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ARTICLE INFO ABSTRACT

Keywords: Surface modification offers the opportunity to create nano-topographies on various materials. Such modifications
Antibacterial are widely applied to enhance solar energy absorption and electromagnetic shielding. An additional high-impact
Antimicrobal application involves nano-topographic surfaces designed to combat biofilm formation by nature inspired sur-
gia‘[r\lo-topographles faces, such as cicada and dragonfly wings, which physically lyse bacterial cells. Such mechano-bactericidal

surfaces have attracted growing interest over the past decade, and ongoing efforts translate these structures
into medical and industrial applications. While considerable progress has been achieved with metallic and
ceramic surfaces, advancements in polymers remain limited, despite their widespread use. In this study, a low-
temperature hydrothermal approach successfully modified the 3D-printed polylactic acid (PLA) surface to nano-
topographies. Although the literature describes a limited number of strategies for producing nanostructures on
3D metallic surfaces, fabricating such structures on 3D polymeric surfaces remains challenging using conven-
tional methods. This study demonstrates the successful fabrication of distinct nanostructures on both the top and
bottom surfaces of a 3D-printed PLA substrate. The produced surfaces were characterised via scanning electron
microscopy (SEM), atomic force microscopy (AFM), SEM-Energy Dispersive Spectroscopy (EDS), X-ray Photo-
electron Spectroscopy (XPS), and Fourier-transform infrared spectroscopy (FTIR). The bactericidal efficacy (BE)
was quantified via LIVE/DEAD™ BacLight™ bacterial viability assay with inverted fluorescence microscopy
images. Among the developed structures, Nano-Pockets with an average pore diameter of ~275 nm exhibited the
highest BE, achieving a 48.8 % reduction in Gram-negative Pseudomonas aeruginosa viability within 1 hour of
incubation. This approach, therefore, lays the foundation for fabricating nanostructures on 3D-printed polymeric
surfaces with complex geometries.

3D printing

1. Introduction

Antifouling surfaces are increasingly important due to their role in
preventing biofilm formation on various applications such as biomedical
implants and devices (BIDs) [1,2], marine vessels (e.g. ship hulls) [3,4],
heat exchangers [5,6], aircraft fuel systems [7-9], pipelines (specially in
food processing and water distribution) [10-12], bioreactors and
fermentation systems [13,14], surgical instruments [15,16], and steel

* Corresponding authors.

infrastructures (e.g. Bridges) [17,18]. Microorganisms, such as bacteria,
adhere to solid surfaces and secrete extracellular polymeric substances
(EPS), which leads to the formation of biofilms [2,19]. These biofilms
compromise the functionality of the applications. For instance, bacterial
colonization on biomedical implants can cause infection and implant
failure, potentially resulting in fatalities or revision surgeries [2,20-22].
On the other hand, biofilms on marine surfaces increase fuel consump-
tion, frictional resistance, and greenhouse gas emissions [4,23,24].

E-mail addresses: laura.bray@qut.edu.au (L.J. Bray), asha.mathew@unisq.edu.au (A. Mathew).

https://doi.org/10.1016/j.rineng.2025.107992

Received 11 July 2025; Received in revised form 11 October 2025; Accepted 30 October 2025

Available online 31 October 2025

2590-1230/© 2025 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


https://orcid.org/0000-0003-0369-4776
https://orcid.org/0000-0003-0369-4776
https://orcid.org/0009-0008-8217-3007
https://orcid.org/0009-0008-8217-3007
https://orcid.org/0000-0002-1174-0018
https://orcid.org/0000-0002-1174-0018
https://orcid.org/0000-0002-8782-1981
https://orcid.org/0000-0002-8782-1981
mailto:laura.bray@qut.edu.au
mailto:asha.mathew@unisq.edu.au
www.sciencedirect.com/science/journal/25901230
https://www.sciencedirect.com/journal/results-in-engineering
https://doi.org/10.1016/j.rineng.2025.107992
https://doi.org/10.1016/j.rineng.2025.107992
http://creativecommons.org/licenses/by/4.0/

S.P.S.N.BuddhikaS. Kumara et al.

Additionally, microbial contamination of fuel leads to biofilm forma-
tion, clogging aircraft fuel filters and resulting in corrosion and failure of
fuel control systems, which poses a significant safety risk [8,9,25].

BIDs are among the fastest-growing applications and failures have
long been a significant issue in the health care sector [26]. According to
various research predictions, the global biomedical implant market is
expected to grow at a compound annual rate of 6.8-9.0 % from 2023 to
2032 [25-28].

However, several factors have led these BIDs to fail such as biome-
chanical failure, bacterial infections (biofilm formation), osseointegra-
tion failure, and damage to nerves or tissues [22,27]. Bacterial infections
on BIDs is a critical issue which needs more attention due to its conse-
quences such as amputation, revision surgeries, antibiotic resistants,
superbug formation, high health care cost, and mortality [2,20,21].

However, the physical removal of bacterial biofilms by mechanical
debridement is inefficient, expensive, and time consuming. Different
antimicrobial approaches have been carried out in the literature to
mitigate bacterial colonisation. These approaches include the use of
antibiotics, coatings (metal ions, metal and metallic oxide nanoparticles,
2D nanomaterials, hydrophilic polymers, biomolecules (antimicrobial
peptides and chitosan)), and antimicrobial nanostructured surfaces [2,
28,29]. While antibiotics are widely used in biomedical applications,
their repeated and prolonged use increases the risk of antimicrobial
resistance (AMR) and the emergence of superbugs [30,31].According to
the research predictions, misuse of antibiotics in healthcare, animal
health, and agriculture accelerates the spread of resistance genes, fuel-
ling a "Silent Pandemic" that may become the leading cause of death by
2050 and this will also leads to a loss of global annual gross domestic
production by 3.8 % [32,33].

The use of antimicrobial nanoparticles such as coating on surfaces
has been an excellent solution with high bactericidal activity to combat
against bacterial infections [34]; However, according to the biomedical
context, exceeding a certain dose limit can cause inflammatory re-
sponses due to DNA damage to human cells via the oxidative stress
caused by reactive oxygen species (ROS) [2,29,35,36]. The discovery of
antimicrobial natural nanostructured surfaces from cicada wings,
dragonfly wings, damselfly wings, gecko skin, shark skin, taro leaf, and
lotus leaf have made a significant impact on the development of artificial
antibacterial nanostructured surfaces [2,37-40]. These surfaces kill the
bacteria due to prolonged stress produced from the sharp nano-features
via piercing or rupturing the bacterial cell membrane and this killing
mechanism is identified as mechano-bactericidal activity [41,42]. In
addition to rupturing bacterial cells, the ability of hydrophobic

Thermal Hydro/oleophobic
Management in & Hydro/oleophilic
Electronics (e.g. Self Cleaning)

‘ Drug Delivery

* (e.g.

Nanostructures cis, feesle
etc

Energy
Harvesting
(e.g. Fuel Cells,
Supercapacitor,

5 & etc)

Antibacterial
& Antifouling

Sensing (e.g.

Biosensors,

Plasmonic, & etc)
afn

@)

==
S8
S

Antireflection ng
Solar '

Results in Engineering 28 (2025) 107992

nanopatterned surfaces to repel bacteria is a critical factor in preventing
adhesion and biofouling [43-45]. Overall, nanostructures exhibit a wide
range of functional properties and applications, particularly in relation
to their antibacterial activity, as illustrated in Fig. 1.

Many processes have been used to fabricate these bioinspired anti-
bacterial nanostructured surfaces on polymers via Nanoimprinting
Lithography (NIL) [46,47], Laser based Lithography (LL) [48,49],
Electron Beam Lithography (EBL) [50,51], Anodic Aluminum Oxide
Template (AAOT) [52,53], Reactive Ion Etching (RIE) [40,54,55],
Colloidal Lithography (CL) [37,39], Wet etching [56]. Interestingly, to
produce these nanostructures effectively on different materials, many
researchers have used a combination of these processes [49], making the
process more complex and less cost effective. Imprinting techniques
such as NIL, and some lithography techniques such as EBL and LL, have
been used to develop these nano-features on polymer materials [2].
However, disadvantages such as non-facile, slow fabrication, and dam-
age of nano-features during the demoulding makes these processes
challenging and inefficient [2]. Also, scalability is one of the most
important factors, which is challenging in these processes. The majority
of these antibacterial nanostructured surface developments were on
metals and ceramics due the ease of fabrication at high temperature and
high-pressure conditions without damaging the bulk material [2]. For
instance, TiO5 nanowires were developed on a titanium alloy surface via
a chemical synthesis process called hydrothermal synthesis where it
requires a pressure vessel to react at high temperature and high-pressure
conditions [57-60]. Moreover, among these fabrications, hydrothermal
synthesis is able to fabricate antibacterial nanostructures on
three-dimensional (3D) metallic surfaces while other techniques have
succeeded in producing high bactericidal nanostructures on
two-dimensional (2D) flat surfaces on metals, ceramics and polymers
[58,60,61].

