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Introduction

Antimicrobial ‘inks’ for 3D printing: block
copolymer-silver nanoparticle composites
synthesised using supercritical CO,

Ryan R. Larder, €22 Eduards Krumins,®® Philippa L. Jacob,? Kristoffer Kortsen,?

Robert Cavanagh,® Long Jiang, @ € Claudia Vuotto,® lolanda Francolini,®
Christopher Tuck, ©® Vincenzo Taresco ) *@ and Steven M. Howdle & *@

Silver nanoparticles (AgNP) are widely exploited for their effective antimicrobial activity against a range of
pathogens. Their high efficacy in this regard has seen the global demand for AgNP in consumer products
steadily increase in recent years, necessitating research into novel low environmental impact synthesis
approaches. Here we present a new synthetic methodology to produce polymer-AgNP composite micro-
particles using supercritical carbon dioxide (scCO,) and avoiding use of any petrochemically derived sol-
vents. Poly(methyl methacrylate)-poly(4-vinylpyridine) (PMMA-b-P4VP) block copolymers were syn-
thesised via RAFT-mediated dispersion polymerisation in scCO,, with in situ thermal degradation of
various amounts of a CO,-soluble silver complex. Selective interaction of the silver with the pyridinyl moi-
eties of the block copolymer allowed the formation of AgNP, dispersed within the block copolymer
microparticles, leading to homogeneous composites. The by-products of the reaction were also removed
by extracting with a flow of CO, to yield a clean dry product in a single process. The composites were
found to be non-cytotoxic and proved to have good antimicrobial activity against two bacterial strains.
Though no significant activity was seen for at least the first 24 hours, inhibition of bacterial growth after-
wards proved to be extremely persistent, with inhibition observed even after 15 days. Finally, the micropar-
ticulate nature of the synthesised composites was exploited and tested for compatibility in the Laser
Sintering (LS) 3D printing process. Composite microparticles were fused to produce solid objects, without
aggregation of the AgNP. With further optimisation, these composites could prove to be an incredibly ver-
satile ‘ink’ that may be used within additive manufacturing and 3D printing to rapidly produce bespoke
medical devices with inherent antimicrobial activity.

surface area to volume ratio and unique mechanisms of
action, AgNP have proven to have remarkable antimicrobial

Silver nanoparticles (AgNP) have been the focus of much
research over the past few decades, owing to their unique
optical, electrical and biological properties.”” This has allowed
their application in sensing,’ catalysis,* electronics® and, prob-
ably most notably, in antimicrobial materials.® Due to the high
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activity against a range of pathogens, including SARS-CoVv-2.”®
It is this particular property that has led to AgNP now being
found in a growing range of consumer goods such as cos-
metics, cleaning sprays, textiles and dentistry products.’
Consequently, production of AgNP is projected to grow signifi-
cantly in the coming years and new green synthetic method-
ologies will be required to limit the environmental impact of
their increased manufacture."’

Some of the more common methods to fabricate AgNP
include chemical synthesis by reduction of dissolved silver
ions to elemental nanoparticles, or physical methods such as
laser ablation of bulk silver.'* However, these methods gener-
ally require the use of non-renewable and toxic chemicals or
excessive amounts of energy, carrying with them high environ-
mental costs. Many recent publications outline more sustain-
able methods to synthesise AgNP such as using bio-sourced

This journal is © The Royal Society of Chemistry 2022
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molecules to reduce silver or the use of supercritical fluid sol-
vents. These methods have been reviewed extensively and can
be found elsewhere.'>*°

Another important consideration for the manufacture of
AgNP is their stability and storage. Aqueous dispersions of
AgNP with polymeric stabilisers can be prone to aggregation or
oxidation if handled incorrectly."”'® For increased stability
and to allow their functionality to be utilised for end appli-
cations, AgNP are often deposited onto the surface of sub-
strates. Ideally, the synthesis of AgNP and deposition onto sub-
strates should be combined into a single process to negate the
complications in storing and transporting neat AgNP, as well
as eliminating costly additional synthetic steps.

Previously, we have demonstrated that this can be achieved
with low environmental impact using supercritical CO,
(scCO,)."**° Certain silver complexes can be dissolved in
scCO,, deposited in the outer layers of polymeric substrates
such as polyamide or polycarbonate and then reduced to yield
AgNP decorating the surface of the substrate.”™** A similar
methodology has also been applied to decorate the surface of
poly(methyl methacrylate) (PMMA) microparticles with
AgNP.>?

Despite the advantages of this approach to manufacturing
AgNP-based materials, there are still some limitations.
Foremost being that the desired AgNP substrate must be syn-
thesised first in a separate process and with small enough
dimensions that it is able to fit into the high-pressure vessel
for processing. Furthermore, this scCO, deposition approach,
like many other methodologies, only serves to deposit AGNP on
the outer layers of substrates. In applications where AgNP are
released to combat the spread of microorganisms, these AgNP
are often released in a short burst and the overall anti-
microbial effect might only be short lived.

