend to dissociate and ionize, whereas they remain non-
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ionized in absence of the water molecules [165]. This stabilization may restrict the removal of PAA
into the PAMAM solution, ultimately resulting in increased PAMAM deposition. As outlined in
Section 5.2.2.3, the removal of previously adsorbed PAA into the PAMAM solution could reduce
PAMAM adsorption due to competition between free PAMAM molecules and those already complexed
with PAA. Nevertheless, the stable PAA layer promotes further PAMAM deposition leading to

divergent behavior.

As hydrate LBL growth profile, where the eighth layer showed different behavior, here the diverging
growth profile behavior was observed for layers one through seven, and the layer eight showed different
behavior with unexpectedly lower amine density in comparison to layer 6. So, there is a chance that the
ultimate amine density can be achieved by 6 cycles of dry LBL. At the end, it can be concluded that the
growth profile of multilayer assemblies is highly tunable and can be effectively controlled by LBL

operational factors, including intermediate drying.
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Figure 19. Amine density of multilayered substrate prepared by dry LBL. The hydrate LBL results are presented for

better comparison. The solid line connecting the points is for better visualization.
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5.2.2.5 Adsorption-desorption behavior; the effect of intermediate drying and the substrate
GSM
Adsorption-desorption behavior refers to the partial removal (desorption) of the adsorbed layer from the
substrate upon the deposition of the subsequent layer which influences the growth of multilayer film in
LBL system [85], [87]. This section investigates the desorption dynamics of dendritic PAMAM polycation
and linear PAA polyanion up to four layers, considering the effects of intermediate drying and the
concentration ratio of the polyelectrolytes. To do this, the absorbance and turbidity of the PE solutions after
each layer deposition (waste-PE) were measured; and the results were reported in Figures 20a, and 20b.
The quantity of layer removed from the surface following each dipping process was estimated according to
the fitted curve described in Section 2.2.1.5. The results of this analysis are presented in Table 13. The
higher absorbance of the waste-PE rather than pure PE (or a negative percentage) indicates that desorption
surpassed adsorption, and the lower absorbance of waste-PE (or a positive percentage) suggests that

adsorption exceeded desorption.

In Figure 20a, the impact of intermediate air-drying on adsorption-desorption behavior was a concern. “Ln”
and Ln-D refer to waste-PE after dipping the substrate prepared with hydrated LBL (without drying) and
dry LBL (with intermediate drying) respectively, and “n” is the number of the layer. As shown in Figure
20a, the absorbance of the L1-D was significantly higher than pure PAA as well as L1; while the absorbance
of L1 was lower than pure PAA. Indeed, this indicated desorption or removal of approximately 16.56x10°
mol/g of residual and un-grafted PAMAM remained on the substrate upon aminolysis reaction into the PAA
polyelectrolyte solution. In other words, a 3-times quick rinsing procedure after aminolysis seemed to be
insufficient to remove the un-grafted-PAMAM from the PLA nonwoven structure. 10 minute pre-wetting
of the substrate leads to better removal of the un-grafted-PAMAM from the surface and prevents PE
contamination as much as before. Indeed, the quantity of removed PAMAM reduced about 98.25%
unreacted to 0.29 x10° mol/g. This finding underscores the critical role of the washing step following

aminolysis. As the layering process progressed, as illustrated in Figure 20b, it became evident that lower
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desorption in a step of LBL caused more desorption in the sequence layering. For instance, lower desorption

of PAMAM in the layering first layer of hydrated LBL followed by more PAA desorption in the second

layering in comparison to dry LBL. This trend continued until the deposition of layer 4. This trend

culminated in lower and lower-layer desorption. As confirmed by the ninhydrin assay detailed in Section

2.2.2.4, regardless of the LBL approached dry or hydrated LBL, despite the partial removal of both

