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We designed and fabricated multilayer assemblies of biodegradable poly(lactic acid) (PLA) nanoparticles
based on hydrogen-bonding or electrostatic interactions. The PLA nanoparticles were prepared by
precipitation method and their surface charge was switched by modified precipitation in the presence of
poly(ethylene imine) (PEI). Moreover, gold nanoparticles were grown within the PLA nanoparticle
assemblies either through UV-irradiation or under mild reducing conditions to create biodegradable

nanocomposites with distinct optical response which allows monitoring biodegradation of the films. The
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nanocomposite coatings of PLA nanoparticles were enzymatically degraded by a-chymotrypsin. We
demonstrated that the biodegradation process can be colorimetrically monitored with UV—vis spec-
troscopy thus opening the way for facile and real-time monitoring useful for biotechnology applications.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Ultra-thin (below 100 nm) polymer films present a great
interest relevant for nanotechnology due to their useful functions
such as high flexibility, controlled permeability, conformal nano-
coating, and light transparency [1—4]. Combining ultra-thin poly-
mer films with nanoparticle fillings provide the novel hybrid
materials with important physical properties such as high strength
modulus, and optical functionalities for synergistic characteristics
from the initial constituents [5—7]. Ultra-thin functional nano-
composite films have been finding many applications in the fields
of integrated optics, pressure and chemical sensing, reinforcement,
and biosensing [8—18]. Fabrication of ultra-thin films based on
polymer colloids is promising as aqueous dispersions of pH-,
temperature-sensitive microparticles can be prepared [19]. More-
over, the polymer particles allow the higher surface areas
compared to a polymer monolayer and can be used as micro-
reactors for noble metals, semiconductors, and biominerals rele-
vant for designing materials with advanced properties [20—22].

Layer-by-layer assembly (LbL), which is one of the facile
approaches for assembling ultra-thin films, provides arrangement
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of polymers and vS200arious constituents with a precise control
over structural organization of multilayers [23]. lonic [23—27],
hydrogen-bonding [28,29] and covalent interactions [30,31] are the
main driving forces for building up conformal multilayer coatings
on chemically and geometrically diverse substrates. Importantly,
hydrogen-bonding offers fabrication of nanocoatings in biologically
and physiologically relevant pH range under mild environmental
conditions. Moreover, the hydrogen-bonded LbL assembly of films
and shells in water allows incorporating uncharged biocompatible
polymers or poorly charged functional molecules within the LbL
structures [28,32]. The LbL fabrication allows a simple control over
the total film thickness from few nanometers to several microme-
ters by increasing the number of deposited layers [33—39].

Poly(lactic acid) (PLA), a prospective component for biodegrad-
able LbL films, is biocompatible, biodegradable and can provide
mechanical strength to a thin film in the absence of degrading
conditions [40—43]. PLA and its copolymers with poly(glycolic acid)
(PLGA) have been widely used for nanoparticle synthesis for drug
delivery or controlled administration of different therapeutic agents
[44—49]. PLA particles, fibers and films have been demonstrated
relevant for biomedical field. For example, PLA nanoparticles with
avidin-modified surfaces have been reported for diagnostic and
therapeutic applications [50]. Films of PLA copolymers or compos-
ites cast from organic solvents have been used as substrates for cell
culturing [51,52]. PLA nanoparticles as a component for LbL films can
be prepared as solid or hollow nano- or micro-spheres [53—57].
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Scheme 1. Schematic representation for preparation of bare PLA (1) and cationic PLA—PEI nanoparticles (2) by precipitation of PLA polymer from acetone into aqueous solutions.

Despite the useful degradability function of PLA, concerns have
been expressed that the lack of PLA surface charges can prevent it
from being used for assembling into robust ultra-thin films with
polyelectrolytes by regular LbL assembly [58]. Nevertheless, Akashi
and co-workers demonstrated the LbL assembly of PLA polymer
and poly(L-lysine) or poly(diallyldimethylammonium chloride)
through extremely weak ion—dipole interactions [58]. Moreover, it
has been shown that solvents used for preparation of PLA nano-
particles determine the surface properties of the PLA nanoparticles
which eventually might make them suitable for LbL assembly [59].
For example, PLA nanoparticles prepared from chloroform can be
coated with polyelectrolytes such as poly(allylamine hydro-
chloride)—poly(styrene sulfonate) (PAH—PSS) layers through
membrane filtration approach [59]. After being coated with 3
bilayers of PAH/PSS, the PLA nanoparticles exhibited lower

aggregation tendency in aqueous solution due to the increased
surface hydrophylicity because of the formed coating.