In this paper we propose a new and facile approach to
produce polymeric-AgNP composite microparticles that tackle
these shortcomings. We have recently shown that scCO, is an
effective medium to produce nanostructured block copolymer
microparticles, using reversible addition-fragmentation chain
transfer (RAFT) mediated dispersion polymerisation, with
minimal environmental impact.**>® Here, we perform this
controlled polymerisation concurrently with the thermal
degradation of a scCO,-soluble silver complex to produce
AgNP, deposited homogeneously throughout the polymeric
substrate. The synthesised block copolymer consists of a
PMMA and poly(4-vinylpyridine) (P4VP) block. This particular
block copolymer has already been successfully used as a struc-
tural template for the fabrication of polymer-inorganic compo-
sites, owing to the selective coordinative bonding ability of the
pyridinyl nitrogen.>”?® In this approach, the 4VP monomer is
combined in scCO, with the dissolved silver precursor to allow
incorporation of AgNP throughout the formed block copoly-
mer microparticles. The resulting polymer-AgNP composite
powders were tested for their biocompatibility and anti-
microbial activity over an extended time-period.

Moreover, as a microparticulate powder, the composites
also lend themselves well for use in additive manufacturing
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techniques such as Laser Sintering (LS), where polymeric
materials can be fused to create arbitrary 3D objects.*®
Recently, LS has been used to produce antimicrobial polymeric
objects through the mixing of commercially available polymers
with bulk antimicrobial glasses.’® Direct printing of a single
composite ink that possesses the broad biocidal properties of
AgNP would greatly broaden the scope of this manufacturing
approach. As such, the PMMA-b-PAVP-AgNP composite was
also trialled for use as a potential ‘ink’ in the LS process to
produce solid objects. The morphology of the objects was ana-
lysed to determine the distribution of AgNP in the final
construction.

Overall, the production of AgNP-based components can be
realised in a simple process and with low environmental cost.
The synthesis approach offers a facile way to produce stable
AgNP-based materials from basic chemical feedstocks without
the need for any toxic or non-renewable solvents. The anti-
microbial materials can then be used in additive manufactur-
ing to create custom designed objects on demand to suit the
needs of the desired application.

Experimental

Materials

Methyl methacrylate (MMA, ProSciTech, 99%) and 4-vinylpyri-
dine (4VP, Acros Organics, 95%) were purified by eluting
through a basic alumina column to remove inhibitor. 2,2"-
Azobis(2-methylpropionitrile) (AIBN, Sigma Aldrich, 98%) was
purified by recrystallisation from methanol. (1,5-
Cyclooctadiene)(hexafluoroacetylacetonato)silver(i)  (Ag(hfac)
(COD), Sigma Aldrich, 99%), dry CO, (BOC, SFC grade,
99.99%), 2-(Dodecylthiocarbonothioylthio)-2-methylpropionic
acid (DDMAT, Sigma Aldrich, 98%) and poly(dimethylsiloxane)
monomethyl methacrylate (PDMS-MA, Fluorochem, M,, ~10 kg
mol™") were all used as received.

Synthesis of PMMA-b-P4VP-AgNP composite

Block Copolymer composites were synthesised using a two-pot
seeded dispersion method in an in-house built scCO, auto-
clave (Scheme 1), similar to methods reported in previous
publications.”®?" Firstly, a 50 kg mol™" PMMA macro-RAFT
agent was synthesised. MMA (10 g, 99.9 mmol), AIBN
(16.4 mg, 0.10 mmol), DDMAT (72.8 mg, 0.20 mmol) and
PDMS-MA polymeric stabiliser (0.5 g, My, ~ 10 kg mol™") were
mixed in a sealed vial and degassed by purging with argon for
30 minutes. Meanwhile, a 60 mL autoclave was degassed by
flushing with CO, at 1-2 bar for 30 minutes. The monomer
solution was added to the autoclave via syringe against a posi-
tive pressure of CO, to prevent the ingress of air. The autoclave
was then sealed, pressurised to 50 bar and heated to 65 °C
before further addition of CO, to the reaction pressure of 241
bar. After stirring at 300 rpm for 24 hours, the reaction was
cooled to room temperature, slowly vented and the PMMA
product collected as a white, fine free-flowing powder.
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24 hrs

Scheme 1 Reaction scheme for the synthesis of a PMMA-b-P4VP block copolymer composite with AgNP, via a two-pot dispersion reaction in

scCO..

In the second reaction stage, the PMMA macro-RAFT agent
(7.5 ), additional PDMS-MA (0.125 g) and variable amounts of
Ag(hfac)(COD) were loaded into the 60 mL autoclave and
degassed by flushing with CO, at 1-2 bar for 30 minutes. The
autoclave was then sealed, heated to 65 °C and pressurised to
241 bar, following the standard operating procedure. After stir-
ring at 300 rpm for ~1 hour, a degassed solution of 4VP (2.5 g,
23.8 mmol) with AIBN (6.25 mg, 0.04 mmol) was added to the
autoclave via a HPLC pump at a rate of 0.5 mL min~". After
24 hours the autoclave was cooled to 50 °C and the CO, inlet
and outlet taps were opened slowly and simultaneously. A
moderate flow of CO, was allowed to pass through the auto-
clave for 30 minutes, keeping the vessel pressure between
approximately 138-201 bar, to remove any scCO, soluble impu-
rities. After the CO, extraction, both inlet and outlet taps were
closed simultaneously, and the autoclave was cooled to room
temperature before slowly venting to atmospheric pressure.
The PMMA-b-PA4VP-AgNP composite product was collected as a
light brown, dry free-flowing powder.

Cell culture

Caco-2 human adenocarcinomic colon epithelial cells were
obtained from the American Type Culture Collection (ATCC;
Manassas, Virginia) and used at passages 35-40. Caco-2 cells
were cultured in Dulbecco’s modified Eagle’s medium
(DMEM; Sigma-Aldrich) supplemented with 10% (v/v) fetal
bovine serum (FBS; Sigma-Aldrich) and 2 mM r-glutamine
(Sigma-Aldrich), and at 37 °C with 5% CO,.

