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ABSTRACT: The design of metal nanoparticle-modified polymer
surfaces in a green and scalable way is both desirable and highly
challenging. Herein, a new green low-temperature plasma-based in
situ surface reduction strategy termed plasma electroless reduction
(PER) is reported for achieving in situ metallic nanostructuring on
polymer surfaces. Proof of concept for this new method was first
demonstrated on hydrophilic cellulose papers. Cellulose papers
were dip-coated with different metal ion (Ag* and Au®*) solutions
and then subjected to hydrogen plasma treatment for this PER sveu
process. Transmission electron microscopy (TEM) analysis has
revealed that this PER process caused anisotropic growth of either 1y pamp
gold or silver nanoparticles, resulting in the time-dependent
formation of both distinct spherical nanoparticles (~20 nm) and
anisotropic 2D nanosheets. Furthermore, we have demonstrated the adaptability of this process by applying it to hydrophobic
fibrous and 3D printed polymeric materials such as surgical face masks and 3D printed polylactic acid scaffolds. The PER process on
these hydrophobic polymer surfaces was accomplished via a sequential combination of air plasma and hydrogen plasma treatment.
The metallic nanostructuring caused by the PER process on these hydrophobic surfaces was systematically studied using different
surface imaging techniques including 3D confocal laser surface scanning microscopy and scanning electron microscopy. We have also
systematically optimized the PER process on the surface of 3D scaffolds via varying the concentration of the silver ion precursor and
by different postprocessing methods such as sonication and medium soaking. These optimization processes were found to be very
important in generating uniform metallic nanoparticle-modified 3D printed scaffolds while simultaneously improving
cytocompatibility. Through joint disk diffusion and inhibitory concentration testing, the antibacterial efficacy of silver coatings
on face masks and 3D scaffolds was established. Altogether, these results clearly suggest the excellent futuristic potential of this new
PER method for designing metallic nanostructured interfaces for different biomedical applications.
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1. INTRODUCTION medium for the presynthesized NP.” The in situ method
requires extremely hydrophilic systems such as hydrogels to
prepare metal—polymer nanocomposites. The ex situ method is
primarily applicable to viscoelastic thermoplastics in the high-
temperature (200 °C) melt state.”~ This clearly shows that
different factors such as hydrophilicity and high temperature
are required for the preparation of polymer—metal nano-
composites. Apart from these polymer—metal nanocomposites,

Gold and silver nanoparticles (AuNPs and AgNPs, respec-
tively) represent one of the most important nanomaterials for
biomedical applications." They have been actively utilized to
modify polymeric biomaterials, producing products such as
antimicrobial surfaces, surface-modified tissue engineering
scaffolds, and surface-enhanced Raman spectroscopy (SERS)-
based biosensing devices.””* Metallic NPs, when combined
with polymers to form polymer—metal nanocomposites, have
wide utility in biomedicine, making them indispensable in Received: January 20, 2022
biomedical research. The design of such polymer—metal Accepted: May 19, 2022
nanocomposites is accomplished via in situ and ex situ

methods.” In the in situ method, the polymer matrix acts as

a reaction medium for the formation of metallic NPs,® whereas

in the ex situ method, the polymer matrix acts as a dispersion
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metal NPs are also applied as surface coatings on polymer
substrates via different techniques such as reversible addition—
fragmentation chain transfer (RAFT) polymerization and
electrochemical deposition.”” More specifically, in RAFT
polymerization, there are different approaches such as “grafting
to” and “grafting from” to surface-modify the polymers with
metallic NP such as AuNPs.® In the “grafting to” method, the
polymer and the NPs are mixed and the polymer chains adsorb
or bind covalently onto the NP surface." In the “grafting
from” method, the polymerization is carried out from a
previously functionalized inorganic surface with the polymer-
ization mediator.'" However, both of these methods to prepare
polymer—metal nanocomposites and metal nanocoatings
require multiple steps, different chemical reagents (such as
reducing, capping, and surface coupling agents), and can be
efficiently applied only in polymers with hydrophilic surface
characteristics. It is worth mentioning that many important
polymeric biomaterials such as polypropylene (PP), polylactic
acid (PLA), and polycaprolactone are hydrophobic in nature,
as are the materials made from them (fibrous face masks, 3D
printed scaffolds, and drug-eluting devices). The hydro-
phobicity of these polymer surfaces can seriously affect the
NP modification process. As such, it is very important to
explore new greener (without the usage of multiple chemical
reagents having toxicity issues) and more robust (fast,
economical, and easily scalable in industry settings) methods
which can in situ surface-modify different polymer surfaces
(hydrophilic and hydrophobic) with metallic nanostructures.

Plasma, the fourth state of matter (a partially ionized
charged gas), represents one of the greener methods of
synthesizing metallic NPs in a liquid phase.'” Nonthermal low-
temperature plasma (LTP) is a highly energetic state
comprising ions, electrons, and radicals, which can interact
and reduce the metallic precursors into metallic NPs."
Recently, nonthermal plasma was utilized to generate metallic
NPs such as AuNPs and AgNPs at the liquid interface.'”'* The
electrons generated from plasma discharge reduce liquid-phase
metallic salts into NPs. This particular process, however, only
addresses the issue of toxicity secondary to the reducing agent.
Issues such as overcoming hydrophobicity and the labor
intensity still persist. Inspired by these unexplored problems,
our present work reports a new green, efficient LTP-based in
situ plasma electroless reduction (PER) strategy for generating
metallic NPs on both hydrophilic and hydrophobic polymer
surfaces without the use of electrodes, as seen in plasma
electrolytic oxidation. Depending on the wettability of the
substrate material, this in situ PER process can be
accomplished using hydrogen plasma alone (for hydrophilic
substrates) or a sequential combination of air plasma and
hydrogen plasma treatment (for hydrophobic substrates). The
PER nanometalized fibro-porous polymeric surfaces could be
used for applications such as antimicrobial masks against
COVID-19 for pandemic management'>'® and for 3D
scagolds as bone—tissue interfacial scaffolds for osteomyeli-
tis.

2. EXPERIMENTAL SECTION

2.1. Materials. Silver(I) nitrate (AgNO,;) (Fisher Scientific,
catalogue no S486-500, CAS no 7761-88-8, percent purity-99.8—
100.5%) and gold(III) chloride tetrahydrate (HAuCl,-3H,0) (Fisher
Scientific, catalogue no G54-5, CAS no 16961-25-4, percent purity-
>49%) were used as the metallic salt precursors in this study. The
Whatman qualitative cellulose filter paper, grade 1 (Millipore Sigma,

catalogue no WHA1001325), was used as a hydrophilic substrate for
the surface reduction process. The hydrophobic substrates used for
the surface reduction process included a disposable surgical face mask
[Jukang, model-MN-175, dimensions-175 mm X 95 mm, main
ingredients: nonwoven fabric 70%/melt-blown cloth (filter) 30%] and
3D printed PLA scaffold printed using PLA filaments purchased from
FlashForge USA (FlashForge 1.75 mm PLA 3D Printer Filament, 1 kg
Spool). The Harrick Plasma chamber (PDC-001-HP) used for the in
situ surface reduction process was purchased from Harrick Plasma,
New York, USA. Hydrogen gas used for the in situ surface reduction
process was purchased from Air Gas Company (Ultra High Purity
Grade Hydrogen, Size 300 High Pressure Steel Cylinder, CGA-350).