With the advantages of high 3D printability, high biocompatibility,
biodegradability, low density, and corrosion resistivity, polymers play a
key role specially in producing patient specific BIDs [2,62,63] with in-
ternal and external geometries and other applications such as anti-
fouling surfaces [64] and antireflection surfaces [65]. 3D printing has
become one of the highly used manufacturing processes for patient
specific BIDs due to low cost, less lead time, low material waste, net
shape manufacturing, low part weight, and rapid production from a CAD
model [62,66-68]. Interestingly, Shi et al. was able to fabricate 3D
printed polymeric materials with nanostructures via photo-
polymerization induced microphase separation method and unable to
test these surfaces its antibacterial activity [69]. Patil et al. was able to
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Fig. 1. Functional properties and range of applications with regards to the antibacterial and antifouling characteristics of nanostructures (Created in BioRender.

Sinhasana, B. (2025) https://BioRender.com/b33elmc).
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fabricate antibacterial nanostructured surfaces against P. aeruginosa
bacteria via reactive ion etching approach on nitrile glove surfaces with
the aim of bactericide surgical nitrile gloves [70]. However, the exper-
imental study was based on 2D flat nitrile surfaces hinders the effectivity
them on 3D surfaces. Moreover, Yoo et al. was able to develop a method
to fabricate ZnO nanowires on flexible polymer substrates (Polyethylene
terephthalate (PET), Polyimide (PI) and Polycarbonate (PC)) via a low
temperature hydrothermal approach by seeding ZnO [71]. Yet this
approach was not tested for bactericidal activity and wasn’t able to
develop the same nanostructures on 3D polymeric surfaces without
seeding metallic oxides. In conclusion, producing bactericidal nano-
structured surfaces on polymeric 3D surfaces have not yet been ach-
ieved. This research gap extends beyond biomedical applications and is
relevant to a wide range of areas, as shown in Fig. 1.

Hydrothermal synthesis is a successful process for producing bacte-
ricidal nanostructures on metallic 2D and 3D surfaces [58,72]. However,
producing these nano-features on polymeric surfaces is a challenging
task due to low melting temperature and glass transition temperature
(GTT) of polymers [2]. Often, hydrothermal conditions will warp the
polymer surface and change the mechanical properties due to thermal
and hydrolytic degradation [73,74]. However, use of this hydrothermal
process under low temperature, controlled alkaline concentration and
reaction time will enable paths to fabricate bactericidal polymeric
nanostructures [74]. A similar approach was studied by Yoo et al. to
produce ZnO nanowires on polymeric flat surfaces via low temperature
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(70 °C for PET and 90 °C for PI and PC) hydrothermal process [71].
However, use of this hydrothermal process for pure polymeric surface
modifications are yet unmet.

To address these research gaps we have used a novel approach to
produce nanostructures via a low-temperature hydrothermal treatment
to physically modify the surface of 3D printed PLA. This process includes
both hydrolysing and nucleation approach with use of a saturated so-
lution from alkaline degraded PLA as the precursor solution. PLA was
selected for this study due to its high biocompatibility and biodegrad-
ability in biomedical context, as well as its widespread use as a 3D
printing polymer [75-78].

2. Experimental methods
2.1. Materials

PLA filaments with a diameter of 1.75 mm were obtained from RS
components Pty Ltd, Australia. PLA substrates were 3D printed via
Lulzbot mini 2 fused deposition modelling (FDM) printer (0.25 mm layer
thickness). Size of the 3D printed PLA substrate size was 10 mm X 8 mm
X 1.5 mm (L x W x H). NaOH pellets (>97 % assay) were purchased from
ProSciTech Pty. Ltd, Australia. Ethanol (99.5 % v/v) was purchased
from Ajax Finechem, Australia. Nutrient broth powder and Phosphate-
buffered Saline (PBS) were purchased from Oxoid, USA.
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Fig. 2. a) PLA solution preparation process from grinded 3D printing PLA spool filaments; b) Surface modification process via the low-temperature hydrother-

mal approach.
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2.2. Nanofabrication

For the low-temperature hydrothermal process, NaOH solution was
prepared using NaOH pellets (7.2 g for 3M, 9.6 g for 4 M, and 12 g for 5
M) in a 60 ml of milliQ DI water (18.2 MQ.cm at 22.5 °C via Millipore Q-
pod milliQ water system) via sonicating inside the water bath sonicator
for 7 min at RT. 3D printing PLA spool was grinded using a 3200 W high
speed multi-function comminutor, sieved to a range of Dx (90): 750-830
um size granules (see Figure S1, Figure S2, and Table S2) and added to
the prepared NaOH solution (3 M, 4 M or 5 M). The solution was stirred
using a magnetic stirring bead to 200 rpm at 65 °C (measured using (RS
PRO 1319A Wired Digital Thermometer and RS PRO Type K Thermo-
couple 1 m Length, 1.5 mm Diameter) as shown in Fig. 2(a) until the
solution turned saturated from the degraded products of PLA. 11.85 g,
16.8 g, and 20.4 g of PLA granules was required to saturate 3 M, 4 M, and
5 M NaOH solutions with degraded products of PLA. To ensure there is
sufficient PLA granules for the reaction, 23 g was added to each solution
with different NaOH concentrations (3 M, 4 M or 5 M). The PLA solution
underwent vacuum filtration using 0.8 um cellulose filter paper after
different time intervals, and the weight of the filtered wet PLA was
measured until a constant filtered weight was attained. The average of
this consistent weight was taken to calculate saturated weight of PLA
using Eq. (1) while Eq. (2) was used to calculate the PLA concentration.
The t4/65 value was taken as the starting time of getting consistent
filtered PLA weight.

Results in Engineering 28 (2025) 107992

nano-features, SEM and AFM were used. For SEM imaging, samples were
attached to the SEM stubs using both carbon tape and a carbon coating.
Applying carbon coating reduced the polymer sample drifting due to its
non-conductive characteristic. Samples were coated with a 10 nm gold
layer and characterised with a control sample using the TESCAN Mira 3
SEM instrument. Bruker AFM was used to characterize the surface de-
viation of the treated PLA substrates. OLTESPA-R3 (material: 0.01-0.02
ohm-cm silicon) with tapping mode was used. A 5 um scan size and 256
histogram bins were used. Each sample was scanned in 3 different lo-
cations. Due to the high deviation of surface in 3D printing, 1st order
plane fit and 1st order flatten option was used to make the surface fit to
the horizontal plane for assessing the roughness results. Nikon ECLIPSE
LV100N Polarised light microscopy was used to image 3D printed PLA
samples to analyse the material deposition by using 40X objective. To
identify the chemical composition of the surfaces, XPS (Kratos AXIS
Supra) was used. Al K alfa x-ray source was used to collect survey spectra
(3 distinct locations) of samples. SEM-EDS (TESCAN Mira3) was used to
identify the element distribution on the treated surface. SE and EDS
images were compared, and EDS point analysis was used due to low
accuracy in EDS mapping on 3D printed polymer samples (non-
conductive, non-flat, and porous). To analyse the changes in functional
groups following the treatment, FTIR spectroscopy was performed using
a Nicolet FTIR instrument equipped with a VariGATR germanium ATR
accessory. Spectra were obtained by co-adding 256 scans at a resolution
of 4 cm™. The resulting data were ATR-corrected and presented as
absorbance spectra.

Saturated PLA weight (mg) = Weight of initially added PLA powder (mg) — Filtered wet weight of PLA powder after saturation (mg) )

Saturated Concentration of degraded products of PLA

__ Saturated PLA weight (mg)
" DI water volume (ml)

@

A 60 ml volume of prepared saturated PLA solution was measured
using a measuring cylinder and transferred to the Teflon container in the
hydrothermal vessel (Parr acid digestion vessel: capacity 125 ml) as
shown in the Fig. 2(b). Simultaneously, A total of 10 3D printed PLA
substrates underwent a thorough cleaning process involving 3-step
cleaning procedure for both sides of the substrate: (1) 99.5 % v/v
ethanol, (2) milliQ DI water, and (3) N3 gas. The cleaned samples were
then attached to the Teflon holder at an angle of 45 (Fig. 2(b)). Then the
holder with PLA substrates were inserted into the PTFE vessel. To in-
crease the pressure slightly above the atmospheric pressure of 1 bar, 300
and 600 pl of 99.5 % v/v ethanol was added into the solution. The re-
actions were conducted at a temperatures of 22.5 (RT: room tempera-
ture), 80, and 90 °C, which was the designated oven setting.