Cytotoxicity measurements

The biocompatibility of PMMA-b-P4VP-AgNP composites was
assessed by cytotoxicity tests on Caco-2 human intestinal epi-
thelial cells. The Caco-2 cell line is a well-established model of
the small intestine and was used to predicted potential toxicity
of the materials following oral exposure. In vitro cytotoxicity
assays were performed according to the protocol described in
the ISO 10993-5 guide.>* Cells were seeded in a 12-well plate
(Corning) at a density of 1.2 x 10° cells per well in 1 mL DMEM
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with 10 vol% FBS. Cells were cultured for 24 hours before
exposure to 1 mg of the selected PMMA-H-PAVP-AgNP compo-
site suspended directly in 1 mL culture media per well for
48 hours. Metabolic activity was determined by exposure to
PrestoBlue (Thermo Fisher Scientific) and cell membrane
damage was assessed by a lactate dehydrogenase (LDH) release
assay (Sigma-Aldrich, TOX7 kit). Triton X-100 (Sigma-Aldrich)
applied at a concentration of 1 vol% was used as a positive
control for cell death. Cells were exposed to no additional
reagents for the negative control.

After exposure to the composite samples, 50 pL of super-
natant was collected per well for LDH content analysis. Cells
were then washed twice with phosphate-buffered saline (PBS)
before adding 100 pL PrestoBlue reagent solution (10 vol% in
phenol red free DMEM) per well for 60 min. The resulting fluo-
rescence was measured at 560/600 nm (Aex/Aem) ON a Tecan
Spark M10 multimode plate reader. Relative metabolic activity
was calculated by setting measurements from the negative
control as 100% activity and measurements from the positive
control as 0% activity. LDH detection was performed according
to the manufacturer’s instructions, with 100 pL LDH reagent
added to the collected supernatants before incubating in
absence of light at room temperature for 25 min. Absorbance
at 492 nm was then recorded. Relative LDH release was calcu-
lated with the negative control’s absorbance taken as 0% and
the positive control’s taken as 100%, as it was assumed this
caused total cell lysis.

Antimicrobial tests

Antimicrobial activity of the composites was determined by
exposing bacteria to the aqueous suspensions of the dispersed
samples. Samples were prepared as suspensions in sterile
water at a concentration of 10 mg mL™". Samples (10 pL) of the
supernatants were withdrawn from the suspensions at various
timepoints. The supernatants were placed on Muller Hinton
agar plates previously seeded with either Staphylococcus aureus
(10850) or Staphylococcus epidermidis (ATCC 35984). Bacteria
were seeded at an optical density of 0.05. Plates were incubated

This journal is © The Royal Society of Chemistry 2022
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at 37 °C for 18 hours and the activity of the samples was deter-
mined by measuring the size of the bacterial inhibition halo of
each sample drop.

AgNP release studies

The release of AgNP from the polymer composite was tested in
aqueous solutions. Samples of the PMMA-h-P4VP-AgNP com-
posite (25 mg) were dispersed in distilled water (5 mL) or
4.7 pH buffer (5 mL, 0.1 M, acetic acid/sodium acetate) solu-
tions. Small amounts (100 pL) of the mixture were removed at
the desired timepoints and passed through a membrane filter
(Millex, 0.45 pm) to remove any large polymer microparticles.

Laser Sintering of PMMA-b-P4VP-AgNP

Composite powders were printed into solid objects using an
EOS Formiga P100 system equipped with a CO, laser (1 =
10.6 pm, spot size 200 pm). Thin square sections (20 X
20%0.5 mm) designed in Materialise Magics were printed. The
PMMA-h-PAVP-AgNP powder was prepared by sieving through
a 200 pm mesh filter and dried at 100 °C for one hour. The
composite powder was then loaded onto the build platform
and processed into thin sections using a bed temperature of
90 °C, hatching speed of 2500 mm s~*, hatching distance of
0.25 mm, hatching laser power of 19 W and contour laser
power of 19 W.

Characterisation

Nuclear magnetic resonance (*H NMR) spectra were obtained
using a Bruker AV-IIT 400 MHz spectrometer with samples dis-
solved in CDCl;. Data was analysed using MestReNova
software.

Gel permeation chromatography (GPC) was used to
measure the molecular weight and dispersity of the PMMA
macro-RAFT agents. An Agilent 1260 infinity SEC system was
used with a Wyatt Optilab dRI detector. The mobile phase was
a solvent mixture of chloroform and ethanol (9 : 1) with triethyl
amine stabiliser (1% v/v). Samples were injected at a flow rate
of 0.5 mL min~" and passed through a guard column followed
by two separation columns (2x Agilent PLgel 5 pm mixed C).
The system was calibrated using PMMA narrow standards (M,
range: 0.5-2000 kg mol ™).

Differential scanning calorimetry (DSC) was performed
using a TA Instruments Q2000 DSC. 10 mg samples were
heated to 200 °C (10 °C min~" ramp), cooled to —100 °C then
reheated to 200 °C. Data was collected during the second
heating run. T, values were determined using TA universal
analysis software.

Thermal gravimetric analysis (TGA) was performed using a
TA Instruments Q500 TGA with platinum crucibles over a
temperature range of 30 to 700 °C (10 °C min~" ramp) in air.