Embedding gold nanoparticles into polymer matrices can be an
effective way to add unique optical properties to ultra-thin polymer
films as well as make them mechanically robust and susceptible to
heat [60—62]. In-situ nanoparticle synthesis within the multilayer
polymer films can be used to obtain gold nanoparticles in
a controlled manner due to the confined environment of the
polyelectrolyte multilayers allowing a precise control over nano-
particle shapes, morphologies and sizes. Polyelectrolyte multilayers
have been rarely reported to serve as nanoreactors for nano-
particles synthesis. For example, PSS/PAH films were shown to
generate free amino groups to attach tetrachloroaurate ions for
gold reduction after the polymer assembly was exposed to partic-
ular extreme pH conditions [63]. We have recently reported on the

Fig. 1. AFM topography (left) and phase (right) images of bare PLA (a) and cationic PLA—PEI (b) nanoparticles drop-cast from aqueous dispersions on a surface of silicon wafers.
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Fig. 2. 3D AFM views and cross-section analysis of bare PLA (a) and modified PLA—PEI (b) nanoparticles with their size histograms (c and d, respectively).

utilization of free amine groups within pH-responsive layered
hydrogels as binding sites for gold anions within the multilayer
films, otherwise difficult to realize [64].

In this study, we explored possibilities of assembling PLA
nanoparticles into ultra-thin films with biodegradable properties
via the LbL assembly. We applied the spin-assisted LbL assembly of
PLA nanoparticles on planar substrates using either hydrogen-
bonding or ionic interactions. The hydrogen-bonded PLA/poly
(vinylpyrrolidone) (PLA/PVPON) LbL assembly was studied under
various pH conditions and we found that these films can be fabri-
cated only at highly acidic conditions, i.e. at pH < 3. The cationic
PLA nanoparticles synthesized in presence of poly(ethylene imine)
(PLA—PEI) were LbL-assembled with poly(acrylic acid) (PAA) and
later cross-linked for robustness. Importantly, the produced
hydrogen-bonded assemblies of PLA/PVPON possess a unique pH-
stability in the pH range from pH 2 to pH 10. We suggest that this
stability is caused mostly by hydrophobic interactions between PLA
nanoparticles.

Moreover, fine gold nanoparticles were successfully grown
within the PLA nanoparticle coatings due to present or introduced
free amine groups. We demonstrate that the reduced gold nano-
particles can be used for optical report of changes within the
assemblies associated with enzymatically induced degradation of
the PLA nanoparticle films by a-chymotrypsin. In contrast to planar
assemblies, only PLA—PEI particles were able to form conformal
coatings through ionic interactions on particulate substrates (silica
particles), to yield free-standing hollow shells of (PLA—PEI/PAA);.
We explored amine functionalities present in the shells for the
reduction of gold nanoparticles within the shells via either UV-
initiated reduction or under mild conditions without a reducing
agent. We found that unlike the UV-based reduction, the later
method is able to produce stable gold-containing PLA nanoshells
with plasmonic properties which can be utilized for self-reporting
of biodegradation.

We suggest that ultra-thin polymer films can be useful in
bionanotechnology in applications related to functional delivery if
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Scheme 2. Schematic representation of PLA nanoparticle assemblies through
hydrogen-bonding (1) or ionic interactions (2).

biodegradable components are exploited for their fabrication. They
can respond to degrading surroundings promoting a controlled
delivery process, and wherein the release will depend on break-
down of the assembly due to biodegradability of the formed
polymer films with PLA component.

2. Experimental section
2.1. Materials

The poly-(D,L-lactic acid) (PLA My = 136,000) of injection grade
was supplied by Jamplast Inc (Ellisville, USA), PAA (My, = 90,000),
PVPON (M,, = 55,000), poly(ethylene imine) (PEI M, = 70,000, 30%
aqueous solution), mono- and dibasic sodium phosphate, 1-ethyl-
3-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC),
ethylene diamine (EDA), HAuCl, solution were purchased from
Sigma—Aldrich. Acetone and 0.1 M borate buffers (pH 10) were
received from ].T. Baker. Ultrapure water with a resistivity of
18.2 MQ cm was used (Nanopure system). Silica microspheres with
the average size of 4 microns were from Polysciences Inc. Quartz
microscope fused slides (Alfa Aesar) and single-side polished
silicon wafers of the [100] orientation (Semiconductor Processing
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Scheme 3. Chemical structures of poly(lactic acid) (PLA), poly(N-vinylpyrrolidone)
(PVPON), poly(acrylic acid) (PAA), poly(ethylene imine) (PEI).
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Fig. 3. Assembly of PVPON/PLA LbL films at various pH values (a). pH-stability of
(PVPON/PLA)g (circles) and (PVPON/PLA/PVPON/PAA)g (squares) at various pH condi-
tions (b).

Co.) were cut by typical size of 10 x 20 mm and cleaned in a piranha
solution as described elsewhere [13].

2.2. PLA nanoparticles fabrication

PLA nanoparticles were prepared using acetone as a solvent for
PLA [65]. Bare and PEl-coated PLA nanoparticles (PLA—PEI) were
prepared for this study [59]. Bare PLA nanoparticles were prepared
according to the following procedure [65]. 40 mg of PLA polymer
were first dissolved in 8 mL of acetone. The organic solution was
poured in 16 mL of de-ionized water by using a syringe under
moderate magnetic stirring. The aqueous phase immediately turned
white. The acetone, which rapidly diffused towards the aqueous
phase, was evaporated by continuous stirring during 24 h inside
a laboratory hood under reduced pressure, and the aqueous phase
became opalescent due to formation of the nanoparticles. The pol-
ycation-coated PLA nanoparticles were prepared by dissolving 40 mg
of PLA in 10 mL of acetone. The resulting organic solution was poured
in 22 mL of 2.0 mg/mL PEl aqueous solutions at pH 6.8 using a syringe
and under moderate magnetic stirring. The PLA—PEI nanoparticles
for assembly on silica particles were also prepared in the presence of
0.5 mg/mL and 0.2 mg/mL solutions of PEL