The in-situ temperature monitoring is carried out using a K type
thermocouple fixed to the Teflon container inside the hydrothermal
vessel. Hydrothermal reaction was taken place for different time in-
tervals such as 2, 2.5, and 3 h. Then the vessel was taken out from the
oven and kept inside the fume hood for cooling and further reaction for
22 h for all the experiments except Exp. A. Finally, samples were taken
out from the vessel and cleaned the samples again following the 3-step
cleaning procedure to remove chemical residues on the surface. To
remove trapped ethanol and moisture inside the sample, all the samples
were dehydrated inside a dehydration oven for 3 h at 40 °C.

2.3. Nano-topography characterisations

To study the surface topography for identifying and quantifying the

2.4. Compression tests

The effect of etching on bulk mechanical properties was evaluated
using an Instron 68TM-30 universal tensile machine. A 5 kN load cell
measured compressive force. Tests were performed at a speed of 1 mm/
min under room temperature conditions. The specimen dimensions
matched those of the substrate used for treatments.

2.5. Culture, buffer media, and epifluorescence stain preparation

A 500 ml of nutrient broth was made using 13 g of broth powder
which was dissolved in 500 ml of milliQ DI water. PBS solution was
prepared by dissolving 1 x PBS tablet in a 500 ml of milliQ DI water.
Both Nutrient broth and PBS solution was sterilised by autoclaving using
Tomy autoclave SX700 at 121 C for 20 min. Epifluorescence dye was
prepared using LIVE/DEAD™ BacLight™ Bacterial Viability Assay kit
(Invitrogen detection technologies, L7012). A 6 ul volume of each dye
from SYTO9 and PI was mixed with 988 pl of sterilised PBS in the dark.

2.6. Antibacterial studies

The treated surfaces tested for bacterial attachment using
P. aeruginosa (ATCC-27853; Gram-negative) bacteria via Live/dead
bactericidal viability assay using LIVE/DEAD™ BacLight™ Bacterial
Viability Assay kit. Before the assay, samples were fan dehydrated in a
dehydration oven at 40 °C for 3 h to remove trapped ethanol and
moisture and subsequently sterilised for 20 min under UV light exposure
inside the biosafety cabinet. A colony of P. aeruginosa bacteria was
streaked from sub cultured bacteria plate and incubated in a 5 ml
nutrient broth for 16 h using an Eppendorf shaker incubator at 220 rpm
and 37 °C. Incubated solution was centrifuged (Beckman Coulter, Alle-
gra X-15R centrifuge) at 5250 rpm for 5 min at 37 °C and decanted the
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supernatant to get the pellet. The bacteria pellet was resuspended in PBS
and mixed well using a vortex mixer and diluted until obtaining an
optical density at 600 nm (ODggo) value to ~0.1 [72,79] using the
Eppendorf BioPhotometer. Sterile substrates were then added into a 24
well microwell plate and 600 pl of bacterial suspension was added to
onto each sample inside the microwell plate. After incubating the bac-
teria on the PLA samples for 1 hour, the bacterial solution was decanted.
Subsequently, the samples were kept at an angle inside the microwell
plate for couple of minutes to drain the supernatant liquid. Then
transferred into a new microwell plate for further draining before
staining. A well cleaned p-Slide 8 well high glass bottom well plate was
used and 2 pl of fluorescence dye (1:1 mix of PI and SYTO9) was added.
Wetted samples were drained and placed on the dye solution. After
incubating 15 min, samples were imaged using Nikon ECLIPSE TiS
inverted fluorescence microscopy via 40X objective lens with FITC and
CY3 filters. Capture area was 206.40 pm x 165.12 ym with a resolution
of 1280 x 1024 pixels. A control sample (untreated 3D printed PLA),
~100 % live bacteria (test SYTO9), and ~100 % dead bacteria (ethanol
added; test PI) were used in this study. Each sample was imaged in 10
distinct locations with 80-120 ms exposure time to evaluate the BE.
Images were post processed (color balance, thresholding, and binariza-
tion) via Fiji imageJ 1.53t software for counting live/dead bacteria.
Moreover, as P. aeruginosa is a rod shaped bacteria, it is visible as either a
circle (circularity: 0.43-1 [80]) and/or ellipse (circularity: 0.41-0.87
[80]) through fluorescence microscopy when the bacteria oriented in
different orientations on the sample. Hence, based on the binarized
image, particles above a certain threshold brightness were calculated by
assuming the circularity of the bacteria in the range of 0.2-1. The BE of
each experiment was calculated via Equation S2 and Figure S3.

2.7. Bacteria fixed SEM

A P. aeruginosa bacterial solution with 0.1 (ODgg) turbidity was
prepared using the procedure described in Section 2.5. Bacterial solution
was added to the treated samples (inside a microwell plate) and incu-
bated inside the biosafety cabinet for 1 hour. After incubation, the
bacterial solution was decanted from the samples. Next, 600 pl of 2.5 %
glutaraldehyde in PBS was added to each sample for bacterial fixation,
and the samples were then stored in a biosafety cabinet for 2 h.
Following fixation, the glutaraldehyde solution was replaced with PBS
to rinse the samples. After the PBS was decanted, a buffer rinse was
carried out using 600 pl of sodium cacodylate solution added to each
sample. This step was followed by placing the samples in the PELCO
BioWave Pro microwave for 1 min to dehydrate. The microwave dehy-
dration with sodium cacodylate was repeated once more. Ethanol
dehydration followed, where the sodium cacodylate buffer was
sequentially replaced with increasing concentrations of ethanol (30 % to
100 % v/v, in 10 % increments). Each ethanol step was carried out in the
microwave for 40 s. For the 90 % and 100 % ethanol steps, the process
was repeated. After ethanol dehydration, hexamethyldisilazane (HDMS)
was used to dry the samples: two 1-minute microwave cycles with HDMS
were performed for each sample. Finally, without decanting the HDMS,
the substrates were placed inside the fume hood and left to dry over-
night. After dehydration, the samples were gold-coated with a 10 nm
layer before SEM imaging.

2.8. Statistical analysis

Statistical analysis was performed to compare the resulsts of Ra,
skewness, kurtosis, weight of the samples against each treatments, and
BE. ANOVA anaylsis was performed via GraphPad Prism software
(version 10.4.1) to evaluate the statistical significance of differences in
mean values among the groups. A 95 % confidence interval was applied,
with statistical significance set at P < 0.05. The significance levels were
interpreted as: ns (not significant) if P > 0.05, * if P < 0.05, ** if P <
0.01, *** if P < 0.001, and **** if P < 0.0001. All the data were plotted
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with mean values + standard deviation.
3. Results and discussion
3.1. Optimizing PLA degradation for etching

The etchant was prepared by degrading PLA in different NaOH
concentrations (3 moldm’B(M), 4 M, and 5 M). According to Schneidar
et al., PLA fully degrades within 48 h in a 4 M NaOH concentration at
room temperature [81]. The degradation time can be reduced by
increasing the temperature [82-85], increasing alkaline concentration
[81,82], and decreasing PLA particle size. Hydrolysis or hydrolytic
degradation is one of the key reaction that breaks down the polymer
chains of PLA into its monomers [81,82,86-92]. PLA hydrolysis typi-
cally occurs in several stages: (1) water diffuses into the PLA, (2)
amorphous PLA chains undergo hydrolysis, (3) ester bonds in PLA are
cleaved, forming water-soluble compounds, and (4) the crystalline
phase of PLA is hydrolysed due to the presence of acidic products and
carboxylic acidfunctional groups, which as an autocatalyst [91,92]. As a
semi crystalline polymer, PLA contains both amorphous and crystalline
regions [93,94]. The hydrolytic chain cleavage mostly occurs in the
amorphous region due to its preferential hydrolysis behavior, resulting
in an increased polymer crystallinity [95-97].

The hydrothermal approach used a saturated solution of degraded
products of PLA to control the etching. Lower OH™ concentration of this
saturated solution controls the cleavage of PLA’s ester bonds, initiating a
low level of alkaline hydrolysis. This leads to a chain scission of PLA and
produces lactic acid and sodium lactates as degraded products [74].
Moreover, when the saturated solution reaches super saturation under
pressure, it causes PLA degradation products to nucleate on the sub-
strate, thus slowing the etching rate. To identify the optimal concen-
tration for the etchant, we tested 3 M, 4 M, and 5 M NaOH solutions to
degrade PLA, using them to etch the surface under same process con-
ditions as depicted in Table 1. Degradation experiments were carried out
in triplicate to determine the saturated concentration for each alkaline
solution and the corresponding saturation time (Table S1). As shown in
Fig. 3, the average concentrations of degraded PLA products were
calculated using Equation S1 to be 197.5, 280, and 340 mg/mL for 3 M,
4 M, and 5 M NaOH solutions, respectively. These values were obtained
under degradation conditions of 65 °C with magnetic stirring at 200 rpm
using PLA granules (< 600 um).