Scanning electron microscopy (SEM) was used to character-
ise the microstructure of composites as well as map their
elemental composition. Samples were imaged using a JEOL
6490LV SEM equipped with an Oxford Instruments XMax
100TLE detector to simultaneously capture energy dispersive
X-ray spectroscopy (EDXS) data. The average particle diameters

This journal is © The Royal Society of Chemistry 2022
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reported from SEM are a mean average of 100 measured par-
ticles (Image] processing software). Elemental maps were pro-
duced using an Aztec software package.

Transmission electron microscopy (TEM) images were cap-
tured using a JEOL 2100 + TEM at an accelerating voltage of 80
kv. Samples were prepared by embedding in an epoxy resin
(Agar 100) at 50 °C for 48 hours before being cut into 100 nm
thick sections using an RMC Powertome microtome equipped
with a Diatome diamond knife.

UV/vis spectra for the PMMA-H-PAVP-AgNP composites were
obtained by dissolving the composites in dichloromethane at
a concentration of 3 mg mL™". Solutions were then analysed
using a PerkinElmer Lambda 25 UV/vis spectrometer, scan-
ning in the range of 250-600 nm.

Dynamic light scattering (DLS) was used to determine the
size of the formed AgNP. A Zetasizer nano spectrometer
(Malvern Instruments Ltd) equipped with a 633 nm laser at a
fixed angle of 173° was used. Samples were equilibrated at
25 °C for 20 seconds prior to measuring. All measurements
were an average of a total of 15 scans. The polydispersity index
(PDI) was calculated as the square of the standard deviation
divided by mean particle diameter for the relevant peaks.

Time-of-flight secondary ion mass spectrometry (ToF-SIMS)
depth profile data were obtained using a ToF-SIMS IV instru-
ment (ION-TOF GmbH, Miinster, Germany). The measure-
ments were performed in non-interlaced mode with 1 frame of
analysis followed by 1 frame of sputter. The primary ion beam
used for analysis was a bismuth liquid metal ion gun (Bi;")
operated at 25 keV (pulsed target current of around 1 pA) and
an argon gas cluster (Ary70', 10 keV) was used as the sputter
source for depth profiling. Sputtering was performed over an
area of 500 pm x 500 pm, with the central 200 pm X 200 pm
area analysed at a 256 x 256 pixel resolution. Positive ion data
were collected and the profiling data were analysed using
SurfaceLab 7 software (IONTOF GmbH).

Results and discussion
Synthesis of PMMA-b-P4VP-AgNP composites

PMMA-b-P4VP block copolymers were synthesised in scCO,
using a two-pot redispersion method (Scheme 1), that has
been utilised in previous studies.®® The method uses a CO,-
soluble PDMS-MA polymeric stabiliser. This is well-known to
facilitate the formation of block copolymer particles in scCO,,
yielding particle sizes around 1-3 pm when applied at a con-
centration of 5 wt% with respect to monomer mass.>* The
second stage of the polymerisation, whereby P4VP was
polymerised using a PMMA microparticulate macro-RAFT
agent, was performed while simultaneously forming AgNP in
scCO, by thermal degradation of an inorganic precursor. Ag
(hfac)(COD) was selected as the AgNP precursor material
because of its solubility in scCO, and thermal degradation at
the temperature used to perform the concurrent
polymerisation.**** A two-pot approach to the formation of
the composites was chosen purely due to practical limitation

Polym. Chem., 2022,13, 3768-3779 | 3771
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in the high-pressure reaction system. In order to perform this
reaction in a single pot, the Ag(hfac)(COD) would need to be
added by a high-pressure solid addition device after polymeris-
ation of the PMMA is complete. Such reactors have already
been designed, and hence our synthesis may easily be further
modified into a one-pot process if desired.>*

All PMMA-b-P4VP copolymers were synthesised with a
target molecular weight of 67 kg mol™" and a target weight
fraction of 25% P4VP. The quantity of AgNP precursor was
varied between 62.5 to 250 mg per 10 g of total polymeric
material to yield three composites. When concluding the reac-
tions, the high-pressure mixtures were washed under a flow of
CO, for 30 minutes prior to cooling and venting the autoclave.
This additional extraction process was performed to remove
any scCO,-souble components, such as unreacted monomer or
displaced ligands. These materials could in principle be col-
lected and recycled. The final cleaned composites were
obtained as brown coloured fine powders. The colour is typical
for the formation of AgNP, owing to surface plasmon reso-
nances.>® The composition and purity of the materials was
assessed by "H NMR (Fig. S1t), with relevant data summarised
in Table 1.

The "H NMR spectra indicated the successful formation of
a PMMA-)-PAVP copolymer in all the reactions. Moreover, the
successful extraction of the reaction impurities and by-pro-
ducts was confirmed by an absence of any peaks in the region
of 4.0-6.0 ppm. This relates to protons in any unreacted 4VP or
MMA monomers, as well as the displaced cyclooctadiene and
hexafluoroacetylacetone ligands. The spectra suggested these
compounds were not present in the resulting composites at
any significant concentration detectable by "H NMR. The con-
version of 4VP to P4VP in the second polymerisation step
could not be calculated as the unreacted monomer was
removed during the CO, extraction step prior to analysis.

Molecular weight of the block copolymers was determined
by a combination of GPC and "H NMR. Molecular weight of
the PMMA macro-RAFT agents was determined by GPC ana-
lysis calibrated against PMMA narrow standards, with calcu-
lated M,, values close to the target value of 50 kg mol™" in all
case (Table 1). Low D were also demonstrated (<1.25). Due to
the presence of AgNP in the final block copolymers, samples
could not be analysed using GPC as it was feared damage may
be caused to the chromatography column. Attempts to separ-
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ate the out the AgNP by centrifugation and syringe filtration
prove unsuccessful. Instead, molecular weights were deter-
mined by comparing the characteristic "H NMR peak integrals
for each polymer block to calculate the weight fraction of PAVP
in the copolymer (Wp4yp). Molecular weight of the copolymers
was calculated using these values and the predetermined
molecular weight of the PMMA blocks. This assumes 100%
blocking efficiency of the PMMA macro-RAFT agent and
cannot be used to determine D values.