2.3. Fabrication of LbL assemblies of PLA nanoparticles

Hydrogen-bonded (PVPON/PLA)g planar assemblies were
formed by spin-assisted LbL (SA-LbL) [66,67]. Briefly, two bilayers
of PEI/PAA were deposited from 0.01 M buffer solutions with
polymer concentration of 2.0 mg/mL on silicon wafers or quartz
slides at pH 5.0 to ensure the adhesion of the following layers. Then
the (PEI/PAA), films were heated to 175 °C for 1 h in an oven for
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Fig. 4. AFM topographical images of the hydrogen-bonded (PVPON/PLA)s (a, b) and (PVPON/PLA/PVPON/PAA)g (c, d) LbL films. Z-scale is 150 nm (a, ¢) and 70 nm (b, d), after cross-

linking.

thermal cross-linking of amino groups of PEI and carboxylic groups
of PAA [68].

Hydrogen-bonded PVPON/PLA LbL films were assembled on top
of the pre-layers. The concentration of PVPON solution was 2.0 mg/
mL and its pH was adjusted with 0.1 M aqueous solution of HCIL.
Concentration of the PLA nanoparticle dispersion was 2.5 mg/mL.
The SA-LbL of PVPON and the PLA nanoparticles onto the substrates
was performed at 4000 rpm for approximately 30 s per deposition
step, starting from PVPON and followed by two rinsing steps with
0.01 M phosphate buffer at certain pH. The final configuration of
the PLA nanoparticle assembly can be presented as (PEI/PAA),/
(PVPON/PLA)g were the subscripts denote the number of deposited
bilayers (Scheme 2.1a).

After hydrogen-bonded multilayers were formed, the PLA nano-
particles were chemically cross-linked with ethylene diamine (EDA)
to introduce free amine groups within the films. For that, surface-
tethered (PEI/PAA),/(PVPON/PLA)g films were immersed into 5 mg/
mL solution of EDC at pH 5.0 for 30 min to activate the carboxylic
groups of PLA nanoparticles. After washing in phosphate buffer at pH
5, the substrate-tethered films were transferred into 5 mg/mL EDA
solution at pH 5.0 for 16 h to introduce amide linkages between EDA
molecules and the activated carboxylic groups of PLA [69].

Ionically interacted multilayers of (PEI/PLA)g were fabricated
using the procedure described above, with the (PEI/PAA), pre-
layers deposited in the same way described above (Scheme 2.2a).
The concentrations of PEI buffer solutions were 2 mg/mL with pH

adjusted to 5. The SA-LbL process was performed using the same
speed and rotation time as mentioned above. The LbL films of PEI-
coated PLA nanoparticles (PLA—PEI) were fabricated at pH 6.8 using
2 mg/mL PAA solution (Scheme 2.2b). Covalent cross-linking was
performed by exposure of the (PLA—PEI/PAA) films to carbodiimide
solution to introduce amide linkages between carboxylic groups of
PLA nanoparticles or PAA and amine groups of PEIL

Deposition of the PLA nanoparticle layers on spherical
substrates was conducted as described previously [28]. PLA nano-
particle stacks were fabricated using the centrifugation method
with the two bilayers of PEI/PAA deposited first. The concentrations
of PEI and polyacid solutions were 2 mg/mL in TRIS buffer (Sigma)
at pH 6.0. Fabrication of (PLA—PEI/PAA)4 LbL coatings followed at
pH 6 using 2 mg/mL polyacid solution. Covalent cross-linking was
performed by exposure of the (PLA—PEI/PAA)4 core-shells to car-
bodiimide solution for amide linkages between carboxylic groups
of PLA nanoparticles or polyacid and amine groups of PEI For
hollow shells, silica templates were etched away in 8% aqueous HF
solution for 8 h. The dispersion of the resultant shells was dialyzed
against de-ionized water for 2 days.

2.4. Growth of gold nanoparticles within PLA nanoparticle films
Two methods were used for reduction of gold nanoparticles

within the PLA nanoparticle coatings. In the first method, the
quartz-tethered PLA nanoparticle coatings were exposed to 10 mL
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Fig. 5. The spin-assisted LbL growth of (PLA—PEI/PAA) (circles) and (PEI/PLA) coatings
(squares) (a) and their pH-stability (b).

of 1.6 mM HAuCly solution in 0.1 M borate buffer (pH 10) for 2 h, or
to 2 mL of 5 mM HAuCly solution in 0.1 M borate buffer overnight in
case of core-shells, rinsed with borate buffer and left in buffer for
48 h in the dark [64]. After that, the quartz slides or core-shell
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solutions were rinsed with the borate buffer followed by rinsing
with de-ionized water. Finally, the coatings were dried and their
UV—visible absorbance spectra were recorded.