PAMAM and PAA layer layers in the LBL system (Table 13), the remaining layers are sufficiently present

to maintain an appropriate charge balance to facilitate the deposition of subsequent polyelectrolytes as

additional layers. Also, from these data, it can be concluded that drying caused lower PAA removal as

estimated in Table 13, which is in agreement with ninhydrin results obtained in the previous section. As it

can be concluded complicated adsorption-desorption phenomenon was observed in dendritic PAMAM and

linear PAA LBL process.
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Figure 20. UV-visible spectra curve of waste-PE for the (a) deposition of PAA layer, and (b) deposition of the
PAMAM layer on aminolyzed-PLA1 (40GSM)

Table 13. Calculated layer removal in mol/cm? upon the sequential layer deposition

Removed layer (108xmol/g) Layer number Hydrated LBL Dry LBL

1 0.2907 16.6511

PAMAM 3 0.1187 1.8789
2 0.0167 0.0098

PAA 4 0.0091 0.0077

To investigate the effect of PE concentration ratio on adsorption-desorption behavior, aminolyzed-PLA2
was applied to LBL with three different concentration ratios including 7: 7 (a), 7:10 (b), and 4:10 (c) (10
“xg/mL), and the results of absorbance percentage are represented in Figure 21. According to Section
5.2.1.3, the maximum turbidity, indicating maximum complex formation in the liquid-liquid phase,
followed this logical order: 7:7 (1668 NTU) > 7:10 (1271 NTU) > 4:10 (428 NTU) (PAA: PAMAM).
Furthermore, as detailed in Section 5.2.2.1, which is related to the staining of the multilayered substrate

(four layers) with varying concentration ratios of PEs, the color depth values were recorded in the following
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order: 7:7 (2.86) > 7:10 (1.71) > 4:10 (0.88). Indeed, the concentration ratio leading to the maxim turbid
colloidal formation in the liquid-liquid phase resulted in the higher multilayer film growth on the solid
substrate. This indicates that the growth of the multilayer film on aminolyzed PLA was significantly

dependent on the PE concentration ratio, aligning with the data obtained from the liquid-liquid phase.

In this regard, to study the adsorption-desorption behavior of multilayers, the absorbance of the waste-PE
after each dipping process was recorded by UV-Vis spectrophotometer. The absorbance of the waste-PAA
polyelectrolyte (odd layer) and the PAMAM polyelectrolyte (even layer) was recorded at 230 nm and 298
nm, respectively, and the percentage of absorbance is reported in Figure 21. The negative percentage of
absorbance indicates that desorption surpassed adsorption, and the positive percentage of absorbance
suggests that adsorption exceeded desorption. For clarity in interpretation, we assumed that the substrates

had identical histories and equivalent amounts of amine density generated during the aminolysis reaction.

Considering the LBL assembly with varying PAA concentrations while maintaining a constant PAMAM
concentration (conditions “a” and “b”), as shown in Figure 21, the deposition of the first PAA layer in both
cases resulted in a positive percentage of absorbance, indicating that adsorption surpassed desorption. By
continuing the LBL process, to deposit the second layer (PAMAM), the desorption of the previously
adsorbed PAA corresponding to condition “a” was approximately 53% more than “b”. Indeed, the increased
adsorption in the first layer deposition led to greater desorption in the subsequent layer deposition. As the
multilayer process continued to the third and fourth layers, the desorption of the PE layer onto the substrate

under condition “a” exceeded adsorption, reaching about 7.4% adsorption, while condition “b” continued

to show that desorption outpaced adsorption, resulting in a negative adsorption percentage.