Values of wp,yp (Table 1) were found to be lower than the
target value of 25% for all the block copolymers. This indi-
cated that full conversion of the 4VP was not achieved even
after 24 hours, contradicting results from our previous studies
on the polymerisation of PMMA-b-P4VP in scCO,.>* This was
certainly a result of the added Ag(hfac)(COD) in these poly-
merisations. It was likely that silver ions were responsible for
partially quenching the controlled radical reaction, however,
wpavp Was not found to decrease with increasing quantity of Ag
(hfac)(COD). Nevertheless, the determined molecular weight of
all block copolymers was sufficiently high to enable self-
assembly of the polymers into a spherical-type nanoscale
morphology.*

The microstructure of the composites was evaluated by
SEM analysis (Fig. 1) with the average microparticle diameter
(dn) measured (Table 1) and the size dispersity reported as a
coefficient of variation (CV) percentage. All the composites
were found to somewhat retain the microparticle structure of
the PMMA macro-RAFT agent seeds that are typically produced
in a scCO, dispersion polymerisation.>® Though, the definition
of these microparticles was found to become slightly less well-
defined as the quantity of Ag(hfac)(COD) in the reaction was
increased. The lack of definition appeared to be due to the for-
mation of smaller nanoscale particles on the surface of the
original microparticles. This would be undesired P4VP homo-
polymer that was produced, rather than the 4VP being fully
incorporated into the PMMA seed particles. This may have
been caused by an increased amount of quenching of the con-
trolled radical reaction as the quantity of silver in the reaction
increased. This in turn could have favoured the homopolymeri-
sation of P4VP and nucleation of additional smaller particles.

The internal microparticle structure was examined by TEM
analysis of unstained thin particle cross-sections (Fig. 2). All
the PMMA-b-PAVP microparticles were found to contain the

Table 1 Summary of polymer characterisation data for the PMMA-b-P4VP-AgNP block copolymer composite samples, synthesised with various

amounts of Ag(hfac)(COD)?

PMMA PMMA-)H-PAVP
Ag(hfac)(COD) loading (mg) ~ Conversion” (%) My o (kgmol™) D€ My ep” (kgmol™)  wpayp?  dn?(um)  AgNP size® (nm)
62.5 99 53.3 1.23 65.8 16 2.34 8.2
125 99 54.0 1.22 67.6 20 2.13 14.8
250 99 55.5 1.21 65.1 15 2.06 20.2

% Conditions: 7.5 g of PMMA macro-RAFT seed dispersed with 0.125 g PDMS-MA and Ag(hfac)(COD) at 65 °C and 241 bar for 1 h, then 2.5 g of
4VP added for 24 h. ? Obtained from 'H NMR integrations. ¢ Obtained from GPC, eluting in a chloroform/ethanol/TEA mixture, measured with
dRI detector calibrated against PMMA narrow standards. ¢ Measured from SEM images. ¢ Obtained from DLS analysis in dichloromethane.
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Fig. 1 SEM micrographs of the PMMA-b-P4VP-AgNP composites synthesised with (a) 62.5 mg, (b) 125 mg and (c) 250 mg of Ag(hfac)(COD)

precursor.

expected spherical self-assembled block copolymer mor-
phology, despite the omission of staining agents to enhance
the contrast between the two polymer blocks. This indicates
the successful chain extension of the macro-RAFT agent to a
block copolymer, despite the lack of GPC data for the copoly-
mers. TEM also revealed the presence of very small dark spots
within the microparticles. This could only be the formed
AgNP, as this was the only element present in the composites
that was heavy enough to give such a dark contrast in the TEM
images. The AgNP were found to be dispersed randomly and
relatively evenly throughout the particle cross-sections. The
only difference noted was in the case of the composite formed
using the largest quantity of Ag(hfac)(COD). The AgNP in this
composite were found to be significantly larger than the other
composites and were undoubtedly a product of increased
aggregation of the highly concentrated silver precursor.

To confirm that the presence of AgNP within the polymer
particles was a direct result of the silver interaction with the
4VP monomer, a control experiment was performed. The
control was synthesised by re-dispersing PMMA macro-RAFT
seed particles in scCO, with 125 mg of Ag(hfac)(COD) at 65 °C.
The addition of 4VP was omitted and after 24 hours the
material was extracted with a flow of CO, for 30 minutes and
collected as a brown, free-flowing powder. SEM and TEM ana-
lyses (Fig. S27) confirmed the PMMA microparticle structure
had been retained and that AgNP were formed only on the
exterior or outer layer of the PMMA particles. The AgNP were
too small to be noticeable in the SEM images and were only
identified during the cross-sectional TEM analysis. This con-

This journal is © The Royal Society of Chemistry 2022

firmed that composites with a homogeneous distribution of
AgNP through the polymer could only be formed with the
addition of 4VP moieties that directed the movement of Ag
(hfac)(COD) into the PMMA seed particles.

The AgNP in the composites were further analysed by UV/
vis spectroscopy and DLS (Fig. 3) to determine the relative con-
centration and average size of the nanoparticles (Table 2).
Composite samples were dissolved in dichloromethane to fully
dissolve the PMMA-)H-PAVP, leaving only the AgNP dispersed in
the solutions.