In the second method, UV-induced reduction was used to
produce gold-containing PLA nanoparticle coatings [63]. In this
approach, films or core-shells were subjected to HAuCl4 solutions
(5 mM) at pH 2.5 in the dark for 15 min, followed by three rinsing
steps with water. After being dried at room temperature, the planar
samples were irradiated with UV light, 365 nm, (Blak-Ray UVP,
Model B-100A), for 24 h [63]. Core-shell suspensions were directly
exposed to the UV-irradiation.

2.5. Film biodegradation

The degradation procedure is based upon biodegradation tests
adapted for polyesters [70—77]. Specifically, for biodegradation
experiments, enzymatic degradation was carried out in a 30 mL vial
by dipping the slide in 10 mL of 1.0 mg/mL a-chymotrypsin (0.1 M
NaCl in 0.1 M phosphate buffer at pH 7.5). Degradation was carried
out at 36 °C with the enzyme solution changed every 24 h and UV
spectra were recorded periodically.

2.6. Characterization

Molecular weights were determined using gel permeation
chromatography on a Waters-2414 instrument with the refractive
index detector. PLgel 5 pm Mixed-C column was pumped with
1.0 mL/min tetrahydrofuran at 30 °C.

The {-potential measurements of PLA nanoparticle dispersions
were performed on a DT 300 equipment (Dispersion Technology)
using the electroacoustic colloidal vibration current technique
(CVI). The default frequency was 3 MHz {-potential measurements
were performed in aqueous phase at pH = 6.5 and the average
values were obtained by averaging ten independent
measurements.
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Scheme 4. Fabrication of PLA nanoparticle core-shells and hollow shells: (1) Silica particles are modified with (PEI/PAA), pre-layers, (2) PLA—PEI nanoparticle layer is deposited on
the silica templates, (3) PAA layer is ionically assembled on top of PLA—PEI nanoparticle layer, (4) deposition of (PLA—PEI/PAA) multilayers, (5) cross-linking of PLA—PEI and PAA
layers, (6) impregnation of gold precursor ions within the coatings, (7) reduction of gold ions to gold nanoparticles in borate buffer at pH = 10, (8) etching silica cores to yield hollow

(PLA—PEI-Au/PAA), shells.
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Fig. 6. SEM images of silica particles after the solution-based assembly of four bilayers
of PLA nanoparticles with PVPON (a) and with PEI (b).

UV—visible spectra of the PLA SA-LbL films on quartz substrates
were recorded using a UV-2450 spectrophotometer (Shimadzu).
The dry film thickness was determined using a M-2000U spectro-
scopic ellipsometer (Woollam).

Surface morphology of the films and shells was examined using
atomic force microscopy (AFM) with a Dimension-3000 AFM
microscope (Digital Instruments) in the “light” tapping mode
according to the established procedure [78]. For film thickness
measurements, a scratch was made and height histograms were
analyzed. For preparation of a hollow capsule sample, a drop of shells
suspension was placed onto a pre-cleaned silicon wafer and dried in
air prior to AFM imaging. For shell thickness measurements, the
capsule single wall thickness was determined as half of the height of
the collapsed flat regions of dried capsules using bearing analysis
from NanoScope software to generate height histograms. The PLA or
PLA—PEI nanoparticle sizes were determined by measuring the
height of individual particles using cross-section analysis of AFM
topography images. For the particle height analysis, 40 individual
particles for each sample were measured. For average thickness
values, the flat regions of 20 microcapsules were analyzed.

Transmission electron microscopy (TEM) was performed on
a JEOL 1200EX electron microscope operated at 100 kV. To analyze
the PLA nanoparticle films and hollow shells, they were placed on
a carbon-coated gold grid (Electron Microscopy Sciences) and dried
in air before TEM analysis. For average size of the reduced gold
nanoparticles, 15 microcapsules from each sample were analyzed.

3. Results and discussion
3.1. Preparation of PLA nanoparticles

PLA nanoparticles for LbL assembly were prepared using
acetone as a solvent for PLA polymer through the nanoprecipitation
method [65]. Two types of PLA nanoparticles, bare PLA and PEI-
surrounded PLA nanoparticles (further denoted as PEI-PLA) were
prepared (Scheme 1). Acetone was removed by evaporation during
the preparation process and PLA nanoparticles were formed in the
form of colloidal dispersion in aqueous phase [59]. As known,
properties of the solvent, such as miscibility with water, diffusion
rate to the aqueous outer phase during the nanoprecipitation can
affect the properties of the produced particles such as size and
stability of the particles in dispersions [79].

Fig. 1 shows topography (left) and phase (right) AFM images, for
bare PLA and PLA—PEI nanoparticles prepared in this work (Fig. 1a
and b, respectively). As seen, the degree of aggregation for bare PLA
nanoparticles is larger as compared to that of PLA—PEI nano-
particles. The possible reason for better dispersed PLA—PEI nano-
particles after being dried on silicon wafer surfaces is the steric and
charge stabilization provided by the PEI “shell” around the nano-
particles unlike the terminal carboxylic groups present on surfaces
of bare PLA particles (Scheme 1). We suggest that despite PLA
deprotonation in de-ionized water (zeta-potential of bare PLA
nanoparticles is —40 + 1 mV at pH = 6.5) and a good stability of the
particle dispersion under these conditions, the PLA particles exhibit
poor steric stabilization when dried on surfaces and thus aggregate
under capillary forces unlike the PLA—PEI particles, which have
additional strong steric stabilization due to branched nature of PEI
[80,81].