When starting the LBL process with the same PAA concentration and varying PAMAM concentrations
(conditions “b” and “c”), desorption consistently surpassed adsorption in layers 2, 3, and 4 (indicated by
negative percentages of absorbance). However, the higher PAMAM concentration in condition “b” resulted
in a greater adsorption percentage after fourth layer deposition compared to the lower PAMAM
concentration in condition “c.”
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In conclusion, the multilayer growth on the solid phase was more sensitive to the PAMAM PE
concentration than to the PAA concentration, as evidenced by the significant difference in absorbance
percentages after four layers of deposition: 53.3% for conditions “a” and “b” versus 233% for conditions
“b” and “c.” Additionally, the adsorption-desorption behavior was heavily influenced by the growth of the
first layer and the concentration ratio of the polyelectrolytes, and all these imply complicity of the

adsorption-desorption phenomenon.
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Figure 21. Adsorption percentage of PE calculated from the adsorbance data of waste-PE as a function of layer

number

5.2.2.6 Adsorption Capacity of PE Multilayers

To investigate the influence of the number of layers and the intermediate drying process in layer-by-layer
assembly (on PLAL with lower GSM) on the host-guest properties of multilayer structures in relation to
their interaction with guest molecules, a straightforward staining procedure utilizing the anionic model dye,

Acid Red 1, was performed. The outcomes, represented by the color depth (Kubelka-Munk) (K/S value) of
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the substrates and the absorbance of the dye solution after the staining process (waste-dye solution) to
analysis the layer stability, are detailed in Figure 22 (a-b).”Wn” is referring to waste-dye solution in which
“n” is corresponding to the layer number. For example, W4, is the waste-dye solution of the substrate with

4 multilayers.

As illustrated in Figure 22a, the color depth on the substrate exhibited a progressive increase from the
aminolyzed (layer zero=aminolyzed PLA) to Layer 4, as indicated by the K/S values. This trend suggests a
reduction in the adsorption of the waste dye solution following the staining process. Correspondingly, the
adsorption data revealed a decrease in the dye content of the waste solution, consistent with these findings.
As the layering process continued, interestingly, the K/S value of layered-PLA with 6 layers (PLAg) reduced
compared with PLA4; while, the waste dye solution from the six-layer assembly exhibited lower dye
adsorption (W6 < WA4), indicating a reduced dye content in the dye solution. This observation can be
interpreted as a result of partial turbid colloidal complex removal, which contributed to the decreased dye
adsorption in the waste solution and the diminished color depth of the samples. Concerning Layer 8 (PLAg),
the dye adsorption observed in Wg was higher than that in W4, yet the color depth was lower than that of
PLA.4. This phenomenon can be elucidated by the following hypothesis: the increased availability of amine
groups, as indicated by the ninhydrin results, does not necessarily correlate with a higher accessibility of
these groups for reaction with dye molecules. It is plausible that a threshold effect exists, where the increase
in amine density up to Layer 4 enhances dye adsorption. However, further increases to Layer 6 may induce
instability in the layer structure, resulting in decreased color depth. As we progress to Layer 8, potential
aggregation of the outermost layer could hinder the accessibility of the amine groups, despite the apparent

stability of the layers, thereby reducing the interaction between the dye molecules and the amines.

Considering the intermediate drying in LBL deposition process, it can caused the different behavior of
guest-host properties. The K/S value of the substrates increased progressively from the second to the eighth
layers. This trend was consistent with the dye adsorption results observed in the waste dye solutions.

However, the reduction in dye adsorption within the waste dye solutions may be attributed to the occurrence
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of partial turbid colloidal complex removal during the staining process, which would typically lead to
decreased dye adsorption and the color strength as well. This inconsistency largely rules out the possibility
of layer removal, suggesting that the drying process employed in the LBL deposition technique was

effective in stabilizing the layers, thereby maximizing dye uptake by the eight-layered substrate.
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5.2.2.7 Construction of PAA/PAMAM multilayers on PLA nonwoven
Air permeability is defined as the volumetric flow rate of air per unit area at a specified pressure over a
defined duration. This measurement serves as a reliable indicator of a substrate's porosity. The relationship
between air permeability and substrate characteristics is significant; as basis weight, density, and thickness
decrease, air permeability tends to increase. This is further influenced by the sizes of pores and fibers, where

larger pore and fiber dimensions facilitate greater airflow [149], [166].

