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Controlled degradation of polycaprolactone-based
micropillar arrays

The articles demonstrates the production of biocompatible
polycaprolactone-based micropillars using a combination
of direct laser writing and nanoimprint lithography, which
undergo controlled surface degradation with respect to the
polycaprolactone percentages.
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1 Introduction

Controlled degradation of polycaprolactone-
based micropillar arrays¥

¢ Keith D. Rochfort,?
f

Niamh Geoghegan, {2 $1*° Mark O'Loughlin,i® Colm Delaney,
Meabh Kennedy,® Srikanth Kolagatla,“" Lucia Podhorska, €2 Brian J. Rodriguez,
Larisa Florea (2 ¢ and Susan M. Kelleher*®®-¢

Herein we demonstrate the fabrication of arrays of micropillars, achieved through the combination of
direct laser writing and nanoimprint lithography. By combining two diacrylate monomers, polycaprolac-
tone dimethacrylate (PCLDMA) and 1,6-hexanediol diacrylate (HDDA), two copolymer formulations that,
owing to the varying ratios of the hydrolysable ester functionalities present in the polycaprolactone
moiety, can be degraded in the presence of base in a controllable manner. As such, the degradation of
the micropillars can be tuned over several days as a function of PCLDMA concentration within the copoly-
mer formulations, and the topography greatly varied over a short space of time, as visualised using scan-
ning electron microscopy and atomic force microscopy. Crosslinked neat HDDA was used as a control
material, demonstrating that the presence of the PCL was responsible for the ability of the microstructures
to degrade in the controlled manner. In addition, the mass loss of the crosslinked materials was minimal,
demonstrating the degradation of microstructured surfaces without loss of bulk properties was possible.
Moreover, the compatibility of these crosslinked materials with mammalian cells was explored. The
influence of both indirect and direct contact of the materials with A549 cells was assessed by profiling
indices reflective of cytotoxicity such as morphology, adhesion, metabolic activity, oxidative balance, and
release of injury markers. No significant changes in the aforementioned profile were observed in the cells
cultured under these conditions for up to 72 h, with the cell-material interaction suggesting these
materials may have potential in microfabrication contexts towards biomedical application purposes.

nered much interest in the cell biology realm, owing to their
high surface area and high aspect ratio. Nanoneedles, nano-

Engineered surface structures have been shown to influence
mammalian cell growth and behaviour, aid in the delivery of
drugs and biological payloads, enable sensors in wearable elec-
tronics, exhibit antibacterial properties, and define surface
wettability.’ Nano and micropillars in particular have gar-
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tubes, nanostraws, and nanowires have been interfaced with
mammalian cells to investigate cell behaviour, cell growth and
function, deliver biological payloads, monitor enzymatic
activity, and probe nuclear mechanics.* " Several orders of
magnitude larger, microneedles have been developed for con-
trolled transdermal drug and vaccine delivery.*™” Given the
success of transcutaneous application, microneedle drug deliv-
ery has rapidly extended into other non - dermal tissues and
organs such as the vascular tissues, oral mucosa, the gastric
mucosa and the eye.'®"°