Fig. 2 presents a cross-sectional analysis of areas with the
individual particles for two types of the PLA particles and resulting
size distributions for the PLA and PLA—PEI nanoparticles (Fig. 2).
The average size for bare PLA nanoparticles is slightly larger than
that for PLA—PEI nanoparticles, i.e. 50 + 14 nm and 45 + 5 nm,
respectively, and the size distribution is narrower for the PLA—PEI
nanoparticles. These differences can be explained by the fact that
addition of water to the PLA polymer solution in acetone during the
preparation causes solvent diffusion into the aqueous phase thus
forming local polymer super saturation. From these regions, poly-
mer drops are created which further desolvate to produce stable
solvent-free particles. The PEI in this case works as a surfactant
which hinders coalescence of the droplets thus eventually allowing
the formation of smaller PLA—PEI nanoparticles with narrower
diameter distribution [82].

3.2. Assembly of PLA nanoparticles via hydrogen-bonding

Scheme 2.1 depicts assemblies of bare PLA nanoparticles with
polymers. Bare PLA nanoparticles present a spherical entanglement
of the PLA chains with either hydroxyl or carboxylic groups exposed
to the aqueous phase (Scheme 3). The hydrogen-bonding-driven
assembly of the PLA nanoparticles with PVPON in this case can be
realized through the carbonyl moieties of PVPON and terminal
carboxylic groups which are presented at the surfaces of PLA
nanoparticles under conditions when COOH groups are protonated
(Scheme 3 and Scheme 2.1a). We found that the assembly of bare
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Fig. 7. SEM images of hollow (PLA—PEI/PAA), shells assembled from cationic PLA—PEI-0.2 mg/mL nanoparticles (a) and from PLA—PEI-2 mg/mL (b). AFM topographical (c) and
phase (d) images of (PLA—PEI-Au/PAA), shells made from PLA—PEI-0.2 mg/mL nanoparticles. Schematic representation of the (PLA—PEI/PAA), shell structures from ideally (left)
and loosely (right) assembled PLA—PEI nanoparticles. Numbers 1,2,3,4 denote a particle layer number (e).

PLA nanoparticles with PVPON was not possible at pH > 2.5 (see
film growth data in Fig. 3). Such a limitation on the PVPON/PLA
assembly can be explained by the unusually low pKj, value of PLA’s
carboxylic acid end groups (pK; ~ 3.0) compared to other
carboxylic acid groups [83].

At lower pH, the consistent growth for PVPON/PLA films has
been observed (Fig. 3a). After the first two bilayers, the overall
growth for (PVPON/PLA) was linear with the thickness of approx-
imately 13 nm per a bilayer. This value is smaller than the expected
incremental thickness with the PLA particle size of ~45 nm and
evidences for incomplete coverage of the substrate surface with the
PLA particles as in fact is confirmed by AFM (not shown). However,
after seven bilayers, the LbL films with closely packed PLA nano-
particles can be obtained (Fig. 4a and b).

When bare PLA particles were sandwiched in between (PVPON/
PAA/PVPON) layers (Scheme 2.1b), the amount of PLA nano-
particles within the film was less than that for (PVPON/PLA) films

(Fig. 4c and d). The hypothesis that the PLA particles can assemble
into stacks due to the presence of both carboxylic and hydroxyl
terminal groups on the PLA particle surfaces was tested and proven
invalid [50,59]. Even the surface priming with the first PVPON layer
deposited on top of (PEI/PAA), pre-layers for better initial adhesion
did not result in (PLA/PLA) growth confirming that PLA nano-
particles can not be assembled into stacks through hydrogen-
bonding without a polymer counterpart.

The hydrogen-bonded (PVPON/PLA) films exhibited a high pH
stability in the range from pH = 2 to pH = 10 which is unusual for
the systems assembled only through hydrogen-bonding interac-
tions (Fig. 3b, circles). We attribute such high stability of (PVPON/
PLA) films to additional hydrophobic interactions between the PLA
nanoparticles. The similar favorable effect of cooperative hydro-
phobic interactions on stability of hydrogen-bonded layers was
reported when PVPON was assembled with more hydrophobic poly
(ethacrylic acid) (PEAA) instead of poly(methacrylic acid) when the
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Fig. 8. UV—visible spectra of PLA nanoparticle-based films after gold reduction by UV-
irradiation or in borate buffer. Inset shows the UV—vis spectrum from (PLA—PEI—Au/
PAA)sg film with gold reduced in borate buffer. Optical images of the gold-containing
PLA films: (PLA—PEI/PAA)s (1), (PEI/PLA)g (2), (PVPON/PLA)s (3), (PLA—PEI/PAA)s, (4).

dissolution pH for PVPON/PEAA was almost 4 units of pH higher
than the pK; of PEAA [31]. Indeed, when PLA nanoparticles were
sandwiched between (PVPON/PAA/PVPON) layers, the reduced
interactions between PLA nanoparticles resulted in the lower pH
stability compared to the (PVPON/PLA) (Fig. 3b, squares). These
films could be dissolved at pH = 4.6 due to the increased ionization
of the poly(acrylic acid) at pH close to the pK, of PAA™4.5. This
dissolution is in good agreement with the previously reported pH
stability of PVPON/PAA films [29].