In the present study, air permeability was employed as a characterization technique to investigate the
structure of the PEC multilayer assemblies deposited on the PLA substrate using LBL method, both with
and without the intermediate drying step, as a function of the number of layers. To facilitate a more thorough
analysis of the PEC multilayer structure, PLA1, which has a lower GSM, was chosen as the support layer.
This selection is based on the observation that the neat PLAL nonwoven exhibits significantly higher air
permeability (15.5 + 0.87 cm®.cm2.S1) compared to the PLA2 nonwoven with a higher GSM (165 + 47
cm®.cm2.S7). Consequently, the changes in air permeability resulting from the PEC multilayer will be more
readily detectable in the PLAL substrate. The results of air permeability measurements for the neat,
aminolyzed, and multilayered nonwoven, following each deposition of the PAA/PAMA complex, are
illustrated in Figure 23. As illustrated in Figure 23, the air permeability of the substrate increased by
approximately 12.3% following aminolysis. This observation is rational, as aminolysis induces surface
erosion [63], resulting in a weight reduction of the substrate (1.36 = 0.09%), which in turn contributes to

the observed increase in air permeability.

The analysis of air permeability in relation to the number of layers provided valuable insights. The sharp
slope of the graph and the notable decrease in air permeability suggested significant development of the
PEC multilayer film up to certain layer counts (L4, L6-D), indicating a considerable increase in film density
during the early stages of layering. However, as the LBL process continued to Layer 8, a more gradual
growth pattern was observed. This indicates that the rate of film density increase began to slow down as

more layers were added. In other words, the growth rate of the PE multilayers approached a plateau, leading
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to a reduced impact of additional layers on both the air permeability and overall density of the multilayer

film.

The application of intermediate drying in the LBL deposition process has demonstrated a notable effect on
the structure and porosity of PEC multilayers. As shown in Figure 23, the multilayered substrates subjected
to intermediate drying exhibited higher air permeability compared to those without this drying step. This
increased air permeability in the PE multilayer assemblies can be attributed to their less compact structure,
which facilitates greater airflow per unit area and per second. A potential explanation for this phenomenon
is the distinct growth profile of the PE multilayers on samples layered with the dry and hydrated LBL
method. As previously discussed, the growth profile of PEC multilayers exhibited converging behavior in
the hydrated LBL process and diverging behavior in the dry LBL process. These differences in growth
profiles led to a greater accumulation of amine content (PAMAM deposition) during the dry LBL method.
Since PAMAM possesses an open structure, it is expected to enhance gas permeability [96]. Therefore, the
increased accumulation of PAMAM at each even layer in the samples via the application of intermediate
drying results in a more porous or less compact structure in the PEC multilayers, thereby contributing to

the observed increase in air permeability.
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Figure 23. Air permeability of multilayered substrate as a function of layer number
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5.2.2.8 Mechanical properties
The mechanical properties of modified PLA nonwoven fabrics were assessed in the machine direction
(along the length of the fabric) using static tensile tests. The average results of these evaluations are
presented in Table 14, providing a comprehensive overview of the material's performance characteristics.
As previously discussed in section (5.1.6), the aminolysis reaction and surface erosion of the PLA
nonwoven significantly contribute to a decrease in Young’s modulus, tensile strength, and elongation at
break. As previously reported by our research team [49], [154], aminolysis via amine-terminated PAMAM
dendritic polymers can result in the shortening of molecular chains within the polymeric matrix. This
alteration in chain length affects the overall mechanical integrity and performance of the material. J. H.
Park et al. [167] prepared multilayers of poly (styrene sulfonate) (PSS) and poly(allylamine hydrochloride)
(PAH) on electrospun nylon 6 fibers to enhance the mechanical properties of the substrate. The results
indicated that tensile strength and Young’s modulus of layered substrate were roughly increased by 134%

and 157% in comparison to neat and unmodified substrate, respectively [167].