2.2. Methods. For carrying out the PER process on hydrophilic
cellulose filter paper, the paper was first dipped in 10 mL of 0.25 M or
250 mM AgNO; and 10 mL of 0.25 M or 250 mM HauCl,-3H,0
solutions for 5 min. Afterward, the dip-coated substrates were placed
inside a plasma chamber [Harrick Plasma chamber (PDC-001-HP)]
with the following reaction conditions: a 13.56 MHz radiofrequency
and a plasma power of 45 W. Hydrogen gas at a flow rate of 40 sccm
was used to generate plasma inside the chamber for 10 min (a
pressure of SO0 mTorr was formed inside the chamber) to facilitate
the surface reduction and subsequent formation of metallic
nanostructures.

The PER process on hydrophobic materials such as surgical face
masks was accomplished using an additional step of air plasma
pretreatment. More specifically, the mask was exposed to air plasma
pretreatment for 10 min (using a flow rate of 20 sccm with a
radiofrequency 13.56 MHz, 45 W). After the air plasma pretreatment,
the surgical mask was dip-coated in metal ion solutions (AgNO;) and
subjected to hydrogen plasma treatment using the same conditions as
described above for the hydrophilic cellulose paper. After the plasma
process, all the substrates were taken out and characterized with
different techniques.

Time-dependent surface reduction on cellulose paper was carried
out for time periods of 1, 3, and S min. In order to extract the NPs
formed on the surface of the cellulose paper, these papers were cut
into small pieces and dissolved in S mL of distilled water before being
subjected to probe sonication for 15 min. The resultant small
fragments dispersed in distilled water were filtered through a 0.22 ym
filter to isolate the NPs.

2.3. Design of the 3D Printed PLA Scaffolds. The original PLA
scaffolds were designed using SolidWorks 2019—2020 software and
were characterized by a hexagonal honeycomb 8 mm in height, 15
mm in width, and 30 mm in length with a rectangular pore sized at
850 pm. The rectan%ular pore structure was designed and printed as
reported previously.” Smaller 3D PLA scaffold wafers, having a
dimension of 5.85 mm diameter and 1 mm height, exactly fit inside
the well of a 96-well plate and were also designed using SolidWorks. A
FlashForge Creator Max Dual Extruder 3D Printer (Manufacturer-
FlashForge USA) was used for all the 3D printing processes. 3D
printing was done using 1.75 mm PLA filaments. The temperature for
printing was set to 200 °C, and the printing bed was set at 50 °C. A
printing speed of 60 mm/s was used for the printing process, and the
postprocess scaffold was removed from the 3D printer and allowed to
cool at room temperature.

2.4. Application of the PER Process on 3D Printed PLA
Scaffolds. The PER process was carried out on the surface of
different 3D PLA scaffolds (honeycomb pore-shaped, rectangular
pore-shaped, and small 96-well culture plate fitting designs) like the
hydrophobic surgical masks described in the previous section. To
optimize AgNO; concentrations, the smaller 96-well plate-sized 3D
scaffolds were used. Wafers were immersed in different concentrations
of AgNOj; ranging from 3.1 yM to 250 mM before undergoing the
PER process as described for the larger scaffolds.

Removal of loosely attached NPs was performed using either
sonication, a medium soak, or a sequential treatment of both. In brief,
AgNP-/AuNP-modified scaffolds were added to 5 mL of a phosphate-
buffered saline (PBS) solution (pH 7.4) and sonicated using a bath
sonicator (Fischer Scientific, model number-FS20) for 2 min to
remove any unstable AgNPs attached on the surface. The medium

https://doi.org/10.1021/acsami.2c01195
ACS Appl. Mater. Interfaces XXXX, XXX, XXX—-XXX



ACS Applied Materials & Interfaces

Research Article

www.acsami.org

soak consisted of wafers immersed in cell culture media (minimum
essential medium Eagle (1x) with Earle’s salts without L-glutamine
and phenol red, manufactured by Corning) for 2 days. The sequential
process included an initial 2 min sonication, followed by a 2 day
medium soak. The treated NP disks were then cultured with either
human fibroblast cells or bacteria.

2.5. Characterizations. X-ray photoelectron spectroscopy (XPS)
was employed to elucidate the surface reduction process taking place
on the substrates. XPS spectra of plasma-treated samples were
obtained using a Phi 5000 VersaProbe made by Phi Electronics, Inc.
(Chanhassen, WI USA). The X-ray source of this instrument is a
monochromatic, focused, Al K-alpha source (E = 1486.6 eV) at 25 W
with a 100 ym spot size. The high-resolution XPS scans (average of 8
scans per analysis) were obtained with a pass energy of 23.5 eV and a
step size of 0.1 eV.

The surface evaluation of the cellulose fibers, surgical masks, and
3D printed scaffold samples was done using scanning electron
microscopy (SEM). Samples were sputter-coated with Au—Pd and
observed using a field emission SEM (Quanta FEG 650 from FEI,
Hillsboro, OR). Images were taken at different magnifications. The
surface features and nanoscale roughness of surgical masks and 3D
printed PLA scaffolds were systematically studied using 3D laser
scanning confocal microscope VK-X1000 (developed by Keyence
Corporation of America) with nanometer-resolution capabilities.
Detailed surface analysis 3D surface imaging and a corresponding
nanoroughness evaluation including a material ratio curve, arith-
metical mean surface height (S,), and developed interfacial area ratio
(S4:) were measured using the software developed by the Keyence
Corporation of America. Transmission electron microscopy (TEM)
imaging of the metallic NPs was carried out using a Tecnai Spirit T12
TEM (Thermo Fisher, formerly FEI) with an operating voltage range
of 20—120 kV.

2.6. Quantification of Silver lon Release from AgNP-
Modified 3D Scaffolds. The quantification of silver ions released
from the AgNP-modified 3D scaffolds was carried out using
inductively coupled plasma mass spectrometry (Agilent Technologies
7700 ICP—MS, Santa Clara, CA). Agilent Technologies Mass Hunter
software (v4.3) was used for data acquisition and analyses. Different
batches of AgNP-modified 3D scaffolds such as 25, 12.5, 6.2, and 3.1
mM AgNPs (all with the same dimensions) were incubated with 10
mL of pH 7.4 PBS. These 3D scaffolds immersed in PBS were then
placed in an incubator and agitated at a speed of 120 rpm at 37 °C.
For the quantification purpose, 1 mL of the supernatant from each of
the samples was extracted and diluted with 9 mL using a mixture of
1:3 molar ratio of nitric acid and hydrochloric acid for the ICP—MS
analysis. For the time-dependent release profile quantification, 3.1
mM AgNP-modified 3D scaffolds were incubated in 10 mL of PBS for
different time periods such as 1, 3, 5, and 7 days. At each of the
respective time points, 1 mL of the supernatant was extracted from
different samples and diluted with 9 mL using a mixture of 1:3 molar
ratio of nitric acid and hydrochloric acid for the ICP—MS analysis.