3.3. Assembly of PLA nanoparticles via ionic interactions

To extend the pH range at which the PLA nanoparticle assem-
blies can be formed, we explored the fabrication of the PLA nano-
particle films through ionic interactions. For that, bare PLA particles
were assembled with poly(ethylene imine) (PEI/PLA) and the
cationic PLA—PEI particles were stacked with PAA (PLA—PEI/PAA)
(Scheme 2.2a and b, respectively). The deposition of the bare PLA
nanoparticles was performed at pH 6.8, when the surface carbox-
ylic groups on the particles are fully ionized (pK; ~ 3).

Fig. 5a demonstrates the growth of PEI/PLA and PLA—PEI/PAA LbL
films. Both systems demonstrated linear growth under utilized
conditions with the average thickness increase of 20 nm per
a bilayer. The observed high average thickness compared to that for
the hydrogen-bonding driven assembly can be explained by the fact
that PEI has the 60% of its amines protonated at this pH value [84,85].
Thicker films are usually reported when the charge density on the
polyelectrolytes is decreased [86]. Also, PEI has a branched archi-
tecture and is known to produce thicker films compared to the linear
polyelectrolytes [87]. Clearly, the deposition through electrostatic
assembly used in this work produced thicker PLA nanoparticle

assemblies compared to the hydrogen-bonded PLA nanoparticle
films. However, the deposition pH window is narrower for the
hydrogen-bonded PLA/PVPON films limiting its fabrication range.
AFM imaging of (PEI/PLA)g LbL films revealed the presence of
aggregated PLA nanoparticles smoothered by the presence of linear
counterpart. The micro roughness measured from 1 pm? areas was
43 + 3 nm. This micro roughness value is much higher than those
usually observed for linear polyelectrolytes (0.5—3 nm) and for LbL
films with embedded nanoparticles (5—10 nm) [88]. The higher
roughness of the films can be caused by the fact that solvent is quickly
removed in the SA-LbL assembly and the shear forces result in easy
agglomeration of the PLA particles due to their low steric stabiliza-
tion as discussed above. In contrast, when cationic PLA—PEI nano-
particles were employed for the assembly with PAA, the (PLA—PEI/
PAA) films were much smoother with the average roughness of
7 + 2 nm. Clearly, the positively charged “shell” of branched PEI
prevented PLA—PEI particles from agglomerating during the SA-LbL
deposition due to mutual repulsions of the PEI “shells”.
As-prepared, both systems, PEI/PLA and PLA—PEI/PAA, were
stable in the tested pH range from 4.5 to 7.5 and did not dissolve
(Fig. 5b). However, to render the films stable at extreme pH values,
i.e. 3 > pH > 9, when ionization degree of PEI polycations or PAA
can change and lead to film destruction, carbodiimide-assisted
covalent cross-linking of the films was performed. The exposure of
non-cross-linked (PLA—PEI/PAA)g films to pH = 10 resulted in their
80% mass-loss confirmed by ellipsometry measurements due to
pH-induced disassembly which was not observed after the cross-
linking of (PLA—PEI/PAA)s films was performed. Thus, after the
cross-linking and introduction of amide linkages between amino
groups of the PEI and terminal carboxylic groups of PLA or between
the PEI “shell” and PAA, the films stability at basic pH was ensured.

3.4. Assembly of PLA nanoparticle films on silica particles

To understand if the PLA assemblies can be easily applied to
various geometrical substrates, we used spherical silica particles as
a template material (Scheme 4, steps 1—4). One of the advantages of
this approach is that formation of the free-standing coatings as
hollow shells can be realized and their properties can be studied
regardless of surface effects (Scheme 4, step 8). We found that
direct deposition of PVPON/PLA or PEI/PLA stacks on silica surfaces
was inhibited (Fig. 6). Taking into account that in these cases the
deposition is performed under vigorous shaking, we attribute this
inhibition to low mechanical robustness of the (PVPON/PLA) or
(PEI/PLA) films. This assumption is also confirmed by the fact that
conformal and mechanically robust (PVPON/PLA) or (PEI/PLA)
stacks could not be formed even on silica particles pre-modified
with (PEI/PAA), layers to enhance the adsorption of the following
stacks to silica surfaces.

In contrast, tight and self-supporting shells of (PLA—PEI/PAA),4
could be successfully produced after core etching when the cationic
PLA nanoparticles were utilized (Fig. 7). We found that the cationic
PLA particles synthesized in the presence of 0.2 mg/mL PEI
(PLA—PEI-0.2 mg/mL) produce raspberry-like shells unlike those
made of (PLA—PEI-2 mg/mL) used for substrate-tethered (PLA—PEI/
PAA) coatings (Fig. 7a and b, respectively). We suggest that in the
case of (PLA—PEI-2 mg/mL), high concentration of the PEI polymer
surfactant results in less PLA nanoparticles adsorbed on the silica
surfaces due to preferential interaction between the PEI free poly-
mer chains and PAA. Thus, the 10-fold decrease in the concentration
of the PEI polymer surfactant leads to less PEI in solution and much
more (PLA—PEI-0.2 mg/mL) particles accessible for assembly.