All UV/vis spectra revealed a sharp absorbance at around
310 nm, corresponding to the RAFT agent end group used in
the synthesis of the block copolymer.’” All spectra were then
scaled to overlap the intensity of these peaks, as the concen-
tration of this RAFT agent remained constant across all compo-
site syntheses. A broad absorbance is seen at around
390-410 nm for all dissolved composites, relating to the
surface plasmon absorbance of AgNP. This corresponds to
AgNP of roughly <10 nm, as the energy of the surface plasmon
is known to be size dependent.’®*° The absorbance intensity
(Table 2) was shown to increase with increasing quantity of Ag
(hfac)(COD), except in the case of the highest loading of
250 mg. It was predicted this was due to the larger AgNP
observed in the TEM, and hence the effective number of AgNP
for this composite was unlikely to have increased.

DLS confirmed the presence of small AgNP in the compo-
sites (8.2-20.2 nm), with size increasing slightly at higher
loading of Ag(hfac)(COD). All measured nanoparticles show
reasonably low polydispersity (PDI) (Table 2), with PDI quoted
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d)

f)

Fig. 2 TEM cross-sectional micrographs of the PMMA-b-P4VP-AgNP composites, synthesised using (a and b) 62.5 mg, (c and d) 125 mg and (e and

f) 250 mg of Ag(hfac)(COD) precursor.

as the standard deviation squared divided by d,>. This was
done to avoid contribution of the aggregate peaks. These small
AgNP accounted for >90% of the total particle volume
measured, with the remaining volume appearing as very
shallow peaks at >30 nm. We speculate that these larger par-
ticles may be aggregates of the smaller AgNP, as no particle
stabilising agents were used when dissolving the composites
in dichloromethane.

DSC and TGA were used to a fully assess the thermal pro-
perties of the composites. DSC (Fig. S3at) revealed only a

3774 | Polym. Chem., 2022,13, 3768-3779

single step transition of the composites, matching most
closely to the T, of the PMMA. No T, was observed for the
P4VP. It was expected this was due to the relatively low quan-
tity of the polymer block in the composite. The PMMA T, in
the composites was found to decrease from that observed in
the neat PMMA-b-PAVP block copolymer (Table 2), with a
larger decrease seen with increasing amount of Ag(hfac)(COD).
Such a trend has been observed in polymers loaded with nano-
fillers, with more nanoparticles further enhancing polymer
chain mobility and thus reducing the energy required to tran-

This journal is © The Royal Society of Chemistry 2022
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Table 2 Summary of the characterisation data for the PMMA-b-
P4VP-AgNP block copolymer composite samples, synthesised with
various quantities of Ag(hfac)(COD)

AgNP size”

Average Relative
Ag(hfac)(COD) PMMA size, d, absorbance at‘
loading (mg) Ty “ (°C) (nm) PDI 410 nm
0 125 N/A N/A 0
62.5 117 8.2 0.016 0.19
125 107 14.8 0.038 0.38
250 89 20.2 0.015 0.36

“Obtained DSC measurements. ? Obtained from DLS measurements.
¢ Obtained from UV/vis spectra.

sition to a rubber-like state.”” A depression of the PMMA T,
would indicate that the AgNP are present in the PMMA block
copolymer phase rather than exclusively in the P4AVP domains.
Though it should be noted that DSC data was obtained on the
second heating cycle of the samples and the AgNP may have
migrated to the PMMA domains during the first heat cycle.
TGA profiles (Fig. S3bT) of the sample degradation under
an air atmosphere up to 700 °C were identical, regardless of
the amount of Ag(hfac)(COD) used in the synthesis. The onset
of thermal degradation of the polymers was found to be
around 280 °C in all cases and confirmed that the added AgNP
did not alter the thermal stability of the block copolymer. All
samples were found to contain a small amount (~2 wt%) of
black material after heating isothermally for 1 hour. This was
expected to be mostly elemental silver, with a small amount of
non-combusted polymer. Due to the very small quantity of
residual material and the presence of other carbon-based resi-
dues, the mass of this non-combusted material could not be
used to determine the quantity of AgNP in the composites.

Biocompatibility and antimicrobial activity

Though the initial "H NMR analysis demonstrated the success
of the CO, extraction procedure in removing potentially toxic
organic by-products, more rigorous tests were performed to

This journal is © The Royal Society of Chemistry 2022
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(a) UV/vis spectra and (b) DLS plots of the composite samples dissolved in dichloromethane.

confirm the lack of cytotoxicity in the end materials. The cyto-
compatibility of the polymer composites was tested against a
Caco-2 intestinal epithelial cell line, with the composite
powder suspended directly in the culture media. Cell viability
assessed using a PrestoBlue® assay to determine metabolic
activity and by measurement of lactate dehydrogenase (LDH)
release from the cells as an indicator for cell membrane integ-
rity (Fig. 4). Tests were performed in triplicate along with a
control experiment using Triton X-100 detergent to model cell
death and a negative sample set containing only the cultured
cells.

The data demonstrate lack of cytotoxicity of the block copo-
lymer and composites synthesised using the lower amounts of
Ag(hfac)(COD), as indicated by no decreases in cellular meta-
bolic activity or cell membrane disruption as measured by
extracellular release of LDH. However, the composite made
using 250 mg of the silver precursor did induce a reduction in
metabolic activity to approx. 71 + 6.2% and substantial LDH
release of 67 + 7.8%. Together these measurements indicate
that this particular composite was cytotoxic and would not be
biocompatible in its current form. This may be a result of trace
amounts of precursor ligands remaining in the composite,
likely resulting from significantly high concentration of these
molecules in this reaction. To generate this material in non-
cytotoxic manner, a longer and more thorough CO, extraction
process would need to be applied.