2.7. Cytocompatibility and Cell Viability Assay. A human cell
model was used to explore cytocompatibility using the MTT (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay to test
overall cell viability in the presence of AgNP-coated PLA samples.
The cell model known as NHLF purchased from Lonza is a normal
human lung fibroblast cell line, which was selected and subsequently
used in the cytocompatibility studies. The cells were incubated in a
Falcon 96-well plate along with the aforementioned PLA scaffolds
designed to fit in each well. The MTT assay reagents were purchased
as a kit from Thermo Fisher as “CyQUANT MTT cell proliferation
assay kit”, catalogue number V13154. The protocol used to perform
the assay (cell viability test) was provided by the manufacturer
(publication number: MAN0019028). The “complete assay protocol”
was chosen from the two options listed in the manufacturer’s
instructions. The cells were counted using a Bio-Rad TC-20
Automated Cell Counter. Cells were plated onto the samples at a
density of 30,000 cells/100 uL for every well in a 96-well plate. After a
period of 48 h of incubation, the plate was read at an absorbance of
570 nm as per the manufacturer’s protocol.

2.8. Antibacterial Studies of Face Masks and 3D Printed
Scaffolds Modified with AgNPs. M1 and M3 (outer and inner)
layers of the surgical mask which had been coated with a AgNP
coating were provided, along with controls, for antimicrobial testing.
From each layer and its corresponding treatment, at least fifteen 24
mm diameter disks were measured and cut. These disks were then
autoclaved and allowed to cool before testing. Five bacterial strains
which represent some of the most influential pathogens to threaten
patient health, primarily as medical device colonizers or through
postoperative infections (specifically in joint repair and replacement),
were selected. These included Escherichia coli K-12 strain MG1655
(denoted as JJMS) from Dr. J. Jeffrey Morris’s culture collection,
Pseudomonas aeruginosa strain PAO1 (denoted as PA01) gifted by Dr.
Asim Bej, UAB Biology, P. aeruginosa strain PA14 (denoted as PA14)
gifted from Dr. William Swords, UAB Department of Medicine. Both
6726 and 9023 are clinical strains gifted by Dr. William Benjamin,
UAB Hospital Department of Pathology. 9023 is a methicillin-
resistant Staphylococcus aureus culture, and 6726 is a S. aureus culture.

Each of these strains was revived from a frozen culture preserved at
—80 °C. In brief, each specimen was thawed at room temperature,
gently vortexed, and then aseptically plated for isolation with a four-
quadrant streak. Plates were incubated overnight at 37 °C. A single
isolated colony was transferred using a 10 uL loop to a Lenski flask
containing 10 mL of Luria—Bertani (LB) broth and again incubated
overnight at 37 °C under agitation at 120 rpm. Optical density
readings were evaluated using a BioTek Synergy H1 microplate reader
at 600 nm (ODgy). Readings were used to normalize bacterial
concentrations to 5 X 10® cfu/mL in the soft agar overlays. Once the
overlays were hardened, disk diffusion studies for each mask layer and
its respective treatment (AgNPs or control) were plated in triplicate
and incubated at 37 °C overnight. The diameter of inhibition (DOI)
around each disc was then measured using a clear plastic ruler through
the center of the disc to the largest diameter and recorded in
millimeters. If there was no zone of inhibition around the disc, the
DOI measurement was recorded as zero.

Inhibitory concentration testing was used to assess AgNP-coated
scaffolds for antimicrobial efficacy. For this testing, one Gram-positive
bacteria (methicillin-resistance S. aureus strain 9023) and one Gram-
negative bacteria (P. aeruginosa strain PA14) were used. Both strains
have demonstrated high-affinity infection rates in postoperative joint
replacement. In brief, 100 uL of an overnight culture was transferred
into 9.9 mL of LB broth and placed in an incubator shaker at 37 °C
and 120 rpm for 4 h to produce an exponential culture. Optical
density readings were taken of both cultures before normalizing each
culture to 1 X 10% cfu/mL. Serial dilutions were then performed to
10° in normal saline using sterile Falcon tubes.

Three AgNO; concentrations, including the 12.5, 6.25, and 3.12
mM AgNO; concentrations, with the lowest cytotoxicity (based upon
the data obtained from the MTT assay) were tested. In addition to
these NP treatments, two types of control PLA scaffolds were run: a
PLA control scaffold and a PLA control scaffold subjected to
hydrogen plasma treatment, which had also been sonicated and
soaked in the medium. Four replicates of each scaffold type were
incubated for each bacterial strain. In short, a single scaffold was
placed in its own well on a 96-well microtiter plate. This was repeated
to a total of four replicates for each treatment or control. The controls
were separated from the treatments by a row of LB media, and
bacterial species were separated by two rows of LB media to prevent
cross-contamination. 100 L aliquots of LB media were pipetted into
all wells with a scaffold using a multichannel pipette. A 100 uL aliquot
of the 1 X 10° bacterial dilution was then inoculated into each well for
the set of scaffolds for PA14. The same was repeated for the scaffolds
testing 9023 (reference Table S10 in the Supporting Information to
see the plate layout). A lid was placed on the plate, and the plate was
then incubated overnight in a shaker incubator at 37 °C at 80 rpm for
18 h.

Once the incubation was complete, the scaffolds were removed
from the microtiter plate using aseptic techniques. The remaining
planktonic fractions were serially diluted to 107'!, and then S L was
spot-titered sequentially onto the LB agar plates. The plates were
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Figure 1. Schematic representation of the in situ PER process on hydrophilic and hydrophobic polymeric substrate materials and subsequent time-
dependent formation of gold and silver nanostructures (AuNPs and AgNPs).

placed in a 37 °C incubator overnight. Upon removal the next
morning, colony counts were performed, and the plates were
photographed. The images were imported into preview on Mag,
and a grid was overlaid on the image where the spots for each series of
titers should be. These grids were then cropped from each of their
respective images and pasted together to form one continuous
dilution series for the ease of visual assessment. The original images of
the plates are available upon request.

2.9. Statistical Analysis. Statistical analysis was performed using
R Studio (please see Figure S18 in the Supporting Information for
more detailed information on the script). DOI measurements were
evaluated with a fitted general linear model using a y distribution. The
best model was selected using aictab in the AICcmodavg package.
Model parameters included only bacteria. Pairwise performance
comparisons of AgNP activity between bacterial species were then
elucidated using the fit glm model and emmeans analysis from the
data collected in the preliminary experiments. P-Value adjustments for
multiple comparisons were made using the Tukey method. Control
DOI measurements were all zero, creating a bimodal break in the
data, so these were removed from the analysis.