While both hard and soft material structures have demon-
strated significant potential in biological applications, the
importance of creating structures in soft polymers has been
highlighted by recent advances in tissue engineering and
medical device development, where creating biocompatible,
degradable structures with tuneable chemical and physical
properties has been shown to promote interactions with both
tissue and cellular environments.**?" Degradable biocompati-
ble polymers are widely employed in biomedical in vivo appli-
cations as they break down into non-cytotoxic by-products
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such as water and carbon dioxide.*” Aliphatic polyesters such
as polylactic acid (PLA), polyglycolic acid (PGA) and their copo-
lymers are the most widely used degradable polymers in bio-
medical applications, having been used as resorbable sutures
and implanted fixtures such as rods, pins, and screws, for
decades.>®** Such polyesters are susceptible to hydrolytic or
enzymatic chain cleavage into a-hydroxyacids which are metab-
olized in the body.?® Polycaprolactone (PCL) has also found
much use in the manufacture of long term implants and
injectables for prolonged drug delivery applications due to its
bioresorbable and hydrophobic nature, and its high drug
permeability.’*>® PCL has a low tensile strength (~23 MPa),
but very high elongation at breakage (>700%).>* Therefore, to
maintain structure integrity, PCL composite materials are
often preferred.>>*° Such composites have been used as
scaffolds for bone tissue engineering and regeneration, cardiac
patches, and pelvic floor repair.*** Nano and micro-struc-
tures have been key to these applications, with electrospun
fibrous membranes mimicking the extracellular matrix and
promoting increased cell adhesion and proliferation, and elec-
trospun nanofibers simulating the complex multiscale archi-
tectures of cardiac tissue.’>?> Vertical structures incorporating
PCL have been employed for drug delivery applications, includ-
ing microneedles which take advantage of the low melting
point (55-60 °C) of PCL to thermally induce the melting of the
needles which results in loaded drug release.>****” Ko et al.
have reported the fabrication of blended PCL/PEG (polyethyl-
ene glycol) composite microneedles with aspect ratios ranging
from 2.25 to 2.47 through a solution casting and thermal
pressing protocol. The structures were effective in the transder-
mal delivery of hydrophilic drugs like rhodamine 6G and FITC-
collagen.*® Recently, similar work by Lee et al. demonstrated
that PCL/PLA blends of varying concentrations could achieve
microneedles with great mechanical strengths (up to 51.26
MPa) for the transdermal delivery of hispidin.*®
Understanding the degradation, solubility and biocompat-
ibility of such structured materials is essential for wide
ranging applications in controlled drug release and delivery
and implantable medical devices. The presence of specific
degradable functionalities within the polymer chain is crucial
for degradation to occur and by varying the concentration of
such functional groups, control over degradability and the rate
of degradation can be achieved. In 2017, Lee et al. demon-
strated the fabrication of polymeric nanopillar arrays in poly
(lactic-co-glycolic acid) (PLGA) through block copolymer
micelle lithography. They then demonstrated the bio-
degradation of these nanopillars as a function of time exposed
to an esterase solution with 85% biodegradation achieved after
7 days.”® Jung et al. showed the fabrication of dissolvable
micropillars using a polymethyl methacrylate (PMMA) and hya-
luronic acid blend. The average heights of the micropillars
were 500 + 63 um with base diameters of 300 + 21 um. They
then demonstrated the successful in vitro transdermal delivery
of Rhodamine B using these loaded micropillars.** In 2019,
Milionis et al. presented the fabrication of fully organic cell-
ulose-based micropillars with aspect ratios ranging from 0.5 to
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12. Biodegradation tests then showed that the micropillars
could be fully degraded in a seawater environment within
3 months.*® Some earlier work by Netti et al. also showcased
the fabrication of PLGA micropillars through an innovative
electro-drawing method. Their results reported that these
micropillars were effective degradable devices for the pene-
tration and delivery of model drugs (Rhodamine 6G, Nile Red,
and human serum albumin) through the stratum corneum of
pigs.*?

PCL is a degradable polyester that has found much use in
biomedical science due to its bioresorbable and hydrophobic
nature, and its high drug permeability.’*>® PCL degrades via
hydrolysis of the ester bond, into non-toxic products following
implantation.***> The hydrolysis pathway can be catalysed by
both an acid and a base. This work focuses on use of a strongly
alkaline environment to accelerate PCL degradation, as a
means to speed up long-term degradation studies, an
approach often taken in the literature.®*” Lam et al. showed
that the degradation rate of PCL could be greatly increased in
an alkaline environment. They demonstrated the fabrication of
p-tricalcium phosphate (B-TCP) (20 wt%) modified PCL (M,
80000 g mol ") scaffolds by fused deposition modelling.*®
They then showed that the mass of neat PCL scaffolds
decreased by 96% after 4 weeks in 5 M NaOH, and the PCL-
B-TCP modified scaffolds degraded by the same amount after
48 hours. They attributed this rate increase for the PCL-p-TCP
samples due to an increased water diffusion within the
samples due to decreased hydrophobicity.