As per the SEM micrographs depicted in Fig. 3 (b, ¢), homogeneous
nanostructures were evident with a considerable nano-features
compared to Fig. 3(a). Despite the nanostructures identified at 5 M
alkaline concentrations, high alkaline concentrations tend to degrade
PLA via hydrolysis compared to lower alkaline concentrations. Addi-
tionally, higher concentrations led to bulk degradation rather than
surface degradation. Lower concentrations result in reduced hydrolytic
degradation, leading to less etching and consequently limited formation
of nanostructured features. Hence, the 4 M concentration was suitable
for further study using the proposed low-temperature hydrothermal
approach.

3.2. Effect of preheating the hydrothermal vessel prior to reaction

According to Kumara et al. and Schneider et al., 3D printed PLA
substrates showed higher etching at elevated temperatures during
alkaline etching compared to etching at RT. This resulted in a porous
nanostructure, indicating that alkaline hydrolysis is accelerated by
temperature [74,81]. Temperature inside the hydrothermal vessel plays
a crucial role in the surface modification. Since reactor heating relies on
convection within a dehydration oven, it is important to examine the
reactor’s temperature profile to understand the reaction conditions used
for surface modification. As shown in Table S3, Scenario I was con-
ducted without preheating the vessel. As depicted in Fig. 4(b)-Scenario
I, it almost took 2 h to reach 67 °C when the set temperature (Oven PV)
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Table 1
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Low temperature hydrothermal process pilot trial parameters for choosing an optimal alkaline concentration for treatments. Parameters like set temperature, reaction
time, and post etching were selected as per our previous study on alkaline wet etching [74].

NaOH Reaction Set Reaction Post Etching Ethanol Saturation PLA Solution PLA Solution Preheating
Concentrations Temperature ( Time or Cooling Volume Concentration of Preparation Filtration Vessel
(moldm®) °C) (hours) Time (hours) (u) PLA (mg/ml) Temperature ( °C) Temperature ( °C) Components
3 80 2 22 300 ~197.5 65 RT No
4 80 2 22 300 ~280 65 RT No
5 80 2 22 300 ~340 65 RT No
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Fig. 3. PLA degradation profiles (average filtered PLA weight Vs time) under 3 M (a), 4 M (b), and 5 M (c) NaOH concentrations. Error bars indicate the standard
deviation (n = 3). SEM micrographs of treated 3D printed PLA substrates via low-temperature hydrothermal treatments under different alkaline concentrations: 3 M
(a), 4 M (b), and 5 M (c). The time required to reach saturation of PLA degradation products at each NaOH concentration is denoted as tyy, where the subscript x
represents the NaOH concentration and y denotes the degradation temperature of the solution. Degradation times were 60 h (t365), 48 h (t465), and 28 h (ts6s).
Added PLA granule weight was 23 g in each degradation experiment. Degraded PLA weights were 11.85 g, 16.8 g, and 20.4 g respectively.

was 80 °C. After reaching 70 °C, the temperature plateaued after an
additional 3 h. This implied that if the reaction ran for 2 h, the tem-
perature of the liquid inside the Teflon vessel will increase from 20 to 67
°C. However, the participation of thermal energy in the hydrolysis
process is limited. This can be compensated by preheating the vessel
components before starting the reaction process (Figure $4). As shown
in Fig. 4(c)-Scenario II, preheating will reach thermal equilibrium after
90 min, with the temperature stabilising at 73 °C. This preheating was
done without heating the Teflon container, substrates or the solution.
Once the vessel components reached equilibrium, the sample holder

(Fig. 4(d)) and Teflon container (Fig. 4(e)) were quickly added into the
stainless-steel vessel. For these scenarios, ethanol (99.5 % v/v) was
added to increase the partial pressure inside the vessel, thereby pro-
moting oversaturation of the hydrolysed products of PLA.. It was chal-
lenging to add ethanol in Scenario II due to the evaporation of ethanol at
a higher temperature range (40-73 °C, assembling temperature) unlike
Scenario I (RT). A 300 pl of ethanol was injected into the solution using a
1 ml capacity syringe and assembled the vessel parts within few minutes
to minimise ethanol evaporation and heat loss to the environment. The
solution reached near thermal equilibrium zone after 80 min. During
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Fig. 4. a) Low-temperature hydrothermal process; Step 1: With or without preheating conditions of the vessel components, Step 2: Assemble hydrothermal vessel,
Step 3: Reaction take place inside oven with in-situ temperature monitoring; b) Temperature profiles inside the vessel during the reaction without preheating
(starting temperature is RT) condition and corresponding SEM micrograph; ¢) Temperature profiles inside the vessel during the reaction with preheating (preheating
temperature is 75 °C) condition and corresponding SEM micrograph. Set temperature of the oven is at 80 °C for both scenarios. (d) Mounted 3D printed PLA
substrates at an angle of 45° on the Teflon sample holder with two decks. (e) Inserted Teflon container inside the stainless-steel hydrothermal vessel and the Teflon

sealing lid (f). Assembled hydrothermal vessel equipped with K-type thermal probe

this time, the solution temperature increased to 65 °C.

After 2 h, solution temperature reached 68 °C without preheating.
However, the solution achieved thermal equilibrium after 150 min,
stabilising at 69 °C. Most importantly, in Scenario I, the solution tem-
perature remained above 65 °C for 40 min within the 2-hour reaction
time, whereas in Scenario I, the solution temperature was above 65 °C
for only 10 min. After the 2-hour low temperature hydrothermal reac-
tion, the vessel was taken out from the oven and kept inside the fume
hood for 22 h to cool down to RT in both scenarios. During the cooling
process, solubility decreased until the solution reached RT and
approached near saturation again. This saturation is further accelerated
due to condensation of partially evaporated ethanol due to reduced
pressure inside the reactor. Since the main compounds of PLA after

placed inside the oven.

alkaline hydrolysis are lactic acid and its salts [74], cooling could lead to
the nucleation of these salts.

As per the micrographs shown in Fig. 4 (b and ¢), it is evident that
the absence of preheating led to the production of a surface with nano-
features, whereas preheating exposed more heat and reduced the ten-
dency to form nano-features. When the temperature exceeds the GTT of
PLA, the polymer transitions to a rubbery state, resulting in a smoother
surface [98]. This could even tend to warp and change the mechanical
properties in large amounts compared with Scenario 1. Therefore, for
comprehensive surface modification, a preheating condition is not
preferred.
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Fig. 5. a) FDM schematic diagram; b) 3D printing nozzle path; c¢) 3D printed PLA substrate without air gaps (Type 1): This surface was identified as a suboptimal
surface for nanostructure modification due to low quality 3D printing; d) Widefield SEM micrograph of treated Type 1 substrate; e) SEM micrograph of treated Type 1
substrate; f) 3D printed PLA substrate with air gaps (Type 2): This surface was identified as an optimal surface for nanostructure modification due to high quality 3D
printing; g) Widefield SEM micrograph of treated Type 2 substrate; e) SEM micrograph of treated Type 2 substrate; f) 3D printed PLA substrate with air gaps.

3.3. Effect of 3D printing on surface modification

A FDM 3D printing process was used to print PLA substrates. Two
different types of surfaces were obtained: Type 1 (rough PLA substrates
without air gaps) and Type 2 (PLA substrates with air gaps). Type 1
surfaces were rough due to the bed vibration and dragging the nozzle tip
on the substrate when moving to the next position. Additionally, vari-
ations in nozzle temperature altered the rheology of the molten PLA
[99], causing air gaps to close and the line width to increase, ultimately

Table 2

joining adjacent 3D printing lines together to form a solid substrate
without gaps (Fig. 5 (d and e)). Type 2 surfaces, on the other hand
exhibited air gaps between the lines, as shown in the nozzle pathway in
Fig. 5(b) and widefield SEM micrographs in Fig. 5 (d and g) [100].
Therefore, two distinct substrates were obtained in the same 3D printing
batch as depicted in Fig. 5 (c and f). A surface treatment was conducted
using the parameters in Table 2 to modify the PLA surface and SEM was
used to examine its surface topography to distinguish the effect of the
two surface types on the surface modification process. It is clearly visible

Low temperature hydrothermal process parameter for identifying the effect of different types of 3D printed substrates in same experiment.

NaOH concentration Reaction Reaction Time Post Cooling and Etching Ethanol PLA Concentration PLA Solution Preparation
(moldm™®) Temperature (°C) (hours) Time (hours) Volume (ul) (mg/ml) Temperature ( °C)
4 90 2 22 300 ~280 65
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that the nanostructures were able to develop on the 3D printed surface
on Type 1 substrate, while Type 2 substrate did not exhibit any
nano-features.