3. RESULTS AND DISCUSSION

The PER process is schematically represented as shown in
Figure 1. This PER process can be carried out on a hydrophilic
polymer substrate such as cellulose paper by direct low-
temperature hydrogen plasma treatment (LTHPT). In the case
of hydrophobic polymer substrates such as PP-based fibrous
surgical masks and PLA 3D printed scaffolds, they must first be
pretreated with low-temperature air plasma treatment
(LTAPT) for imparting hydrophilicity. This LTAPT treatment
can drastically improve the surface wettability of hydrophobic
polymeric substrates, which makes them hydrophilic. Sub-
sequently, these three different substrates with hydrophilic
nature can be simply dip-coated with different metal ionic
solutions of gold and silver (Ag" and Au®'), followed by
subjecting them to LTHPT for accomplishing the PER
process. Finally, this PER process modifies the surface of all
these substrates with metallic nanostructures, which clearly
suggests that this process is both substrate- and surface-
(whether hydrophobic or hydrophilic) independent.

3.1. Proof of Concept of the PER Process on a
Hydrophilic Cellulose Paper. Proof of concept of this
method was first demonstrated on a hydrophilic cellulose
paper. The cellulose paper was dip-coated with gold and silver

salts (Figure Sla) and then subjected to LTHPT for 10 min
(Figure S1b,c). Surface reduction is evident from the color
changes of the treated cellulose papers to black and purple for
silver and gold, respectively (Figure S1d). XPS was utilized to
systematically study the surface reduction process taking place
on the surface of cellulose papers.

The control cellulose paper exhibited elemental carbon and
oxygen at the surface. In the case of unmodified silver salt dip-
coated cellulose paper, the surface atomic percentage of silver
was 2.1% (Figure S2), whereas with the hydrogen plasma
surface reduction, this number jumped to 25.9%. The PER is
directly responsible for this, first increasing NP nucleation,
followed by the NP’s growth on the paper. Furthermore, the
oxidation state of silver on the surface was recorded. The high-
resolution silver spectrum of plasma-treated cellulose paper
exhibited two peaks at 369 and 375 eV, which correspond to
Ag® 3ds), and Ag’ 3d;),, respectively (Figure S2). A binding
energy difference of 6 eV between Ag’ 3ds/, and Ag” 3d,, is
consistent with AgNP formation mechanistic reported in the
literature,'® clearly suggesting that PER was successful in
reducing silver from a higher (Ag") to a lower oxidation state
(Ag"). This ionic shift primes the chemical environment to
facilitate NP formation on the polymer surface. We performed
the same systematic examination of the LTHPT gold-coated
cellulose paper surfaces and observed the same trend of
increase in the surface atomic percentage of gold on plasma-
modified papers when compared to unmodified dip-coated
papers (Figure S3). This observation also implies that the
LTHPT reduced the gold metal salts into lower oxidation
states, as observed with the silver samples. The high-resolution
XPS spectrum of gold was used to verify the oxidation state
changes after this process. In the case of gold, the high-
resolution XPS spectrum exhibited four peaks at 85, 86.5, 89,
and 91.5 eV. These peaks correspond to Au’ 4f,,, Au’* 4f, ,,
Au® 4f; 5, and Au®* 4f; ), respectively, (Figure S3) and suggest
that mixed oxidation states (+3 and 0) were present on the
surface. However, it is worth mentioning that the Au’ 4f,, and
Au’ 4f;,, peaks were more predominant in comparison with
Au’* 4f,, and Au®" 4f;),, providing evidence for the surface
reduction of gold into a lower oxidative state, circumstances
again which provide an optimal environment for the formation
of AuNPs. The observed high-resolution spectrum was
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Figure 2. SEM images of control cellulose paper (a,d), cellulose paper dip-coated with gold(III) chloride after LTHPT (b,e), and cellulose paper
dip-coated with silver nitrate after LTHPT (c,f). TEM images of the AgNPs formed on the surface of cellulose paper (g—i); TEM images of the

AuNPs formed on the surface of cellulose paper (j—1).

Ag Np
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Figure 3. TEM images of AgNPs and AuNPs formed at 1, 3, and S min time points.

comparable to that of AuNPs synthesized via a laser ablation
process.'” Taken together, the XPS analysis establishes
successful in situ application of this surface PER process on
both Ag and Au on cellulose paper. To characterize the surface
features of these reduced metals more thoroughly, we
examined the silver- and gold-reduced papers under SEM.
SEM imaging of control untreated cellulose paper showed fiber
architecture with no evidence of nanostructuring on its surface
(Figure 2a,d).

Interestingly, the PER process of silver ions on the paper’s
surface exhibited the formation of both NPs and nanosheets

decorating the top of the fiber surface (Figure 2cf). This
observation supported our claim of surface reduction and
subsequent formation of nanostructures on the top of cellulose
paper. The gold ions formed a coating, but unlike silver, there
were no distinct NPs observed (Figure 2b,e). This could be
due to the diminutive size of the AuNPs formed or a result of
all the distinct particles fusing into a thin layer. In order to test
our suspicions, we extracted the gold and silver nanostructures
formed on the cellulose paper and examined them by TEM.
The TEM images of silver nanostructures from the cellulose
paper treated for 10 min showed the formation of clustered 20
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Figure 4. Images showing the PER process on the outer layer (M1) of a surgical mask (a) and 3D printed PLA scaffolds (b). (ai) M1 layer
undergoing LTAPT, (aii) M1 layer dipped in silver nitrate undergoing LTHPT, (aiii) silver nitrate sprayed on the top of the M1 layer without
LTAPT, (aiv) silver nitrate sprayed on the top of the M1 layer with LTAPT, and (av) image of untreated control and the LTHPT M1 layer. (bi,ii)
Images of the untreated control 3D printed PLA scaffold, (biii) 3D scaffold undergoing LTAPT, (biv,v) 3D scaffolds dipped in silver nitrate and
gold(11I) chloride, (bvi) 3D scaffolds undergoing LTHPT, and (bvii) 3D scaffolds after surface reduction with LTHPT.

nm spherical AgNPs which were situated on top of a thin
anisotropic 2D silver nanosheet composed of ultratiny AgNP
clusters with a particle size of 2—3 nm (Figure 2g—i). The
observed mixture of two-dimensional (2D) nanosheets and
NPs was consistent with the SEM observations. We observed a
similar formation of 2D nanosheets and NPs for the AuNPs as
well. However, here the nanosheet formation was predominant
with the presence of only a few AuNPs formed at the edge of
the nanosheet (Figure 2jl). The size of the AuNPs was ~20
nm. The TEM findings inspired us to explore the time-
dependent formation of the mixed nanostructures to unravel
the mechanism involved.

Subsequently, we carried out additional surface reduction
tests for both AuNPs and AgNPs at 1, 3, and 5 min time points
on cellulose paper (Figure S4a—c). NPs from the surface of the
cellulose paper at different time points distinctly exhibit a time-
dependent formation mechanism. At 1 min, there are clear,
distinct spherical NPs of both silver and gold (Figure 3). The
anisotropic growth of these smaller NPs is evident by the
growth in size and elongation seen at 3 min. Finally, at 5 min,
they have fully developed into anisotropic 2D nanosheets
accompanied by NPs because of their oxidation-state change.