Herein, we extend on our previous work, which combined
direct laser writing using 2 photon polymerisation (2PP) with
nanoimprint lithography (NIL) to generate 3D microstruc-
tures.*® Our previous work studied the writing parameters
which we needed to generate stable pore templates from which
high aspect ratio micropillar arrays could be molded using
photocurable polymers. We have advanced on this by produ-
cing large array templates, as well as dual height pore tem-
plates in this work. We have used these templates to make
PCL-based copolymer arrays of micropillars, as well as a 1,6-
hexanediol diacrylate (HDDA) control, to study local degra-
dation of microstructures. By optimising a photocurable
solvent-free photoresist comprising polycaprolactone dimeth-
acrylate (PCLDMA) and HDDA we employ this technique to
generate arrays of micropillars that can be sequentially
degraded in basic media, resulting in a change in size and
structure profile, and ultimately in complete pillar degra-
dation. We show that surface structuring in degradable
materials can be used to introduce a dynamic response of
surface morphology, over time, even in the absence of measur-
able bulk degradation. Using this approach we can scale NIL
templates to the macroscale, and exploit them for repeated
use, to generate microstructured surfaces with controllable,
time dependent degradation. These types of dynamic surfaces,
where controlled release is possible, when paired with the
mechanical strength of a robust bulk material, could have
potential application in the delivery of therapeutics in vivo over
prolonged periods.

This journal is © The Royal Society of Chemistry 2023
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The first step in investigating biocompatible, degradable
polymeric pillar arrays for biological applications, is to inter-
face them with cells in vitro. This work aims to carry out pilot
cell studies for the development of cell screening protocols for
investigating cytotoxicity, cell viability, and cell behaviour on
the materials. With a view to applying the structured surfaces
as implantable device coatings and in targeted drug delivery in
the future, it was decided to focus on interfacing them with
adherent cells. Apart from hematopoietic cells, almost every
cell type found in the body are adherent or anchorage depen-
dent, meaning they require a surface on which to grow.>
Adherent cells require polarity or an asymmetry to function
optimally, with a cell orientating such that it has a distinct top
apical membrane, and a bottom basal membrane.’ The exter-
nal physical, biochemical, and mechanical cues of their
environment can greatly influence the polarity of a cell, and in
turn, the translocation of cellular machinery, proteins, orga-
nelles, etc. relative to such.>?

Our focus with these materials is that they will be ultimately
used for the slow release of therapeutics. As such, exploration
of the influence the materials have on mammalian cells behav-
iour and health upon coming into contact with one another
was of utmost interest, and we decided to utilise adherent cells
over suspension counterparts as adherent cells would allow us
to evaluate the materials effects from both an ‘indirect’ and
‘direct’ perspective as outlined in our experimental design. We
therefore chose to study the interaction of A549 cells with the
materials, and completed experiments to understand cell
adhesion, viability, metabolic activity, oxidative balance, and
injury marker release as part of this study.

2 Results and discussion

The fabrication method employed to produce micropillars
involved the fabrication of pores using 2PP to form NIL tem-
plates (Fig. 1). Templates of cuboidal pores 2 x 2 x 2 um were
fabricated by using a laser power of 15 mW and a writing
speed of 6000 um s~*. These laser parameters were optimised
to produce defined square pores at a relatively fast pace (suc-
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Lithography
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cessful printing of 390 x 390 pm area was completed in
65 minutes by stitching of smaller printed areas) to enable
efficient production of templates for the study.