AFM height analysis on flat regions of (PLA—PEI/PAA), shells
dried on silicon wafers revealed a single wall thickness of
85 + 9 nm. Taking into account the average size of PLA—PEI
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Fig. 9. TEM images of (PLA—PEI—Au/PAA), hollow shells after gold reduction in borate buffer. Hollow shells were assembled from cationic PLA—PEI-0.5 mg/mL (a, b) and from
PLA—PEI-0.2 mg/mL (c, d) nanoparticles. Histograms of gold nanoparticle size distribution in (PLA—PEI-0.2 mg/mL)/PAA (1) and in (PLA—PEI-0.5 mg/mL)/PAA (2) systems (e). EDX

spectrograph of hollow (PLA—PEI-0.2 mg/mL-Au/PAA), shells (f).

nanoparticle being 45 nm and a thickness of the (PEI/PAA), pre-
layer of 6 &= 2 nm, it is clear that produced nanoshells possess
a loosely packed nanoparticle structure as schematically shown in
Fig. 7. The loosely packed structure shown on the right is adopted,
presumably due to the voids between the adsorbed PLA—PEI
nanoparticles which are, in turn, formed because of the stabilizing
PEI “shell” around the cationic PLA particles preventing them from
close arrangements.

3.5. Gold nanoparticles growth inside the PLA nanoparticle coatings

To produce thin films capable of an optical report of film
degradation, we pursued gold reduction in the PLA nanoparticle
films. In our recent work, we have demonstrated that gold nano-
particles can be grown within hydrogel LbL films by reduction of

[AuCly]~ ions bound to free amine groups present in the polymer
matrix due to ethylene diamine crosslinker [64]. Therefore, gold
nanoparticles were grown within the PLA nanoparticle films by
reducing [AuCly]~ ions which were allowed to penetrate inside the
films and form ionic pairs with protonated amine groups. After
non-interacted tetrachloroaurate ions were rinsed away by the
buffer solution, gold reduction was performed by two methods, i.e.
either using UV-irradiation or under mild reducing conditions of
borate buffer at pH 10 (see Experimental; Scheme 4, steps 5—7)
[63,64].

Fig. 8 demonstrates UV—visible spectra of the PLA nanoparticle
films after gold reduction. Fig. 8-1 and 8-2 shows optical images of
the 8-bilayer (PLA—PEI/PAA) and (PEI/PAA) films after gold reduc-
tion upon UV-irradiation. The amount of gold nanoparticles
decreased from (PLA—PEI/PAA)g to (PEI/PLA)g systems. All studied
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systems exhibit a distinctive band at™550 nm which corresponds to
surface plasmon resonance from gold nanoparticles [89]. The
higher intensity of the gold peak in (PLA—PEI/PAA)s suggests higher
content of gold nanoparticles within these layers. This can be
explained by higher concentration of amine groups in the PEI
“shell” around the PLA particles presumably due to larger surface
area of PLA—PEI compared to that of a PLA nanoparticle layer
exposed to PEI during the assembly (spectra in Fig. 8).

The (PVPON/PLA)g system was also studied for its ability to
reduce gold. To achieve that, free amine groups were introduced
into the film using ethylene diamine molecules [64]. For that,
terminal carboxylic groups on PLA particles within the film were
activated with carbodiimide and reacted with ethylene diamine
|64]. The absorbance peak appears at 538 nm for the (PVPON/PLA)g
modified with EDA (Fig. 8, spectrum and Fig. 8-3). However, the
observed SPR peak from gold for (PVPON/PLA) film had a lower
intensity compared to that of ionic PLA nanoparticle assemblies
suggesting much lower amount of available amine groups in the
modified (PLA—Au/PVPON) film.

The presence of gold nanoparticles after reduction in borate
buffer at pH = 10 was also confirmed by the emerging SPR band in
the UV—visible spectrum (Fig. 8, inset). The lower concentration of
gold nanoparticles can be seen from comparison of light absorption
levels for (PLA—PEI/PAA)s films reduced via the UV-irradiation and
in the borate buffer. Such a decrease can be due to high pH
conditions of the borate buffer method where the amount of
available protonated amine groups in PEI is significantly reduced
(pK, values for primary amines of PEI is 9.5 respectively) [84]
(Fig. 8-1 and 8-4, respectively). The UV-assisted gold reduction,
however, resulted in dramatic agglomeration of the treated shells
which were mostly damaged and impossible to re-disperse after
the UV treatment. In contrast, the (PLA—PEI-0.2 mg/mL/PAA)4
shells kept their raspberry-like surface morphology after gold
nanoparticles were reduced within the shells in borate buffer
(Fig. 7¢) Importantly, the shell integrity was preserved after such
treatment (Fig. 7d).