The observed phenomenon was consistent with recently
reported transition-metal oxide nanostructures, which also
grew anisotropically into 2D nanosheets with NPs as
intermediates.”’ Consequently, we can guide the anisotropic
evolution of AuNPs and AgNPs into sheets by varying the
exposure time using this PER method. Photochemical
methods, including high-energy UV light and free radicals,
are one of the most common methods of initiating anisotropic
growth in 2D metallic nanomaterials.”' Our process exploits
hydrogen radicals in combination with UV light photons from
hydrogen plasma to interact with the metallic ion precursors.
We suspect that this mechanism could be responsible for the

observed time-dependent formation of anisotropic 2D metallic
nanostructures.

3.2. Application of the PER Process on Hydrophobic
Fibrous and 3D Printed Polymer Surfaces. One of the
major aims of this present work was to develop an efficient,
green process which can modify the surfaces of different
hydrophobic polymeric substrates such as fibrous and 3D
scaffolds with metallic nanostructures. Building upon previous
work, we began with a fibrous surgical face mask made of
hydrophobic PP. The surgical mask has three layers, namely,
an outer (M1), middle, and inner (M3) layer. We used the M1
layer for the plasma treatment and characterization studies.
Due to the extreme hydrophobicity, it was challenging to
uniformly coat the surface of each layer. To solve this issue, the
surface of the surgical mask was pretreated using air plasma to
make it hydrophilic (Figure 4ai). Previous reports demon-
strated that air plasma treatments can enhance the surface
wettability of different polymer surfaces such as polyethylene,
PP, and polystyrene.”” This wettability is essential for the
formation of a uniform layer of metallic nanostructuring on the
mask surface. To test this axiom, we utilized both low-
temperature air plasma pretreated (LTAPT) and untreated
control mask layers in our surface reduction process.

Our findings show that the nitrate (AgNO;) solution
sprayed on the untreated mask pooled on the mask’s surface.
The LTAPT-pretreated mask samples, however, exhibited an
even application of the salt solution (Figure 4aiiiiv). These
observation droplets provided convincing evidence that
LTAPT improved the surface wettability of the M1 layer.
Following the LTAPT, we dip-coated the M1 layer in silver
and applied LTHPT, producing a very uniform black
nanostructured coating on the surface (Figure 4aii,v).
Conversely, the control M1 layer had a nonuniform silver
coating. This observation supports our claim that our PER
process can be successfully adapted to hydrophobic substrates
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Figure S. SEM imaging of the untreated surgical mask top layer (M1) (a)b) and LTHPT surgical mask top layer (M1) layer (d,e). 3D laser
scanning confocal microscopy images of the untreated M1 layer (c) and images of the LTHPT M1 layer (f). Images of an individual fiber of the
untreated M1 layer (g) and LTHPT individual fiber of the M1 layer (h). Material ratio curve of the untreated and LTHPT M1 layer (ij). 3D

surface image comparison of the untreated and LTHPT M1 layer (k).

by using a sequential combination of LTAPT and LTHPT.
XPS analysis was used to quantify the surface atomic
percentage difference between the two sides of the surgical
mask, and the outer layer revealed a higher atomic percentage
of silver (23%) on M1 in comparison with M3 having 8% M1
(mask’s upper portion) and the inner layer M3 (mask’s lower
portion) (Figure SS). This difference in the percentage of
deposition can be attributed to greater contact of the outer
layer of the surgical mask to plasma exposure in comparison
with the bottom inner layer M3. To demonstrate the versatility
of this PER process, we then attempted the same sequential
treatment on hydrophobic 3D polymer scaffolds using
hydrophobic 3D printed honeycomb-shaped PLA scaffolds
(Figure 4bijii). Similar to the mask sample, the PLA 3D
scaffolds were first pretreated with LTAPT and then dip-
coated in either Au or Ag metal ion solutions (Figure 4biii—v).
Surface-reduced 3D scaffolds produced visual color changes
unlike their dip-coated control counterparts (Figure 4vi—vii).
SEM and 3D laser scanning confocal microscopy were used to
obtain detailed information about the AgNP-modified mask
samples. SEM images of the AgNP-modified mask surface
exhibited the formation of large clusters of AgNPs on the fiber
surface, which was clearly absent on the control fiber surface
(Figure Sa,b,d,e).

The 3D laser scanning confocal microscopy surface images
further revealed detailed information on the silver nanostruc-
tures on the mask fiber surface. The surface images
demonstrate clusters of AgNPs on treated fiber surfaces,
which were absent on the control fiber surface (Figure Scf).
To better describe the nanostructuring observed, we imaged a

single fiber from both the control and a treated fiber. Once
again, we clearly observed the formation of both distinct NPs
and large clusters of NPs, which a formed sheet-like network
on the fiber surface. This nanostructuring was completely
absent on the control fiber surface (Figure Sgh).

The observation of anisotropic silver nanosheets on the
mask surface mimics the findings from our hydrophilic
cellulose paper surface experiments. Furthermore, we evaluated
the effect of this nanostructuring on the surface roughness
profile of the mask fibers. The material ratio curve and 3D
surface images of the AgNP-decorated fibers were different
than those of the control fibers (Figure Si—1). More
specifically, the arithmetical mean surface height (S,) and
developed interfacial area ratio (Sg,) of AgNP-modified mask
surfaces were higher than those of the untreated control mask.
This suggests that the AgNP surface modification process
resulted in an increased nanoscale surface roughness and
surface area compared to their control counterparts.

Furthermore, we have evaluated the formation of AgNPs
and AuNPs formed on the surface of 3D printed scaffolds.
SEM images of AgNP-modified 3D scaffolds exhibited the
formation of distinct sheets. The higher-magnification image
shows the formation of distinct AgNPs on the surface of this
sheet (Figure S6). This observed formation of both 2D
nanosheets and distinct NPs of silver nanostructures mirrors
both our surgical face mask and cellulose paper surfaces. In the
case of AuNP-modified 3D scaffolds, they exhibited small
clusters of AuNPs on the surface (Figure S6). This
authenticates the ability of our surface reduction process to
efficiently modify 3D printed scaffold surfaces with both
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scaffolds with and without different postprocessing methods such as sonication and medium soaking (b), AgNP-modified 3D scaffolds with and
without different postprocessing methods such as sonication and medium soaking (c), images of the 3D PLA scaffolds before and after sonication
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AgNPs and AuNPs. 3D confocal laser scanning microscopy
surface measurements provided further insight on nano-
structuring on the surface of these 3D scaffolds.

It was revealed that both AgNP- and AuNP-modified 3D
scaffolds have a higher arithmetical mean surface height (S,)
and developed interfacial area ratio (S;) when compared with
those of control scaffolds (Figure 6). This again demonstrated
that both AgNP and AuNP surface modification processes
resulted in an increase in nanosurface roughness and surface
area. This observed metallic nanostructuring of AgNPs and
AuNPs on 3D scaffolds of the PLA surface may potentially
benefit tissue engineering applications such as bone—tissue
engineering. Altogether, these results support our claim of
efficient metallic nanostructuring on different hydrophobic
polymer surfaces such as fibrous and 3D printed polymer
scaffolds using this PER process.