As can be seen from the Table 14, the application of a PE multilayer on aminolyzed PLA nonwoven resulted
in substantial increases in stiffness and tensile strength, with improvements of approximately 989% and
88%, respectively. This improvement is likely due to the dense and rigid characteristics of the PE multilayer
[167], which effectively mitigates the surface erosion caused by the aminolysis process. However, the PE
multilayer assembled on aminolyzed PLA cost the ductility of the substrate since the layered PLA showed
no elongation at break, indicating a loss of ductility and an increase in brittleness. Regarding the drying
effect, there was a slight enhancement in stiffness and tensile strength compared to the hydrated LBL,

suggesting greater growth of the PE multilayer, which aligns with previous findings.
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Table 14. Tensile strength (om), Young’s modulus (E:), and elongation at break (€p) of neat, aminolyzed, and

multilayered PLA (with 8 layers)

Samples om Et &

Neat 2.97+0.95 1.26+0.29 26.03+6.66

Aminolyzed 0.85+0.07 0.18+0.03 7.29+2.84
Multilayered with hydrated LBL 1.60+0.20 0.84+0.06
Multilayered with dry LBL 1.96+0.28 0.88+0.03

5.2.2.9 Scanning electron microscopy analysis
To examine the alterations in surface morphology upon the LBL deposition process, scanning electron
microscopy (SEM) analysis was utilized to analyze various PLA samples. These included neat PLA1L,
aminolyzed PLAL, and multilayered PLAL, with some samples undergoing intermediate drying. The
analysis focused on samples with 4, 5, and 8 multilayers, as shown in Figure 24. The SEM results indicated
that the initially smooth and uniform surface of the neat PLA became rougher following the aminolysis
treatment, which alters the surface properties. As the LBL deposition continued, the roughness increased
significantly due to the accumulation of multilayer assemblies made from PAA and PAMAM. Specifically,
the substrates with 5 and 8 multilayer assemblies showed much rougher surfaces compared to those with
only 4 layers. However, when comparing the samples that were layered with intermediate drying to those
without it at the same number of layers, no major differences in surface appearance were found. The
increased roughness in the multilayer assemblies with more layers is due to the buildup of aggregated
PAA/PAMAM complexes. As the LBL process continued and more layers were added, these complex
structures accumulated on the surface, resulting in a more varied and rough topography. This observation
highlights the need to consider the number of layers, as well as the surface texture and roughness of the
multilayer assemblies since these aspects can significantly influence various applications and interactions
with other substances, like dye molecules. Understanding how surface roughness changes with the number

of layers is crucial for effectively designing and improving multilayered-based materials and devices.
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5.2.2.10Antibacterial properties

Cationic polymers, such as amine-terminated PAMAM, exhibit antibacterial properties due to the presence
of numerous primary amines within their structure [1], [118]. The antibacterial effectiveness of these
positively charged polymers is largely ascribed to their interactions with negatively charged bacterial cell
membranes. Such interactions facilitate the formation of nanopores in the bacterial membrane, leading to
cellular damage, the leakage of intracellular contents, and ultimately, the death of bacterial cells [7], [120].
In this study, we evaluated the antibacterial activity of modified PLA nonwoven fabrics, which were
prepared through aminolysis followed by layer-by-layer LBL deposition. The evaluation was conducted
against common bacterial strains, specifically Escherichia coli (E. coli), a Gram-negative bacterium, and
Staphylococcus aureus (Staph), a Gram-positive bacterium. The assessment utilized the colony-forming
unit (CFU) method in conjunction with ImageJ analysis. The samples analyzed included neat PLA,
aminolyzed PLA, multilayered-PLA4 (with PAMAM as the top layer), and multilayered-PLA5S (with PAA
as the top layer). The results presented in Table 15 provide compelling evidence that PAMAM showed
significant bacteriostatic activity. This is particularly notable as there was a marked reduction in the
bacterial populations of both Escherichia coli (E. coli) (99.99%) and Staphylococcus species (Staph)
following the aminolysis process. The data indicates that the impact of PAMAM is especially pronounced
on the Gram-positive strain, suggesting a potentially greater efficacy in targeting these types of bacteria. In
addition to the initial findings, the application of PAMAM onto aminolyzed PLA through the LBL assembly
technique resulted in the formation of multilayer structures containing more amine density. These structures
included up to four and five layers, with two of those layers specifically composed of PAMAM.
Remarkably, these multilayer configurations demonstrated bactericidal activity against both E. coli and
Staph. The experimental results revealed that no bacterial growth was observed in the samples labeled as
multilayered-PLA4 and PLADS, regardless of the composition of the top layer. This finding underscores the