The differences in the surface modification observed in Fig. 5 (e and
h) can be attributed to the variation in surface area between Type 1 and
Type 2 substrates. Type 2 substrates had a larger surface area due to the
visible air gaps between the line widths, making them more exposed to
the etchant. In contrast, Type 1 substrates had a smaller surface area due
to the absence of air gaps. Since hydrolysis begins at the surface, the
etching depth was greater in Type 1 substrates, which led to etching
propagating into the bulk material during the reaction. However, for
Type 2 substrates, the higher surface area resulted in surface etching
being more dominant than bulk material etching, leading to fewer nano-
features, as shown in Fig. 5(h). This also indicates that the surface
modification process via the low-temperature hydrothermal method was
highly sensitive to the surface area of the substrates. To achieve nano-
features in Type 2 substrates similar to those in Type 1, parameters
such as reaction temperature, NaOH concentration, and reaction time
could be adjusted. FDM is a widely used 3D printing technique because
of its ease of use and affordability [101]. However, achieving
high-quality surfaces remains challenging due to defects [101,102].
Optimizing printer parameters or utilizing advanced methods, such as
stereolithography (SLA), vat photopolymerization, and direct ink
writing can enhance surface homogeneity and repeatability [102-104].
Given the advantages of FDM, Type 2 substrates were selected via a
visual inspection to avoid using substrates with print defects (e.g. Type

.

3.4. Effect of reaction parameters on surface modification

The effect of each parameter in the low temperature hydrothermal
approach used in this study was analysed through SEM and AFM anal-
ysis under different comparison categories as depicted in Table 3. The
categories were used to discuss the effect of post etching time, etchant
type, addition of ethanol, reaction set temperature, reaction time,
amount of ethanol volume added, and two separate nucleation condi-
tions for the development of nano-features. The surface modification
process was conducted inside a hydrothermal vessel under different
parameter conditions as shown in Table 3. The parameter optimisation
and the nanostructure development while introducing various process
conditions such as etching time, ethanol addition and precursor change

Table 3
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steps were mentioned in the flow chart depicted in Fig. 6. As per the
conclusion made in Section 3.1, a 4 M NaOH solution was used as the
precursor in different parameter conditions. Subsequently, a saturated
solution of hydrolysed PLA was used as the precursor to control the
etching and initiate nucleation.

3.4.1. Effect of post etching

Experiment (Exp.) A and B were designed to investigate the effect of
hydrolysis at higher alkaline concentrations. Initially, the reaction in
Exp. A was carried out for 2 h, followed by an additional 22 h of post-
etching in Exp. B inside the fume hood at RT for further alkaline
etching. The etching times (2 hour elevated temperature and 22 hour
post etching) were selected for initial reaction based on our previous
publish research work [74] The significant (P < 0.001) increase in
surface roughness (Ra) by 5-8 times in both experiments compared to
the control is shown in Fig. 7 (Control and Exp. A: AFM) and Fig. 8(a).
Despite this increase, there was no significant roughness variation
within each experiment, although both exhibited substantial (P <
0.0001) weight loss compared to the control. This result can be attrib-
uted to enhanced hydrolytic degradation under elevated OH- ion con-
centrations (Fig. 7 (Exp. A and B), Fig. 8(b)). AFM images (Fig. 7 (Exp.
A and B)) also confirmed that alkaline etching significantly increased
surface roughness compared to the control sample. However, extending
the post-etching time did not result in a further increase in roughness;
instead, it led to a significant (P < 0.0001) bulk material degradation
(Fig. 7 (Exp. B)), which would negatively impact the mechanical
properties of the substrate. According to Schneider et al., neither bulk
degradation nor significant changes in mechanical properties were
observed in 3D-printed PLA subjected to alkaline degradation at room
temperature [81]. However, under elevated temperature conditions, the
accelerated alkaline hydrolysis may lead to increased bulk degradation
and a deterioration of the mechanical properties [74]. To mitigate
excessive alkaline etching, either the concentration or post-etching time
should be reduced. Instead of modifying these parameters, this study
utilized a saturated PLA solution as the etchant, which may help lower
the effective OH™ ion concentration, thereby controlling the hydrolysis
of the PLA part.

3.4.2. Effect of adding PLA solution (etchant type)
The PLA solution was prepared at 65 °C and subsequently filtered at
RT. The temperature drop from 65 °C to RT could decrease solubility,

Low-temperature hydrothermal experiment parameters for identifying the effect of each critical parameter for surface modification. Repeated rows of same experiment
mentioned near the relevant experiment in the table for comparison. One parameter at a time concept was followed for optimisation except the nucleation 1 category.

Comparison Experiment NaOH Reaction Set Reaction Post Ethanol Saturation PLA Solution PLA Solution Preheating
Category No Concentration Temperature Time Etching Volume Concentration Preparation Filtration Vessel
(moldm™) (°C) (hours) or (u) of PLA (mg/ml) Temperature Temperature Components
Cooling (°C) (°0)
Time
(hours)
Post Etching A 4 80 2 0 0 0 N/A N/A No
B 4 80 2 22 0 0 N/A N/A No
Etchant B 4 80 2 22 0 0 N/A N/A No
C 4 80 2 22 0 280 65 22.5 No
Ethanol C 4 80 2 22 0 280 65 22.5 No
Addition D 4 80 2 22 300 280 65 22.5 No
Temperature D 4 80 2 22 300 280 65 22.5 No
E 4 90 2 22 300 280 65 22.5 No
Reaction D 4 80 2 22 300 280 65 22.5 No
Time F 4 80 2.5 22 300 280 65 22.5 No
G 4 80 3 22 300 280 65 22.5 No
Ethanol F 4 80 2.5 22 300 280 65 22.5 No
Volume H 4 80 2.5 22 600 280 65 22.5 No
Nucleation 1 F 4 80 2.5 22 300 280 65 22.5 No
I 4 80 2 22 300 280 75 70 Yes
Nucleation 2 H 4 80 2.5 22 600 280 65 22.5 No
J 4 80 2.5 22 600 280 65 55 Yes
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Fig. 6. Low-temperature hydrothermal process parameter optimisation and nanostructure development flow chart Created in BioRender. Sinhasana, B. (2025)

https://BioRender.com/tzwbkav.

potentially leading to a supersaturated state and initiating nucleation
(Figure S5). However, any nucleated material was removed during
filtration, resulting in a pale-yellowish solution (Figure S5). During the
hydrothermal process, the solution temperature increased from RT to 68
°C, as measured using a K-type thermocouple digital thermometer. As
the temperature rose from RT to 68 °C, solubility increased, leading to a
lower etching rate of the substrates while generating more degraded
products through thermo-hydrolysis. The cleavage of PLA’s ester bonds
via OH" ions occurred at a lower rate due to the low concentration of free
OH- ions in the solution, as it is close to the saturation state. Further-
more, as the temperature increased from 55 to 68 °C, solubility further
increased, accelerating the hydrolysis rate of the samples, particularly as
the temperature surpasses PLA’s GTT (below 60 °C) [105]. Although
SEM images (Fig. 7 (Exp. B and C)) showed significant surface modi-
fication, AFM images (Fig. 7 (Exp. B and C)), Ra values (Fig. 8(b)), and
kurtosis values (Fig. 8(b)) indicated that the PLA solution was able to
preserve a surface morphology similar to that observed in Exp. B. Unlike
Exp. B, Exp. C did not reduce the sample’s weight through hydrolytic
degradation. The treated sample maintained its weight under the in-
fluence of the PLA precursor solution, rather than experiencing weight
loss as observed with NaOH as the precursor (Fig. 8(b)).

3.4.3. Effect of adding ethanol

The intention of adding ethanol to the solution was to increase the
partial pressure inside the vessel to initiate the nucleation and deposit
the lactic acid salt on the PLA substrate. This would control the etching
while retaining its mechanical strength. According to the SEM and AFM
images (Fig. 7 (Exp. C and D)) it is evident that the ethanol addition
(Exp. D) has made a reduction in spacing in the nanostructures by
leaving a high-density nanostructure compared to the sample without
ethanol (Exp. C). The total vessel pressure increased to 1.787 bar in Exp.

10

D compared to atmospheric pressure in Exp. C, following the addition of
300 pl. This resulted in the evaporation of 24 % of the added ethanol, as
calculated in the supplementary materials (Equations S3 and S4 and
Table S5). The elevated pressure is expected to stabilize saturation or
bring the PLA precursor close to saturation. Interestingly, as per the
Fig. 8(c), there was no significant (P > 0.05) change in roughness or
sample weight after adding ethanol. The significant (P < 0.05) increase
in kurtosis value (>3: Leptokurtic) implied that the ethanol addition
increased sharp peaks[106] and deep valleys while the decrease in
skewness (negative skewness) implied the availability of more valleys
with pockets than peaks [107]. SEM images further supported this,
showing a more nanoscale pockets than sharp peaks. At 67 °C (equi-
librium temperature), with a set temperature of 80 °C, the solution will
reach a higher concentration of OH ions. This increase was due to the 76
% residual ethanol from the initial addition, which promoted the alco-
holysis process [108] and formed pocket like nano-features.