Modifying 3D scaffolds in a uniform manner can be quite
challenging and can oftentimes require robust optimization.
The honeycomb PLA designs which were previously used for
the initial characterization studies were simple and only
contained unidirectional pores that did not serve specific
purposes. Therefore, to better test the capability of the PER
process to uniformly modify the surface of a 3D scaffold, we
manufactured a more complex 3D printed PLA scaffold that
has a rectangular pore geometry.”> SEM images showing the
top and cross-sectional areas were taken for the AgNP- and
AuNP-modified scaffolds. The SEM images confirmed the
presence of AgNPs on both the top and cross-sectional areas of
the cut scaffold (Figure S7). Energy-dispersive X-ray spectros-
copy (EDAX) mapping of the cross-sectional area further
supported the SEM images, where one can clearly observe the
distribution of AgNPs (Figure S8). The AuNP-modified
scaffold also has a similar presence of NPs at both top and
the cross-sectional area of the scaffold (Figures S9 and 10).
Even though the extent of modification was not identical for
both the top and cross-sectional surfaces, the scaffolds still
exhibited an appreciable amount of modification on the cross-
sectional area. This demonstrates the capability of the PER
process to efficiently nanostructure the 3D scaffolds. However,
we do acknowledge the fact that complete homogeneous
modification of more complex 3D scaffolds cannot be
accomplished using the present method. This is because
plasma generated inside the chamber under low pressure
cannot completely diffuse efliciently inside the pores, which
may lead to inhomogeneous/gradient modification of complex
3D scaffolds. The solution for this problem is to use an
atmospheric-pressure plasma jet (APPJ), where plasma can be
generated at room temperature in the form of a jet, which
could be applied to any complex 3D printed materials to
homogeneously modify the surface.”* Hence, in our future
studies, we plan to extend our low-pressure PER process to
APPJ, where the surface of more complex 3D printed scaffolds
can be functionalized more uniformly.

3.3. Cytotoxic and Antimicrobial Evaluation of
Metallic Nanostructure-Modified 3D Printed Polymer
Scaffolds and Face Masks. Cytotoxicity is a common
challenge when incorporating metallic NPs in biomedical
materials. Hence, it is essential to test the cytocompatibility of
the metallic nanostructure produced after the PER process. To
systematically evaluate this cytocompatibility, we first 3D
printed small PLA scaffold wafers (5.85 mm diameter; 1 mm
height) that exactly fit the size of a 96-well plate (Figure 7a).
The objective of printing such a small-sized 3D scaffold was to

ensure more reliable and robust in vitro testing of the metallic
NP-modified 3D scaffolds. The surface of the 3D scaffolds was
then subjected to the PER process for modification with both
AgNPs and AuNPs. Subsequently, we used the MTT assay to
calculate the viability of the cells treated with these
nanostructured scaffolds. Initial MTT data obtained demon-
strated a significant reduction in the cell viability for both
AgNP- and AuNP-modified 3D scaffolds (Figure 7b,c).

This drove the refinement of our process to mitigate loosely
attached NPs from scaffold surfaces via two different strategies:
(1) a 2 min sonication to remove the unreacted metallic salt
precursors and unstably anchored metallic NPs and (2) a 2 day
medium soaking to improve its cytocompatibility. With regards
to the medium soaking process, we anticipated similar removal
of unreacted metallic salt precursors and unstably anchored
particles. To directly visualize the impact of sonication
washing, immediately after the PER process, both AuNP-
and AgNP-modified scaffolds were sonicated for 2 min. After
the sonication process, there was a noticeable reduction in the
color intensity of both AgNP- and AuNP-modified scaffolds
(Figure 7d). This clearly demonstrates the efficacy of adding a
sonication wash step to remove any present unstably anchored
particles from the surface. The observed cytotoxic response of
the pristine AgNP- and AuNP-modified 3D scaffolds could be
due to the rapid release of the unstably anchored AgNPs and
AuNPs from the 3D scaffolds. This proved to be an interesting
observation, which leads us to believe that a gentle sonication
process could have a profound impact on removing the excess/
unstable NPs that would otherwise decrease the overall
cytocompatibility. We then proceeded to systematically test
the cytocompatibility of the processed 3D printed scaffolds
first with only sonication, then only cell medium soaking, and
finally with a combination of sonication and medium soaking
via the MTT assay. In the case of AuNPs, both these strategies
were successful in terms of enhancing the cell viability (Figure
7b). Also, it was found that when we combined both these
strategies, that is, a combination of sonication and medium
soaking of the 3D scaffolds, it synergistically contributed to the
enhancement of the viability of the cells. Thus, it was very clear
that our combined postprocessing strategy was very successful
in enhancing the cytocompatibility of the AuNP-modified 3D
scaffolds. The observed improved viability of the cells may be
attributed to the removal of the unreacted gold salt precursors
and unstably anchored particles after the sonication or medium
incubation process.

However, with the AgNP-modified 3D scaffolds, this
combination strategy was not found to be effective in
improving the cytocompatibility (Figure 7c). This realization
inspired us to explore the concentration optimization of
AgNO;. Therefore, we varied the concentration of the AgNO;
(ranging from 31.2 to 250 mM) used for the PER process. The
resulting AgNPs produced from each specific concentration of
AgNO; were named along with the concentration of AgNO;
(e.g., AgNPs produced from 250 mM AgNO; were named 250
mM or 0.25 M AgNPs and so on) after the PER process, the
scaffolds were sonicated and incubated in the medium as
mentioned earlier. However, it should be noted that this
strategy also did not aid in improving the cell viability but
rather was mostly done to ensure consistency within the
process (Figure 7e). Finally, we decided to repeat the
experiment using a concentration range, which was 10-fold
lower than the aforementioned concentrations (specifically
ranging from 2S5 to 3.12 mM). After the PER process, these
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Figure 8. SEM images of the 3D printed PLA scaffolds modified with AgNPs prepared using different concentrations of silver nitrate (a) (images
from left to right in each row represent different magnifications). Flow diagram showing the transition of the morphology and distribution of
AgNPs at different concentrations (b) (representative SEM images shown in the flow diagram were all taken at the same magnification and

settings).

scaffolds were then subjected to sonication and medium
soaking. The dark color of these AgNP-modified scaffolds
clearly became lighter after the sonication process, which
indicates that this process helps to remove the unstably
anchored AgNPs from the surface of 3D scaffolds (Figure
S11). The MTT assay results have clearly shown a very
significant increase in the viability of the AgNP-modified
scaffolds for the lowest-concentration batches, more specifi-
cally, 12.5, 6.2, and 3.1 mM AgNPs (Figure 7f). These data
suggest that the cytotoxic response of the AgNPs formed on
the surface of the 3D scaffold after the PER process was
directly proportional to the concentration of AgNO;. These
data clearly show that our optimizations improve upon the
cytocompatibility of both AgNP- and AuNP-modified scaffolds
using this PER process. These results have proven the
beneficial addition of our postprocessing strategy to increase
the safety of NP-coated biomedical implants and can be
applied for broader medical applications.