The dimensions of gold nanoparticles can be estimated from the
absorption peak position [90]. It has been reported that the increase
of the nanoparticle size results in a red-shift, and the broader size
distribution should result in peak broadening [89]. The spectra
were analyzed by using Lorenzian fitting to obtain the peak posi-
tion. The estimation of the average gold particle size reduced
within the planar assemblies by the peak position and its half-
width using the data for spherical gold nanoparticles reported
previously gave diameter below 40 nm [89—92]. This estimation is
consistent with the data from TEM analysis of the gold nano-
particles within the (PLA—PEI—Au/PAA), shells. Fig. 9 shows TEM
analysis of the (PLA—PEI—Au/PAA); hollow capsules with clear
evidence of the reduced gold nanoparticles within the coatings.
Gold reduction in both systems either formed from PLA—PEI-
0.2 mg/mL or from PLA—PEI-0.5 mg/mL nanoparticles, resulted in
fine gold nanoparticles of a similar size (743 nm and 6 + 3 nm,
respectively, Fig. 9e). The EDX spectrograph additionally confirms
the presence of gold nanoparticles (Fig. 9f).

3.6. Enzymatic degradation of the PLA nanoparticle coatings and its
colorimetric report

Recently, LBL shells with gold nanoparticles deposited inside the
film were demonstrated to deliver microcapsule inner contents
upon the temperature change of gold nanoparticles on resonance
with an excitation source [91—93]. In this work we studied enzy-
matic degradation of the PLA nanoparticle assemblies in the pres-
ence of a-chymotrypsin and utilized reduced gold nanoparticles as
optical reporters for the biodegradation process. As known,
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Fig. 10. UV—visible spectra of the (PLA—PEI-Au/PAA)s quartz-tethered film after its
exposure to o-chymotrypsin solution at pH = 7.5 (36 °C) for various times. Inset shows
optical images of the (PLA—PEI—Au/PAA)s film after 0 (a) and 136 (c) hours of exposure
to the enzymatic solution.

a-chymotrypsin is the most suitable serine protease enzyme that
hydrolyzes PLA [77]. Besides, a-chymotrypsin was chosen because
of its activity in the human stomach, and its ability to degrade
composite PLA assemblies is important for potential biomedical
applications.

Fig. 10 shows the UV—visible spectrum from the (PLA—PEI-Au/
PAA)s film before its exposure to a-chymotrypsin solution (Fig. 10a).
The SPR signal from gold nanoparticles within the PLA nanoparticle
assemblies observed at around 550 nm can be utilized to monitor
the biodegradation process. The (PLA—PEI—Au/PAA)g films exposed
to acidic and basic aqueous solutions without enzyme did not show
any changes in the SPR peak intensity. The diminished SPR intensity
from the film was observed after the film exposure to the buffer
solution in the presence of a-chymotrypsin at 36 °C (pH = 7.5) for
20 or 136 h thus showing high sensitivity of the optical approach to
report film degradation (Fig. 10b, c). As suggested, the degradation
of the PLA assembly is achieved by disruption of the amide linkages
between PEI and PAA components of the assembly as well as
breakage of the ester bonds in the PLA nanoparticles by a-chymo-
trypsin via surface erosion mechanism [94]. The relatively slow
kinetics of tens of hours might be due to the slow diffusion of
a~chymotrypsin limited by strong interactions between the adja-
cent layers inside the film or due to possible inhibitory effects of PEI
towards the enzyme [77]. We suggest that the decoration of PLA
nanoparticles with fine gold nanoparticles is critical for observation
of dramatic changes in film optical properties observed in the
course of PLA nanoparticles biodegradation. Considering the
sensitivity and easy monitoring routine of this approach in
comparison to conventional mass-loss testing, we believe that the
self-reporting design proposed here can be readily employed for
real-time colorimetric report of biodegradation processes within
ultra-thin polymer films.

4. Conclusions

We demonstrated the assembly of biodegradable PLA nano-
particles into robust thin multilayer films followed by their opti-
cally monitored biodegradation. The PLA nanoparticles of
50 + 20 nm were prepared from high molecular weight PLA by
controlled precipitation from acetone and integrated into the
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ultra-thin films using tailored hydrogen-bonding ability or ionic
interactions. Narrower PLA nanoparticle size distribution can be
obtained by co-precipitation of PLA with PEI, which results in the
stable cationic nanoparticles thus facilitating the ionically-driven
assembly with poly(acrylic acid). On the other hand, hydrogen-
bonded assemblies of PVPON/PLA pairs possess a unique pH-
stability in the broad pH range from pH = 2 to pH = 10, possibly,
due to additional hydrophobic interactions between PLA particles
and limited steric stabilization at the particle surfaces. In contrast to
planar assemblies, only PLA—PEI particles were possible to
assemble into conformal coatings through ionic interactions on
silica particles to yield free-standing hollow shells of (PLA—PEI/
PAA),.

Finally, to design a facile optical reporting tool for biodegrada-
tion processes, gold nanoparticles were successfully grown within
the PLA nanoparticle-based films due to the present amine groups.
These in-situ grown gold nanoparticles can be utilized as optical
nano-reporters for colorimetric monitoring of biodegradation
process within the thin films in the presence of a-chymotrypsin
with high sensitivity. We suggest that these nanocomposite and
ultra-thin PLA nanoparticle layered films can find use in bionano-
technology and biomedical applications which require simple,
facile, and real-time monitoring of biodegradation processes.
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