The materials that proved to be non-cytotoxic (62.5 and
125 mg) were then tested for their antimicrobial activity
against two Gram-positive bacterial species (Staphylococcus
aureus and Staphylococcus epidermidis). Composite powders
(and ordinary PMMA-b-PAVP) were suspended in sterilised
water, then 10 pL aliquots of the supernatants were taken at
various timepoints and placed on Muller Hinton agar plates
seeded with the different bacterial strains. Agar plates were
incubated for 18 hours before visually inspected the plates for
signs of bacterial growth inhibition (Fig. S47). Inhibition was
measured by the diameter of the halo around the area the
supernatant droplet was deposited (Table 3).

The supernatants of the composite dispersion taken after
mixing for 24 hours showed no activity against any bacterial
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http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/D2PY00398H

Open Access Article. Published on 07 June 2022. Downloaded on 7/30/2024 4:16:48 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

=

o

o
1

2]
o
1

Metabolic Activity (%)
F - )
S o

N
o
1

o
I

7

s &
°fg Q &
4

$
<
5
o

<

View Article Online

Polymer Chemistry

120

=

100 A

2]
o
1

LDH Release

(% Total Control LDH)
F -
o o

N
o
1

o

&

R

< >
g ° 3 §
) (&

<

?50

Fig. 4 Biocompatibility tests of PMMA-b-P4VP-AgNP samples with Caco-2 intestinal epithelial cells. Measurement of cell (a) metabolic activity and
(b) LDH release after exposure to samples for 48 h. Negative group is untreated control and control group is Triton X-100 treated cells to induce cell
death. Tests conducted in triplicate. Data presented as mean + S.D. Values on x-axis relate to quantity of Ag(hfac)(COD) used in the synthesis.

Table 3 Summary of antimicrobial test results

Diameter of inhibition halo (mm)

Supernatant after 1 day

Supernatant after 2 days Supernatant after 15 days

Microorganism 62.5 mg 125 mg 62.5 mg 125 mg 62.5 mg 125 mg
S. aureus (10850) 0 0 9+1 9+1 9+1 9+1
S. epidermidis (ATCC 35984) 0 0 0 0 10+ 1 10+ 1

strain, irrespective of AgNP loading. However, after 48 hours
waters from both composites showed clear signs of inhibiting
the growth of the S. aureus 10850 strain. This same effect was
observed after extracting the supernatant for the mixture after
stirring for 15 days, with additional inhibition noted this time
for the S. epidermidis ATCC 35984 strain. No inhibition was
observed for the PMMA-bH-PAVP powder against either bacterial
strain, demonstrating that the antimicrobial activity of the
composites was solely a result of the AgNP component.

It is likely that the AgNP are released very slowly from the
block copolymer microparticles in the aqueous media, result-
ing in no immediate antimicrobial activity. However, after
around 48 hours the concentration of released AgNP in the
waters would appear to be high enough to inhibit the growth
of Gram-positive bacteria. This slow and prolonged release of
AgNP for the polymer particles ensures the antimicrobial
activity of the waters is extremely long-lived, with activity per-
sisting beyond two weeks. This highly sought-after ability to
prolong antimicrobial activity could give these composites
application in more long-term medical treatments.*!

To confirm that this long-term antimicrobial activity was
indeed the result of released AgNP, a release study for the
125 mg composite was performed by suspending the powder
in water. UV/vis spectra collected from aliquots at various time-
point (Fig. S5at) show a gradual increase in intensity of the Ag
surface plasmon peak at around 400 nm over a 3-day period.
This supports the assertion that AgNP are released from the

3776 | Polym. Chem., 2022, 13, 3768-3779

composites into the water slowly and likely reach a critical con-
centration after several days where they begin to possess sig-
nificant antimicrobial activity. The same release study was also
performed in a pH 4.7 aqueous buffer solution (Fig. 5b). A
similar trend of increasing Ag plasmon absorbance over time
was observed, however, the intensity of this absorbance was
slightly less than the study in neutral water. This serves to
highlight how the AgNP release from the composites could be
expected to change in a physiological environment, perhaps
reducing the antimicrobial efficacy of the composites. Though,
an exact model of release in a physiological environment
cannot be properly modelled here in vitro due to the extremely
high number of variables involved. An in vivo experiment
would be required to accurately determine the efficacy of these
composites in the human body.

Composite compatibility with laser sintering

Finally, the composite powders were tested for their suitability
as a construction material in LS. The inherent microparticulate
structure of the composite powders, from the dispersion poly-
merisation process, lends itself well to the LS technique. The
AgNP composite synthesised using 125 mg precursor was
spread over a LS build platform and sintered into a solid
object by agglomerating the polymer particles using the heat
provided by a CO, laser. Several small squares (20 x 20 x
0.5 mm) were constructed and collected for analysis (Fig. 5a
insert). An approximate powder surface temperature of 150 °C

This journal is © The Royal Society of Chemistry 2022
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Fig. 5
map of the same object, with elemental Ag signal displayed (green).

was recorded by the LS printer during the laser sintering
process. This was significantly higher than the T, measured
for this composite (107 °C).