potential of PAMAM-modified PLA as an effective antibacterial material, especially PE multilayer
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assembly containing PAMAM, which could have significant implications for biomedical applications and

the development of surfaces that resist bacterial colonization.

Table 15. Antibacterial results of neat, aminolyzed, and multilayered PLA with 4 and 5 layers

Samples E.coli

Staph. (Cuf/ml)

E. coli Staph
Neat PLA g

1.5x108 1.5x108

Aminolysed-
PLA

5.3x10° 2.7x10°

Multilayered-
PLA with 4

layers,
PAMAM as
the top layer

Multilayered-
PLAwith 5
layers, PAA as
the top layer
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6 Conclusions

This study provides insights into (1) the aminolysis of polylactide nonwoven using amine-terminated

PAMAM dendritic polymer for pre-treatment; (2) characterization and optimization of polyelectrolyte

complex (PEC) formation in liquid-liquid phase; (3) monitoring multilayer assemblies on pre-treated PLA

in liquid-solid phase; and (4) structural confirmation and property analysis of PE multilayer, utilizing

PAMAM and poly(acrylic acid) as polyionic components.

()

)

Aminolysis reaction results showed that elevated temperatures (60°C) significantly accelerated the
process, as evidenced by weight reduction, color depth, ninhydrin, and Instron analysis. Maximum
weight loss was 1.36+0.09% for PLAL after 1 hour and 1.00+0.13% for PLA after 1.5 hours, with
the highest color depths of 1.6 and 1.5 for PLA1 and PLAZ2, respectively, indicating optimal
conditions.

Ninhydrin assay results indicated that a maximum of 6.72+1.00 and 5.36 £1.20 micro mole amine
groups were presented per gram of PLAL and PLAZ2, respectively.

Water contact angle results revealed approximately 23% increase in hydrophilicity of aminolyzed-
PLAs at the optimum condition.

FTIR-ATR analysis identified new peaks associated with N-H bending (~1650 cm™) and amide
group stretching (3100-3650 cm™), indicating successful modification of the PLA structure.

To characterize PEs in liquid-liquid phase, acid-based titration and dynamic light scattering showed
that PAMAM at pH 8.93 (Dol=55.37%) and PAA at pH 4.27 (Dol=50.44%) are partially charged
and exhibit compact and globular conformations, respectively. These conditions resulted in the
highest concentration of aggregated PECs, measured at 1668 NTU via turbidity measurement.
Stable colloidal PECs formed at PAMAM concentrations > 4x10~* g/mL, with no PEC formation
or stability at < 1x10™* g/mL. A PAMAM: PAA ratio of 7:7 (10 g/mL) yielded the highest PEC

formation, achieving a turbidity of approximately 1668 NTU.
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©)

(4)

UV-visible spectroscopy showed a reduction in the peak at 298 nm, indicating that tertiary amines
of PAMAM are involved in complex formation. This suggests that the PAA chain can penetrate
the PAMAM structure, demonstrating a host-guest behavior in the complex.

Results obtained in In liquid-solid phases, the optimal PEC concentration ratio (7:7 (10 g/mL)
also promoted significant growth of PE multilayers on PLA as confirmed by color depth analysis.

FTIR-ATR analysis confirmed the deposition of the first PAA layer with a new broad peak around
1535 cm™ associated with the symmetric vibration of ionized —-COO~ groups of PAA.