Two molecules containing terminal methacrylate groups,
HDDA and PCLDMA, were mixed in 2 ratios and crosslinked to
form a polymer network (10:90 and 20: 80 PCLDMA : HDDA
w/w%, hereafter referred to as 10%PH and 20%PH). In
addition, neat HDDA was crosslinked as control. These
3 materials were crosslinked both on unstructured surfaces
and microstructured template surfaces using nanoimprint
lithography (NIL), both of which are discussed below.
PCLMDA was prepared from a PCL diol precursor and metha-
cryloyl chloride to produce a waxy solid with yields of 83-97%
using a method adapted from Tian et al. (NMR and FTIR
spectra of the methacrylated PCL are presented in Fig. S1 and
$2+).>* The viscosity of the blend prior to replication was an
important consideration for NIL.*** As the ratio of HDDA
increased and PCLDMA decreased in the liquid monomer, the
viscosities were reduced (15.5 cP and 10.8 cP for 20%PH and
10%PH, respectively). After photopolymerisation under white
light, FTIR analysis was performed to confirm complete poly-
merisation (Fig. S3-51), where for all 3 samples, as the curing
progressed over 0-120 min, an incremental increase in trans-
mission for the peaks at 1620 cm™' and 1638 cm™' was
observed, which related to a reduction in C=C acrylate bond
stretching as the polymerisation occurred.

Young’s modulus of unpatterned, crosslinked bulk polymer
samples was measured for each material using a Hysitron TI
Premier Nanoindenter. The HDDA control sample recorded a
Young’s modulus of 1.91 GPa. For the co-polymers, the bulk elas-
ticity decreased with increasing PCLDMA concentration; 10%PH
had a value of 1.52 GPa, and 20%PH had a value of 1.15 GPa. A
decrease in stiffness as a function of PCLDMA concentration can
be explained by the decreased crosslink density within the
material when the longer chain PCLDMA pre-polymer is added
to the HDDA. This phenomenon is well understood with other
systems, such as the curing of polyethylene glycol diacrylate pre-
polymers as reported by Al-Nasassrah et al.>®

Optimisation of the white light induced co-polymerisation
of PCLDMA and HDDA polymers via NIL techniques from 2PP

E 5|
] B
4 DU
Structured Structure
Polymer Degradation

Fig. 1 Schematic of direct laser writing and soft lithography techniques used to fabricate micropillars using novel copolymers.

This journal is © The Royal Society of Chemistry 2023
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templates enabled production of high-fidelity replicas of
square pillars with minimal loss of resolution between arrays
of HDDA, 10%PH and 20%PH (Fig. 2). The NIL procedure indi-
cated in the Experimental section details the solution compo-
sition of each polymer photoresist with 1 w/w% phenylbis
(2,4,6-trimethylbenzoyl)phosphine oxide (PBPO). These solu-
tions were drawn onto the structured template via capillary
forces between the substrate and a cover slide separated by
PDMS spacers, 1 mm in height. For the control HDDA sample,
and both the 10%PH and 20%PH solutions, arrays of micron
sized pillars were characterised by SEM and AFM. Examples of
these pillars are shown in Fig. 2, demonstrating the uniformity
in shape and height. This was confirmed through AFM topo-
graphical imaging, an example of which is seen in Fig. 2(A),
showing an average height of 1.72 + 0.004 pm (n = 10). Also
noteworthy is the surface topography changes evident on
increasing the amount of PCLDMA in the pre-polymer solution
(Fig. 2B-D). SEM images of the entire 390 x 390 pm 2PP tem-
plates and arrays from which these pillars were replicated can
be seen in Fig. S6.7 Fig. S7 shows SEM images of large arrays
of pillars replicated using 10%PH from the large 390 x 390 pm
template via NIL for reference. These images show the stitch-
ing of the smaller areas together and the long-range patterning
achieved relative to the print area.

The cytotoxicity of the bulk materials towards mammalian
cells was investigated using A549 cells; an epithelial cell line
routinely used in toxicology studies and material science
research.’* As an adherent cell line, the nature of the A549
cells would not only allow for the investigation of the effects of
the material and its potential leachables on cell health, but
also allow for an examination of whether the material could
support culture of the cells through direct contact of the two.
Initially, the influence of leachables from the materials was
examined, with each material pre-incubated in cell culture
media prior to application in A549 cultures. In contrast to the
control cultures of cells grown on routine polystyrene plastic-
ware, there was no significant difference in indices for
adhesion, viability, cell number, LDH release, or ROS levels in
cells grown on any of the materials tested (Fig. 3A, i-v). These
trends were preserved from 24-72 h of incubation. Fig. 3(A, vi)
visually shows no determinable differences in cultures grown
in the presence of the material-conditioned media for 72 h, as