3.4.4. Effect of temperature

Temperature is the most crucial parameter in this study since it af-
fects the rate of hydrolysis [74,109]. Increase in temperature will in-
crease the percentage of depolymerisation of PLA via hydrolysis [109].
The increase in temperature from 80 to 90 °C made a substantial effect
on the surface modification as depicted in the SEM and AFM images
(Fig. 7 (Exp. D and E)). Reaction temperatures of 80 and 90 °C were
selected to maintain PLA slightly above its GTT but below 100 °C. These
conditions minimize substrate warping and enhance both etching and
deposition of PLA-degraded products. The deposition is initiated by
increasing the partial pressure via ethanol evaporation near its boiling
point of 78 °C [110,111]. The measured equilibrium temperature inside
the reactor was 76 C. Total pressure inside the reactor was 2.105 bar as
per the theoretical calculation (Table S5). There was a significant (P <
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Fig. 7. Widefield (1 mm scale) SEM micrograph, 2 um scale SEM micrograph, 1 um scale height sensor image of AFM micrograph, 3D image of AFM micrograph, and
surface profiles for A-A and B-B lines of AFM height sensor image are depicted for all the treatments including a control sample (3D printed PLA without treatment).
All the AFM images were generated in one scale for comparison as shown in the colour scale bar (max: 355 nm, min: —350 nm). 256 histogram bins, 1st order

flattening, 1st order plane fit, and 0.4 aspect ratio were used.

0.0001) improvement in the Ra compared to Exp. D and control sample
with this temperature increment (Fig. 8(d)). 66 % of ethanol remained in
the solution. Since the equilibrium temperature is close to the evapo-
ration point of ethanol, the total pressure is likely higher than the
calculated value. Therefore, increased deposition would be expected.
However, no deposition was observed in the SEM images (Fig. 7). This
absence may result from the post-reaction cleaning process removing

volatile deposited material, or from the solution not having reached
equilibrium, leaving the samples subject to etching. The significant (P <
0.05) increase in skewness (~0) and significant (P < 0.01) reduction
kurtosis (~3: Mesokurtic) of Exp. E compared to Exp. D implied a more
distributed nano-features with balanced peaks and valleys [106,107].
There was no significant (P > 0.05) change in the weight of the samples
compared to control with the temperature increment.
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. P < 0.05,

**: P <0.01,

3.4.5. Effect of reaction time and ethanol volume

Reaction time controls the heat exposure and reaction during the
treatment. The surface tends to become smoother while reducing the
roughness significantly as depicted in Fig. 7 (Exp. D, F, and G) and
Fig. 8(e). Moreover, the gradual increase in skewness indicated a rise in
peaks compared to valleys [107]. Although, there was a significant
improvement in kurtosis value (increase in sharp features [106]) at 3 h
compared to 2 (P < 0.01) and 2.5 (P < 0.0001) hours of reaction,

reduction in roughness leads to reduction in nano-features.

*: P < 0.001, and *

By

comparing the homogeneous surface modification observed SEM and
AFM micrographs of Exp. F, the 2.5hr reaction time was optimised with
the ethanol volume to increase roughness. However, by increasing the
ethanol volume to 300 to 600 pl did not result in any significant change

: P < 0.0001.

12

“ shows the ANOVA

in the surface modification (Ra, skewness, kurtosis, and weight). This
conclusion is supported by the total vessel pressure calculations pre-
sented in Table S5. Although the added ethanol volume increased, the
amount of ethanol evaporated remained comparable in Exp. F and H, at
72 pl. Consequently, the total pressure was also similar. Interestingly, as
depicted in Fig. 7, the visible nano-features in Exp. F were not observed

in Exp. H.

3.4.6. Effect of nucleation

The intention of introducing nucleation was to control the deterio-
ration of mechanical properties by controlling the hydrolysis via depo-
sition. Both Exp. F and H studied the nucleation of the saturated PLA
solution and deposition during etching and condensation. During the
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reaction, ethanol started to evaporate leading to a slight increase in the
partial pressure of the Teflon container. A higher total pressure (1.673
bar, Table S5) with 600 pl of ethanol and preheating condition led to a
decrease in solubility. Hence, there might be a stage that the solution
reached its saturation again and started depositing lactide and or olig-
omers [74,112,113] even without having a catalyst. Moreover, the
addition of ethanol in the solution (75 % remained after evaporation at
equilibrium) can serve as a dehydrating agent [114,115] during the PLA
polycondensation process, helping to shift the reaction equilibrium to-
wards the nucleation. For each nucleation-driven experiment (I and J),
the saturated solution was filtered at higher temperatures (55 °C and 70
°C), unlike previous experiments with preheating vessel components, to
reduce the heat loss and retain a higher thermal gradient during the
reaction. Hence, during the cooling stage, when the temperature
decreased below the filtration temperature, the solution became over-
saturated and started to nucleate lactide and/or oligomers. There were
spherical nanoparticles deposited on the treated surface as depicted in
Fig. 7 (Exp. I) and Fig. 9(f). Given that lactide exhibits a sheet-like
morphology with stable crystalline structures [95], the nanoparticles
observed may consist of PLA oligomers and/or PLA nanoparticles. These
are likely to retain a stable spherical morphology during precipitation
[96,116]. Therefore, the process observed in Exp. I appear to resemble a
reverse of the hydrolysis reaction. In addition, there was no change in
the weight of the treated samples compared to the control. This means
that the etched weight was gained through deposition. Even though
there was an improvement in Ra compared to control, Exp. F, and Exp.
H, there was no significant (P > 0.05) change in the skewness and
kurtosis values (Fig. 8 (Exp. G and H)) compared to the control sample.
Deposition of these degraded products from the saturated solution was
visible to the naked eye.
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3.5. Formation and characterisation of nano-features on hydrothermal
etched PLA

Based on the SEM and AFM analyses, Exp. D, E, F, I, and J demon-
strated distinct nanostructures as depicted in Fig. 7 and Fig. 10, indi-
cating potential antibacterial activity. Exp. D produced closely packed,
pocket-shaped nano-features (Nano-Pockets) with an approximate
pore diameter of ~275 nm (Figure S6). The formation of Nano-Pockets
can be attributed to the addition of ethanol, which accelerates hydro-
lysis [117], increases the OH™ concentration, and raises the partial
pressure, resulting in a higher temperature under the assumption that
the vapor above the etchant follows the ideal gas law (see supplemen-
tary). Interestingly, weight measurements of the treated samples indi-
cated no bulk degradation, as no change in weight was observed (Fig. 7
(c)). These findings suggest that Nano-Pocket formation occurred pref-
erentially at the surface rather than within the bulk material. Several
nanostructures formed via the proposed low-temperature hydrothermal
approach resembled morphologies observed in nature. For example,
Exp. E generated features resembling the structure of Sparassis crispa
mushrooms [118]. Hence, they were designated as Nano-Sparassis I,
while a similar morphology observed in Exp. J was named
Nano-Sparassis II. Due to the highly random distribution of these fea-
tures, accurately measuring feature spacing or height was challenging.
Nonetheless, Nano-Sparassis I exhibited distinct tips with an approxi-
mate diameter of 110 nm and an irregular spacing range of 300-1100
nm. Interestingly, Exp. F resulted in fern plant-like nanostructures
(Nano-Fern) characterized by very narrow gaps (<50 nm) between in-
dividual features. Temperature was the primary parameter influencing
the transformation of Nano-Pockets into Nano-Sparassis I and Nano-Fern
surfaces, as the temperature increased from 80 to 90 °C and the reaction
time extended from 2 to 2.5 h. This transformation is likely due to the
polymer being exposed to temperatures above its GTT, which increases
chain mobility and induces a rubbery state, resulting in the filling of the
pockets. Additionally, Experiment I displayed micro-scale surface

() Before

treatment

Before treatment

Deposition

Detached deposited material from substrates
during the cleaning process

After treatment +
cleaning

Fig. 9. Nucleation of degraded products of PLA on the substrate during the reaction. a) 3D polarised micrograph of untreated surface; b) Material deposition via low-
temperature hydrothermal treatment. The attachment of these degraded products is volatile and some of them were detached from the surface during the sample
cleaning process (shown in red circles); ¢) 3D polarised micrographs of treated cleaned surface. Material deposition was visible even after the thorough cleaning
process via 99.5 % v/v ethanol, milliQ DI water, and N5 gas; d) 2D polarised micrograph of treated cleaned surface; e) Enlarged 2D polarised micrograph of treated
cleaned surface; f) SEM micrographs of interested areas (circled in red) shown in the image (e).