Monitoring PE multilayer deposition revealed complex adsorption-desorption behavior influenced
by intermediate drying and PEs concentration ratio.

To study of growth profile of PE multilayers, it was concluded that dried LBL contributed to the
stabilization of the PAA layer, leading to a divergent growth profile characterized by an increased
density of amine groups on the even layers. In contrast, hydrated LBL led to the converging growth
profile characterized by diminished increase in NH. density as layering process continued.

To study the PE multilayer properties, air permeability analysis showed increased film density with
up to 4 layers (hydrated LBL) and 6 layers (dried LBL). By the 8th layer, the growth rate slowed,
indicating reduced effects on air permeability and density. Dried LBL resulted in higher air
permeability due to a less compact structure.

A higher density of available amine groups did not enhance interaction with other molecules, such
as an anionic model dye, indication a threshold in the number of layers for optimal functionality.

Mechanical and antibacterial analyses showed that PE multilayers significantly improved the
substrate's mechanical performance and provided bactericidal activity, as evidenced by the absence
of bacterial growth (both gram-positive and gram-negative) on the multilayered substrate.

In conclusion, understanding the growth profile of PE multilayers and controlling their density to
optimize surface properties with accessible functional groups is essential for designing nonwoven
substrates with advanced multilayer assemblies. This is particularly important for applications such
as drug delivery and biomedical applications where microbial contamination is critical concern.
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Supplementary data section

Dynamic light scattering results of PAMAM and PAA polyelectrolyte solution at different pH media,

related to section 5.2.1, are reported as below:

PAMAM at ~pH 8
Inésnsity

I Acq W Contiruous

Ll I [ R R R I L I L TR R ] | [ R R
1 18 160 1600 10000

Distribution statistics

Di 10%: 716.84 nm Di 50%: 716.84 nm Di 90%: 716.84 nm
Mean Intensity: 675.55 nm
Solution index: 21

Peak :1 | Mode: 750.76 nm Mean: 750.76 nm Dev.: 0% Intensity.: 83.1 %
Peak :2 |Mode: 67.81 nm Mean: 66.57 nm Dev.: 473 % Intensity.: 16.9 %
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PAMAM at ~pH 4
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Diameser (nm)

Distribution statistics

Di 10%: 85.45 nm Di 50%: 716.84 nm Di 90%: 786.29 nm
Mean Intensity: 588.2 nm
Solution index: 9

Peak : 1 | Mode: 750.76 nm Mean: 740.89 nm Dev.: 5.57 % Intensity.: 76.73 %
Peak :2 |Mode: 85.45nm Mean: 86.47nm Dev.: 7.32 % Intensity.: 23.27 %
PAA ~pH 10
Intsnsity

Intensiy (a )
°
=
5

Dismeser i)

Distribution statistics

Di 10%: 112.77 nm Di 50%: 518.63 nm Di 90%: 862.47 nm
Mean Intensity: 479.86 nm
Solution index: 4

Peak :1 | Mode: 65352 nm Mean: 658.05nm Dev.: 2977 % Intensity.: 66.31 %
Peak :2 | Mode: 1237 nm Mean: 129.56 nm Dev.: 2526 % Intensity.: 33.69 %
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Di 10%: 93.73 nm
Mean Intensity: 527.35 nm
Solution index: 11

Di 50%: 623.99 nm

Peak :1 |Mode: 623.99 nm Mean: 618.61 nm Dev.: 4.25%
Peak :2 | Mode: 93.73nm Mean: 94.43nm Dev.: 5.44 %

Di 90%: 623.99 nm

Intensity.: 82.66 %
Intensity.: 17.34 %
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Supplementary data related to section 5.2.1.3, presenting the participation of formed PEC at the

concentration ratio of 1:7 (10 g/mL), by decreasing the pH of PAMAM PE solution from 8 to 3

Image 1. Precipitation of turbid colloidal PECs at pH=3 of PAMAM and pH=4 of PAA
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