The SEM imaging and EDAX mapping were utilized to
perform more detailed evaluations, which would allow us to
observe any differences in the distribution of AgNPs formed on
the surface of 3D scaffolds with varying concentrations of
AgNO;.

SEM imaging of the 250 mM AgNPs showed anisotropic
growth of AgNPs with a mixture of small sheets and large
clusters of particles, which joined as nanowires. This
nonuniform and high concentration of AgNPs may be
responsible for the observed cytotoxic behavior of 250 mM
AgNPs. Furthermore, the 10-fold diluted concentration batch
(25 mM AgNPs) showed a comparatively smaller number of

NPs and sheets with more uniformity (Figure 8). This further
corroborated our hypothesis that any observed NP deposition
was reliant on the concentration-dependent formation of
AgNPs. Subsequently, while imaging the lowest-concentration
samples (12.5, 6.2, and 3.12 mM AgNPs), we noticed that as
the concentration decreased, the anisotropic growth of AgNPs
became less predominant, while their uniformity noticeably
increased. This would most likely be the reason for the
increased cytocompatibility of these lowest-concentration
batches of AgNPs. More importantly, in the 3.12 mM
AgNPs, the particles were found to be more uniform and
stably anchored on the surface of the 3D scaffolds. The EDAX
mapping images of all these different lower concentrations of
the AgNP-modified scaffolds further confirmed the same trend
of more uniform and less concentrated AgNP modification of
3D scaffolds (Figures S12—S16). Furthermore, we made use of
inductively coupled plasma mass spectrometry (ICP—MS)
analysis to quantify the silver ions released from the AgNP-
modified 3D scaffolds. Different concentrations of the AgNP
(25, 12, 6.2, and 3.12 mM AgNPs)-modified 3D scaffolds were
incubated in PBS solution, and quantification was performed
using ICP—MS analysis (Figure S17). Interestingly, all samples
exhibited a small 5 ppb release of silver ions, regardless of the
concentration. Furthermore, we tested the release profile of
3.12 mM AgNPs at different time periods such as 1, 3, 5, and 7.
A similar release profile of around S ppb was observed
independent of time. These observations clearly suggest the
stable anchoring of the lowest-concentration batches of AgNPs
on the surface 3D scaffolds mitigate the likelihood of a
significant number of NPs from releasing into the surrounding

https://doi.org/10.1021/acsami.2c01195
ACS Appl. Mater. Interfaces XXXX, XXX, XXX—-XXX



ACS Applied Materials & Interfaces

www.acsami.org

Research Article

Zane of inhibition (mm})

AgNp Treatment

M1
. [ ]
a0 o
2 o o -
L]
. e
20
10
0 [ X ] oy, e ® iy -t
M3
a B
0 2 a
2 & AL =
- A
20
104
0 4 A ay 4 A A A
S aureus S aureus E_coli Paenginosa P.aeruginosa
strain 6726 strain 5023 strain strain PAO1 strain PA14
MG1655
Bacterial strain
Layer ® M1 A M3  Treatment ® Ag @ C
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environment. Thus, it was very clear that lowering the
concentration of AgNOj; and subjecting the scaffolds through
the postprocessing of sonication and medium soaking further
improve this PER process’ cytocompatibility.

A microbiological assessment of the antibacterial properties
of the AgNP-modified surgical mask samples was conducted
using disk diffusion and inhibitory concentration studies
(Figure 9).”° Five bacterial strains were selected, which
represented some of the most common pathogens threatening
patient health, primarily as medical device colonizers or
through postoperative infections (specifically in joint repair
and replacement).”® For the disk diffusion studies, raw
measurement diameters and their respective means for the
M1 and M3 layers are given in Tables S1 and S2.

The average DOI across all bacteria (for both mask layers)
was 29 mm. The mean DOIs for each bacterial species (M1 +
M3 combined) were as follows: 30 mm for PAO1, 32.5 mm for
PA14, 26.8 mm for JJMS, 28 mm for 9023, and 27.7 mm for
6726. The general linear model that was run used a y
distribution because of the positive skew in the data. The
AICcmodavg package was used to compare the glm models
and select the best fit model. This model included the
individual parameter bacteria but eliminated the layer or
interaction between bacteria/layer. Specific p-values can be
seen in Table S3 for the glm output and Table S4 for the
emmeans contrast results.

Results from the general linear model demonstrated that
were significant differences in AgNP performance between
6726, PAO1, and PA14. Pairwise comparisons were conducted
using emmeans analysis to further explore whether significant

differences resulted between each set of bacterial pairs, as
shown in Table SS. Overall, there was no difference in AgNP
performance between the S. aureus strains 6726 and 9023 and
the E. coli strain MG16S5S. There were, however, significant
differences between how AgNPs affected bacterial strains PAO1
and PA14 when compared to the other three bacteria.

Opverall, these data demonstrate similar NP performance in
the S. aureus and E. coli strains (emmeans analysis, p-value >
0.05). Gram-negative strains PAO1 and PAl4 were more
susceptible to AgNPs than their Gram-positive counterparts
(emmeans analysis, p-values < 0.05) and an additional Gram-
negative E. coli strain MG165S (p-values < 0.05). A significant
difference also existed between the effect of AgNPs on PA14
when compared to PAOl (p-value < 0.05). Finally, no
significant difference was noted between S. aureus strains
9023 and 6726. Taken together, the comparative analysis
suggests that AgNPs are more effective against both
Pseudomonas strains than the other three bacterial strains in
this study, with the greatest impact on P. aeruginosa strain
PA14. More detailed information on the stats script used for
the statistical analysis is given in Figure S18.

Explanations for the differences or lack thereof in coating
performance against these microbial strains could be related to
several variables. Characteristics of NPs including particle size,
surface charge, concentration, diffusibility, and even the
presence of oxidation can impact antimicrobial activity.”>”**
Mutations in porin proteins, competency of DNA repair
mechanisms, microbial strain growth, and resistance profiles
could also account for observed differences.”® Differences
notwithstanding, disk diffusion tests were done with colony-
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Figure 10. Spot titer assay showing dilution series for PA14 and 9023. Each image is a set of replicates. Labels along the side indicate the scaffold
type (control or treatment), and the labels along the top indicate the dilution. The most remarkable item of note is the complete absence of
bacterial growth for all the AgNP concentrations tested. The eight negative controls were negative for bacterial contamination as well.

forming unit (cfu) concentrations higher than would be found
in natural systems (with the exception of established
infection), implying that these coatings have the capability to
be used across multiple industries as antimicrobials.

In addition to disk diffusion studies, we evaluated the
antibacterial performance of 3D printed PLA scaffolds
modified with AgNP coating using inhibitory concentration
testing. Initially, we evaluated the efficacy of 250 mM AgNP-
modified scaffolds (which were neither sonicated nor medium-
soaked) using the spot titer assay (Figure S19). Raw cell
density counts for both bacterial strains (P. aeruginosa strain
PA14 and methicillin-resistant S. aureus strain 9023) can be
seen in Tables S6 and S7 in the Supporting Information P.
aeruginosa strain PA14 inactivation was demonstrated in wells
with the 250 mM AgNP-treated scaffolds by the absence of
growth for all titer dilutions. Conversely, control scaffolds had
an average density of 1.5 X 10" cfu/mlL, slightly higher than
the positive control cell density at 1.2 X 10° cfu/mL. For

methicillin-resistant S. aureus strain 9023, the mean cfu/mL for
250 mM AgNP-treated scaffolds was 7.3 X 10°. Two of the
three control scaffolds for 9023 were contaminated, so these
were not considered. The single remaining control scaffold cell
density was 1.6 X 10'° cfu/mL, which was close to the positive
control cell density of 1.4 X 10" cfu/mL.