S.P.S.N.BuddhikaS. Kumara et al.

(a) Nano-Pockets Nano-Sparassis |

Nano-Fern
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Bottom

Fig. 10. a) Different nano-features obtained via low-temperature hydrothermal treatment; b) Nano-Fern features inside the microscale pockets; ¢) Nano-Sparassis I
features developed on the top side of the 3D printed sample; d) Nano-Sparassis I features developed on the bottom side (bed side on 3D printer) of the 3D prin-

ted sample.

deposition of nanoparticles (100-600 nm in diameter), referred to as
Nano-Deposits. Surface deposition was clearly observed as a result of the
condensation of saturated PLA degradation products. Whereas these
nano-features were fabricated in all the side of the cuboid shape 3D
printed substrate as depicted in the Fig. 10 (¢ and d). Moreover, 3D
printed surfaces had micro and macro scale surface deviations including
pockets. Nano-features were also seen inside these pockets and
micro/macro scale deviated places homogeneously (Fig. 10(b)), indi-
cating the possibility of adapting this technique for complex 3D shapes.

3.6. Surface chemistry alterations in PLA via low temperature
hydrothermal etching

XPS survey spectrum shown in Fig. 11(a) demonstrated that treated
3D printed PLA substrates consisted of C, O, and Na. In detail, the C, O,
and Na peaks corresponded to 298-270, 545-520, and 1075-1070 eV
binding energies. Furthermore, it is obvious that the presence of the Na
peak only in the treated samples was due to the hydrothermal treatment
leaving Na™ ions to bond with lactate ions producing due to the cleavage
of ester bond of PLA. Different compositions of these elements found in
XPS spectrum (Fig. 11(b)) attributed to different treatment conditions
shown in Table 3. Even though all the samples had gone through a
thorough cleaning process, Na was available in different amounts in all
the treated surfaces (Atomic weight percentage of Exp. D: 0.65 %, E:
7.25 %, F: 2.29 %, I. 0.62 %, and J: 4.42 %). This was also evident in
Fig. 9. To better understand the distribution of Na on the PLA surface,
Secondary Electron (SE) and Backscattered Electron (BSE) images were
analysed via SEM-Energy Dispersive Spectroscopy (EDS). The EDS im-
ages shown in Fig. 11 (d and e) demonstrated a clear difference between
SE and BSE images, which could be attributed to spread sodium lactate
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on the surface. To get more information about the composition variation
on different locations (location 1, 2, 3, and 4 shown in Fig. 11(e)), EDS
point analysis was performed. Analysis confirmed that all the locations
had Na as an element and the concentration was high in location 1 and 3
(Fig. 10(e)). See Figure S7 for more EDS elemental analysis. This was
also evident in high contrast of these locations in BSE image. To
conclude, irrespective of the location, most treated sample areas con-
tained Na. The Au peak identified in the EDS spectrum shown in Fig. 11
(f-i) was due to the Au coating on the sample for SEM imaging. This
coating makes the polymer samples conductive and ideal for SEM im-
aging, as it helps limit sample drifting and charging.

The broad peak (L), which was identified in the FTIR spectrum
(3125-3750 cm™)) in Fig. 11(c), was related to the presence of an O—H
functional group [74,75]. This peak was not identified in the control and
Exp D (Nano-Pockets) and E (Nano-Sparassis I), however, a broad peak
was identified in Exp. I (Nano-Deposits). The presence of this peak at low
amplitudes in other samples can be attributed to OH™ ions from the
hydrolysis process and remaining ethanol due to the cleaning step.
Notably, the Nano-Deposits sample, which exhibited a more prominent
OH- ion peak, demonstrated the lowest BE among the treatments.
Therefore, it can be concluded that the ethanol cleaning step has no
effect on BE, since any remaining ethanol is eliminated during the
dehydration step. The differences or absence of this peak in other ex-
periments could be due to the uneven dehydration process, where
moisture and ethanol are removed from the samples. Identical low in-
tensity narrow peaks (M) in the region of 2850-3050 cm™, could be due
to C—H stretching spectrum in the CHs functional group [119]. Since
this peak was absent in the control sample, its presence in the treated
samples may indicate a change of bond angle and length during the
reaction. The most dominant high intense peak in these spectrums is
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peak “N”, which was identified in the region between 1700-1800 cm™.
This could be due to the stretching vibrations of the C=0O functional
group from the carboxylic acid carbonyl group of PLA [120,121]. There
were no peaks found in between 1500-1700 cm! in the control sample
and Exp. D and E. Interestingly, a high intense peak appeared in Exp. L.
This peak is most likely due to a strong asymmetric stretching vibration
of the carboxylate group (-COO-), which is due to a high thermal
gradient and material deposition compared to other experiments leaving
more carboxylate groups. The other intense peaks, which appeared in
the region of 1300-1500 cm™ (P and Q) compared to control sample,
was due to increased bending vibrations of CH3, C—H and O—H groups

Live

Dead

Nano-Fern Nano-Sparassis I Nano-Pockets Control

Nano-Deposits

Nano-Sparassis II
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under hydrolysis [74,75,119]. Increased intensity peaks found in the R,
S, and T regions in all treated samples could be due to the C—O
stretching because of cleaving ester bonds during alkaline hydrolysis. In
other words, this implies the increase of C—O functional bond due to
producing both lactic acid and lactate salt [74]. To conclude, all the
low-temperature hydrothermal treatments resulted in a similar change
in the chemical bonds in different intensities except Exp. I. This could be
attributed to the more dominant nucleation observed in Exp. I compared
to the other experiments. Considering all the XPS, EDS, and FTIR data,
we can conclude that the treated sample surfaces contained Na, likely in
the form of lactate (CsHsNaOs).

Merged

W peac M Live

Fig. 12. Live/Dead fluorescence images of bacterial cells on control and treated surfaces. Red colour represents dead cells, and green colour represents live cells in
the images. The pie charts shown in each image row represents the corresponding BE % of each surface. Bacterial cell incubated samples were stained with a mixture
of Propidium Iodide (PI; red) and SYTO9 (green). Stained samples were imaged via fluorescence microscopy using FITC and CY3 filters. Scale bar: 25 um.
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3.7. Antibacterial activity of hydrothermally etched 3D printed PLA

The BE of 3D printed PLA surfaces of before and after treatments via
low temperature hydrothermal approach was tested against
P. aeruginosa bacteria. Although minimum incubation times of 0.5-3 h
have been reported in the literature for various polymeric nano-
structured surfaces [39,122-127], an incubation time of 1 h was
employed in this study to quantify the maximum BE achievable within a
shorter duration. The results showed that Nano-Pockets and
Nano-Sparassis I surfaces had a significant (P < 0.0001) BE (mean values
are 48.8 % and 29.5 % respectively) within 1 h of incubation of
ODgpo=0.1 inoculum, while other modified surfaces such as Nano-Fern
and Nano-Deposits had comparable (not significant: P > 0.05) BE

Results in Engineering 28 (2025) 107992

compared to the control sample (untreated 3D printed PLA) as depicted
in Fig. 12 and Fig. 13. Interestingly, there were another significant (P <
0.001) enhancement of BE (14.2 %) in Nano-Sparassis II surface. It is
evident that there is no support from the deposited material to the
antibacterial activity due to comparable BE % found in Nano-Deposits
compared to control surface (Fig. 12). However, It was evident from
the SEM and AFM micrographs that Nano-Pockets and Nano-Sparassis to
be antibacterial via mechano-bactericidal activity to a certain extent due
to its nano-feature arrangement (spacing and height) as per the litera-
ture data [2].As shown in the bacteria-fixed SEM micrographs in Fig. 13
(d, e), it is evident that the bacterial cell membranes, indicated by yellow
arrows, were structurally deformed or stressed compared to the control
substrate (Fig. 13(c)). Some of the bacterial cell membranes were shown
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Fig. 13. a) Box plot depicted with median center line with 10-90 percentile points shown with lower and upper quartiles while whiskers extends to the 10th and
90th percentiles. + symbol reperesents the mean BE % of each surface. n = 90 data were gathered for each surface (3 replicates, 3 repeats, and 10 images for each
substrate). * Shows the ANOVA significance. ns: P > 0.05, ***: P < 0.001, and ****: P < 0.0001; b) Bactericidal mechanism for Nano-Pockets; c-g) SEM micrographs
of P. aeruginosa bacteria fixed on untreated and treated 3D printed PLA substrates: (c) control substrate (untreated), (d, e) bacteria on Nano-Pocket surface via
horizontal and 45° angle SEM, and (f, g) bacteria on Nano-Sparassis I surface via horizontal and 45° angle SEM. Stressed/lysed bacteria were shown in yellow color

arrows in all SEM micrographs.
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high level of membrane damage and oxidative stress due to the pro-
longed stress produced by the Nano-Pockets [128-130]. The mechanism
of this lysing procedure is mechano-bactericidal activity. This occurs
when bacteria are attracted more toward the pocket, due to Van der
Waals forces, hydrostatic forces, and hydrophilic interactions at the
pocket surface [2,129,130]. The bacteria act as a simply supported
beam, as shown in Fig. 13(b). As a result, the stress on the support points
of the rod-shaped bacteria increases, causing the cell membrane to be
stressed and lyse [129,130]. In contrast, only a minimal number of
bacterial cells were compromised on the Nano-Sparassis I surface, as
shown in Fig. 13(g). Bacteria adhered to the Nano-Sparassis I surface
was seen limited cell damaging, as shown in Fig. 13(f). This is because
the height and depth of the features on Nano-Sparassis I surfaces are
visibly less than those on Nano-Pockets, so they do not produce
considerable stress on the cell membrane [131].