The objects were found to be quite brittle (in part due to
being only a 0.5 mm thick single sintered layer) but did main-
tain their printed shape when manipulated and presented no
visible signs of warping. The surface topography of the printed
sample was investigated by SEM (Fig. 5a). Images revealed the
surface to be relatively smooth, however, clear microfractures
were also visible. Some small remnants of the original micro-
particle structure were also visible, but the overall surface was
clearly a continuous solid. This initial test demonstrates that
the synthesised composite can be utilised in LS to produce
macro-scale products. Optimisation of the printing parameters
or incorporation of additional polymeric filler will need to be
investigated further to remove these imperfections and yield a
more mechanically robust device.

The homogeneous distribution of the AgNP in the printed
object was confirmed by EDXS mapping during SEM analysis
(Fig. 5b), and by ToF-SIMS depth profiling (Fig. S61). The full
EDXS profile (Fig. S71) showed the presence of locally high
concentrations of silicon and oxygen around the unsintered
microparticles, and this can be ascribed to the presence on the
surface of the PDMS-MA stabiliser. Elemental silver was
detected throughout the scanned area and appeared to be dis-
tributed homogeneously across the sample surface. ToF-SIMS
revealed the presence of mass fragments relating to the
PDMS-MA stabiliser (SiC;H,', Si,CsH;50") in high concentration
at the surface of the printed object, as well as the unprinted
microparticles. The concentration of these fragments quickly
reduced with sample depth (sputter time), being replaced by
fragments relating to PMMA, P4VP and Ag’. After a sputter time
of around 150 s, the intensity of Ag" fragments became stable,
indicating a constant Ag content across the bulk sample depth.
Overall, the complementary techniques proved the homo-
geneous distribution of silver in the final printed product,
reflecting the morphology of the original powder.

The silver component of the printed object was studied
further by dissolving the object completely in dichloro-

This journal is © The Royal Society of Chemistry 2022

(@) SEM micrograph of the SLS printed PMMA-b-P4VP-AgNP object (pictured in the insert, scale bar equal to 10 cm) and (b) EDXS elemental

methane. This was then examined via UV/vis spectroscopy and
DLS (Fig. S8t) to reveal the presence of AgNP in the resulting
solution. AgNP were found to be roughly the same size
(11.8 nm) as in the pre-sintered powdered composite
(14.8 nm). This confirms that the elemental silver detected in
the other analyses remains primarily in its nanoparticulate
antimicrobial form, even after the heat treatment and printing
with the SLS laser. The retention of the AgNP during printing
was likely influenced by the homogeneous nature of the com-
posite particles. It would be expected that AgNP concentrated
on the particle surface would be much more susceptible to
agglomeration during the thermal sintering process.*?
Therefore, these composite microparticles may be the only
reported material compatible with the LS process to produce a
AgNP-based product.

Finally, the release of AgNP from the printed sample was
measured by submerging the sample in water and measuring
the UV/vis spectra of aliquots taken at various timepoints
(Fig. S9t). No AgNP were detected for the first 2 days of the
release study. However, after 6 days a clear Ag surface plasmon
absorption peak could be seen. The slower release of AgNP
from the initial printed composite is likely due to the dramati-
cally reduced surface area of the composite with the release
media. As such, in its current form, this proof-of-concept
printed object will not possess the same antimicrobial activity
as the original composite powder. However, the successful
release of some AgNP after printing means that in the future
antimicrobial activity could be modified, for example, by incor-
porating added porosity or surface texture into the build, to
alter the release rate.

Overall, the analysis shows the printed sample to be vir-
tually identical to the powdered composite, with AgNP dis-
persed throughout. The release of AgNP from the printed
sample still occurs after sintering, though at a reduced rate,
likely due to the reduction in surface area from the original
powder. Further printing studies are needed to confirm the
exact effect of print geometry on the timeframe of anti-
microbial activity, and to fully optimise the mechanical pro-
perties of the printed objects. We would also expect that there
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would be additional benefits such as anti-attachment pro-
perties that would enhance the utility of our new materials
and these should also be investigated in our future studies.

Conclusion

In summary, we have demonstrated a new low environmental
impact synthetic methodology for producing homogeneous
PMMA-b-PAVP-AgNP composite microparticles, that can
reasonably be achieved in a one-pot scCO, process. A control
experiment using only PMMA proved that a homogeneous dis-
tribution of AgNP within the polymer could only be achieved
by addition of the P4VP component. Upon applying a
30-minute CO, extraction process post-synthesis, composites
were found to have high purity and most had good cytocom-
patibility with Caco-2 intestinal epithelial cells. These compo-
sites were found to have a strong antimicrobial effect against
two bacterial strains. Though this effect was initially delayed,
the antimicrobial activity then proved to be extremely long-
lived, surpassing the 15-day time period of the experiment.

Finally, the microparticulate nature of the composites was
exploited for trial use in the SLS additive manufacturing
process to successfully yield several small objects. The micro-
particles were shown to be well-sintered with a homogeneous
distribution of AgNP throughout both the surface and depth of
the object, much like the original particles. The size of the
AgNP was also found to be reasonably unaffected by the sinter-
ing process. Further optimisation of the printing process is
now needed to produce structures with the necessary mechani-
cal properties for end use, while maintaining the high concen-
tration of released AgNP. Full biological evaluation of these
optimally printed materials will also be performed, including
the anti-attachment properties of these new surfaces. If this
proves to be as successful as the results for the neat micropar-
ticulate powders present here, it is expected that these new
composites will prove to be incredibly valuable for use in the
fabrication of novel bespoke medical devices.
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