Subsequently, we tested the antibacterial potential of three
lower concentrations of AgNP-modified scaffolds (12.5, 6.25,
and 3.12 mM) which were found to be the most
cytocompatible as per our MTT assay. We also included
additional PLA control scaffolds, which were modified with
hydrogen plasma in this testing. The rationale for this was to
assess any antibacterial capability attributable to the hydrogen
plasma treatment itself. The results and the raw data from this
testing can be seen in Figure 10 and Tables S8—S10. P.
aeruginosa strain PA14 was completely inactivated by AgNP-
treated scaffolds, demonstrated by the absence of growth for all
titer dilutions. Both types of control scaffolds (pristine and
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hydrogen plasma-modified PLA scaffolds) demonstrated
robust bacterial growth. PLA control scaffolds had an average
cell density of 1.3 X 10° cfu/mL. Hydrogen plasma-treated
PLA controls had an average cell density of 9.3 X 10°® cfu/mL.
This clearly suggests that the pristine and hydrogen plasma-
treated PLA scaffolds have no antibacterial activity.

Spot titer assay results obtained for P. aeruginosa strain PA14
were similar for all four AgNP (250, 12.5, 6.2, and 3.12 mM)-
modified scaffolds. Interestingly, the same is not true for our S.
aureus strain. For this strain, we observed total inactivation for
the lowest concentrations of AgNPs (12.5, 6.2, and 3.12 mM),
as opposed to a S-fold decrease in the bacterial cell growth
between the control and the treated scaffolds for the 250 mM
concentration. Meanwhile, the PLA control and PLA hydrogen
plasma-treated scaffolds had mean cell densities of 7.1 X 10°
and 2 X 10° cfu/mlL, respectively.

Given P. aeruginosa strain PA14 susceptibility in the mask
testing, it comes as no surprise that it would be well inhibited
by a AgNP-coated scaffold. The difference, however, in
antibacterial performance in S. aureus is interesting. It is
quite possible that the difference in inoculating cell densities
allowed the lower AgNP concentrations to completely kill off
bacteria before a stable culture could arise. Potential
implications of this phenomenon are that utilizing AgNP
coatings at the onset is more likely to prevent bacterial growth
to cell densities that would subsequently cause infection.

Of course, the observed variability in AgNP performance
against 9023 may also be attributed to differences in the
stability and attachment of the AgNPs on the surface of the
scaffold. It was already known that A§NPS are highly charged
and tend to aggregate in solution.”” Our 250 mM AgNP-
modified scaffolds were unsonicated and unsoaked, resulting in
abundant less stably attached NPs. These loosely attached NPs
and unreacted silver salts bled into the surrounding environ-
ment, as evidenced by immediate turbidity of the solution
when the scaffolds were placed in clear media (potentially
causing aggregates to form). This turbidity upon contact was
not observed with the sonicated soaked scaffolds. This clearly
suggests that lower AgNP concentrations can be as, if not
more, effective to combat bacterial infection. We assume that
in the case of lower concentrations of the AgNP-modified
scaffold, the antibacterial performance is accomplished via
contact killing of the microbes by AgNPs.” Two final
explanations are either a phenotypic shift or a genetic mutation
which gave bacteria immunity to AgNPs. Higher concen-
trations of AgNPs create a highly selective environment which
could give rise to resistant mutants very quickly. Alternatively,
mutations commonly result from the bottleneck events, of
which culture transfer is an example. The bacteria tested
against the lower AgNP concentrations had been passaged
three times, potentially causing decreased strain fitness in the
NP-containing environment, leading to cell death. Additional
experiments to explore these assumptions are a valuable and
fascinating addition to our future work. Taken as a whole,
however, these results tentatively establish AgNP coating
efficacy in a planktonic system against Gram-negative bacteria.
It is also evident that under certain conditions, the AgNPs can
combat Gram-positives. There does appear to be greater AgNP
inhibition of bacterial growth in solution than within a
diffusional environment. This can be explained by considering
that planktonic systems under agitation offer greater
opportunity for k interactions between the solubilized NPs
and bacterial cells. Differences in gene expression (planktonic

vs biofilm) and the protection afforded within a biofilm can
also account for the disparity between habitat-associated levels
of growth inhibition.”®*" These findings suggest that the AgNP
coating could be applied to multiple surfaces to prevent
bacterial colonization and infection. In summary, the
antibacterial studies clearly support the strong antibacterial
efficacy of silver nanostructures formed on the surface of both
surgical mask layers and 3D printed polymeric scaffolds.

There are many different recent reports on the modification
of 3D printed scaffolds with metallic NPs for antibacterial
applications.”” >* These methods require multiple steps and
need different reagents to form/add metallic NP coatings on
the surface of 3D scaffolds and therefore cannot be applied to
all the different hydrophobic and hydrophilic 3D printed
scaffolds. In comparison with all these recent approaches to
nanostructure metallic NPs on 3D scaffolds, our PER process
is a robust, safe, and scalable method which can be applied to
modify the surface of any 3D printed scaffolds, regardless of
any of its properties. More importantly, we were able to
optimize this PER process to generate uniform metallic NP-
modified scaffolds while simultaneously improving their
cytocompatibility. This is very important for the clinical
translation of nanostructured polymers for different biomedical
applications.

4. CONCLUSIONS

In conclusion, we report an eflicient, green PER method for
generating metallic nanostructures on the surface of fibrous
and 3D printed polymeric substrates. The reported method has
the following advantages (i) eliminates toxic byproducts of the
reduction process, (ii) is fast, economical, and easily scalable in
industry settings, and (iii) is applicable for in situ surface
modification of a breadth of hydrophilic and hydrophobic
polymer surfaces. These metallic nanostructures, especially the
AgNP coating on surgical mask layers and 3D printed polymer
scaffolds have clear antibacterial competence against Gram-
negative and Gram-positive bacteria responsible for causing
infection. More importantly, we were able to optimize this PER
process to generate uniform AgNP-modified scaffolds while
simultaneously improving cytocompatibility. Considering the
current pandemic and the possibility of future calamities, in
conjunction with the rise in antibiotic resistance, there is a
clear justification for developing novel approaches for biointer-
face surface modification. We hope that the proposed PER
process will find wide utility to design metallic nanostructured
interfaces for different biomedical applications such as SERS-
based biosensing and bone tissue engineering. Our future
studies aim to use this method toward the development of low-
cost cellulose filter paper-based SERS biosensors and the
development of metallic NP-modified 3D printed polymer
scaffolds as bone—tissue interfacial scaffolds for osteomyelitis.
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