Interestingly, 50 % of the Live/Dead data (n = 45) was in between
22-72 % and 10 % from these data (n = 9) were above 90 % BE
(Figure S8, Table S4), meaning that there is very significant improve-
ment in BE in Nano-Pockets against P. aeruginosa bacteria, but the
inconsistency (Figure S9) in the surface development caused a higher
standard deviation within the results. This is also indicated by having
<10 % BE for 10 % surfaces (n = 9 for each type of modification) of all
the treatments including control. The BE results obtained on 3D-printed
PLA surfaces using the novel approach introduced in this study were
lower than those on 3D metallic surfaces, which had around 90 %

ns
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efficiency [58]. This lower efficiency is attributed to the high standard
deviation observed in the BE results. To provide context, Jagessar et al.
studied the BE of random nanostructures produced via hydrothermal
synthesis on 2D and 3D titanium surfaces. Their findings showed that 3D
surfaces had a 91 % increase (from 15 % to 25 % approximately) in BE
compared to 2D surfaces when tested against Gram-positive Staphylo-
coccus aureus [60]. Given that Gram-positive bacteria have a thicker cell
membrane than Gram-negative strains, it is expected that these 3D
metallic surfaces should demonstrate a higher BE of around 90 % for
Gram-negative strains as well [2]. However, there is insufficient litera-
ture to compare these findings one to one with those for nanostructured
polymeric 3D-printed surfaces.

3.8. Surface modification effect on bulk mechanical properties

Compression failure was evaluated for all treated substrates, as
shown in Fig. 14 (b, c). Statistical analysis of the compression test results
(Fig. 14(f)) indicated no significant change in the Young’s modulus of
PLA, suggesting that the overall bulk stiffness were retained after
treatment [132]. Since the hydrolytic degradation predominantly
occurred in the amorphous regions of the semi-crystalline polymers like
PLA, the treated samples exhibited increased crystallinity, which
contributed to the retention of stiffness [92,133]. PLA exhibited a
compression failure force of approximately 5 kN, with one out of three
samples failing at around 4.8 kN. Notably, none of the Nano-Pocket

(a ‘ ~ | (b) (0)
ns
ns
L |
ns ns
oy I w o
- ‘ I |
g o I
= 300
E - I
S
8200
=
»
@
5 100
2
Control Exp.D Exp.E Exp.F Exp.|
Treatment
(d) (e) ()
Control Nano-Pockets Nano-Sparassis I
57 54 5-
4 4 4
£ 2 2 24 / & 24
— Control_1 — Conrol — Control
Control_2 | Exp_D_1 | = Exp E 1
14 ps 1 — Exp_D_2 1 XP_E_
— Control_3 — ExpD3 — Exp_E_2
— Exp_E_3
0+ T T T T 1 0; T T T T 1 T T T T d
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
Displacement (mm) Displacement (mm) Displacement (mm)
Nano-Fern Nano-Deposits
(@ 7 (h) 5

4

Force (kN)
bt

i

— Control
Exp_F_1

— Exp_F_2

— Exp_F_3

4

Force (kN)
P

b

— Control

. Exp_I_1
— Exp_l_2

— Exp_I_3

0.4 0.6 0.8 1.0

Displacement (mm)

0.2

o9

0.4 0.6 0.8 1.0

Displacement (mm)

0.2

o9
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samples failed under compression, as shown in Fig. 14(e). This result is
notable, as Nano-Pocket surfaces demonstrated the highest BE among all
treatments. In contrast, two out of three Nano-Sparassis I substrates
failed under compression at forces below 1 kN, one Nano-Fern sample
failed at approximately 3 kN, and all Nano-Deposits samples failed
within the range of 2-4 kN. Although Nano-Deposits were expected to
exhibit the highest mechanical properties, they failed under compres-
sion more readily than Nano-Pockets. The observed failures in both
Nano-Sparassis I and Nano-Deposits are attributed to exposure to high
thermal gradients during processing. The set temperature for the
Nano-Sparassis I surface was 90 °C, whereas all other treatments were
set at 80 °C. Additionally, the PLA solution for Nano-Deposits was
filtered at 70 °C during precursor preparation with preheating condi-
tions (scenario II), while filtration for other treatments occurred at RT.
These conditions resulted in prolonged exposure to higher thermal
gradients for these samples, as shown in Fig. 4(c).

4. Conclusions

In this study, 3D printed PLA susbtrates were successfully modified
using a low-temperature hydrothermal approach. A few types of nano-
features were developed, which were bactericidal against P. aeruginosa
bacteria with a maximum BE of 98.4 % within a shorter incubation time
(1 h). However, the average maximum BE was 48.8 % (Nano-Pockets).
The next highest BE was observed on the Nano-Sparassis I surface with a
BE of 29.5 %. The high standard deviation of BE values is attributed to
the uneven fabrication (non-homogenous) of nano-features and the
randomness (inconsistent spacing, height, and pore diameters) of the
nano-features (See Figure S9). This is due to the inconsistency in 3D
printing due to FDM deffects, which results in substrates with varying
surface areas as discussed in Section 3.3. Consequently, this led to in-
consistencies in nanostructure fabrication. Despite the FDM’s popularity
for cost-efficient 3D printing, optimizing its parameters to prevent de-
fects or adopting higher-quality techniques such as SLA, vat photo-
polymerization, and direct ink writing would better prevent the impact
of printing defects on nanostructure formation. In this study, the effect
of printing defects was minimized by selecting high-quality prints (Type
2) through visual inspection. Further investigation is warranted to fully
understand the influence of printing methods on nanostructure forma-
tion. Although the modification process degraded PLA to a certain extent
during etching, using a saturated solution of the same material (PLA)
helped to control the degradation and retain the overall weight of the
substrate. This approach helped in controling the reduction of me-
chanical properties of the samples. Compression tests and sample weight
measurements demonstrated that the bulk mechanical properties were
retained to a significant degree. This retention is advantageous for ap-
plications such as biomedical implant fixation devices, which are typi-
cally subjected to compressive forces and require high stiffness.
Interestingly, the lowest mean BE was seen in the Nano-Deposits among
all the treatments, despite having highest levels of deposition in the form
of PLA nanoparticles, PLA oligomers, and sodium lactate. A low BE of
Nano-Deposits indicates that there is no contribution from these chem-
icals towards the antibacterial activity. Moreover, the FTIR spectrum
where the OH" ion broad peak was absent in Nano-Pockets and Nano-
Sparassis showing a comparble peak to the untreated susbtrate. This
suggests that the ethanol cleaning step or remaining ethanol on the
sample did not influence the antibacterial activity. The higher BE
observed for Nano-Pockets and Nano-Sparassis surfaces was due to
mechanical lysing via stress producing from nano-feature result in
oxidative stress. In other words, rod-shaped P. aeruginosa bacteria are
attracted to the pockets due to surface attraction forces and rupture of
the bacterial cell membrane from the contact points of the bacteria on
the circumferance of the near circular shape pockets. These nano-
features would provide an ideal environment for the proliferation of
human osteoblast cells as per the litrerature studies, which is benificial
to maintain cytocompatibility in most of the biomedical applications.
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Interestingly, this low-temperature hydrothermal approach resulted in
the fabrication of comparable nano-features on all sides of the cuboid-
shaped PLA substrate. This method lays the foundation for producing
nanostructres on 3D printed polymeric surfaces and following further
modifications and optimisations will enable paths to use this method for
fabricating nanostructures on 3D polymeric surfaces with complex ge-
ometries, including internal and external surfaces, specially biodegrad-
able patient specific implants and biomedical equipment.. Looking
ahead, these nanostructures are expected to offer valuable solutions
accross diverse industrial and biomedical applications.
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