View Article Online

Biomaterials Science

compared to those treated with culture media conditioned in
routine polystyrene. Similarly, assessment of the effects of the
materials on indices of cell health when grown directly on the
materials was also examined, with no significant differences
observed when compared to the polystyrene control (Fig. 3B).
The results are in agreement with previous research whereby
cell-material interaction studies utilising HDDA or PCL, alone
or as part of a material, exerted no significant effects on cell
viability.®°"®>

Next, the degradation of the 3 crosslinked materials was
studied. Previous work has shown that the hydrolytic degra-
dation of aliphatic ester linkages, such as that in PCL, occurs
very slowly (2-3 years) due to its hydrophobic nature.>**”°* For
this reason, an accelerated degradation study was conducted
using 5 M NaOH as the solution that would provide an alkaline
environment. It was expected, based on the known literature,
that hydrolysis of the ester bond in the HDDA and PCL chains
would be the primary mode of degradation of the crosslinked
materials. 4 mm diameter samples of unpatterned crosslinked
HDDA, 10%PH and 20%PH were prepared and submerged in
5 M NaOH for up to 20 days. The mass loss of these samples
was determined after this short time, and there was no signifi-
cant change to the mass of the material after 5, 10 or 20 days.
These samples were then left for longer-term studies and
showed that there was minimal mass loss in the bulk over 160
days (see Fig. S8t). FTIR analysis studies on the surface of the
HDDA, 10%PH and 20%PH unpatterned samples showed that
hydrolysis of the ester was occurring, with greater loss in the
ester signal in the material with the highest percentage of PCL
(see Fig. S9-11%). This indicated that the materials were
degrading via a surface degradation pathway rather than
through the bulk of the crosslinked copolymers. To further
understand the surface degradation, a set of microstructured
arrays fabricated from the same master template were
designed and produced. By removing samples from the 5 M
NaOH solution at 5-day intervals over 20 days, and characteris-
ing using SEM and AFM, it was possible to monitor any
changes in the topography over time (Fig. 4). The crosslinked
HDDA pillars showed minimal degradation over time. For the
10%PH and 20%PH samples, the cubic arrays transitioned to
truncated pillars, and ultimately to complete degradation of
the surface structures. For the 10%PH samples, initial degra-

Fig. 2 AFM topography image and SEM micrographs for 3 x 3 x 2 pm pillars; (A) AFM height trace and (B) SEM image of HDDA control; (C) SEM

image of 10%PH; (D) SEM image of 20%PH.

3080 | Biomater. Sci., 2023, 1, 3077-3091
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Fig. 3 A549 cellular response following indirect (A) and direct (B) exposure to the three polymeric materials for 24-72 h. Data is expressed as mean
+ SD (n = 3). *P < 0.05 versus ‘Control’. Scale bars in A(vi) and B(vi) represent 50 um.

dation of pillar height and width was followed by degradation
of the pillar base. The exaggerated degradation at the base of
the pores could be the result of a lower crosslinking density at
the base of the pillars. Previous work has shown that the
Young’s modulus at the base of NIL-generated pillars was
found to be half that of the planar bulk of the polymer, which
may indicate a lower crosslinking density than the bulk.** Sun
et al. showed that Young’s modulus of microstructures was
reliant on the surface to volume ratio and the crosslinking
density for a 2PP resin, SCR 500.** They demonstrated that the
polymerisation at the microstructures was confined to a small

This journal is © The Royal Society of Chemistry 2023

volume where the surface to volume area was much greater
than the bulk. Therefore, there was an abundance of ‘dangling
ends’ near the surface that were not attached to other polymer
chains. The degree of crosslinking at these regions was
reduced, decreasing the elastic strength at these confined
areas. For the 20%PH samples, which possessed a higher con-
centration of PCLDMA in the prepolymer, complete degra-
dation of the structures was the dominant response, which
resulted in a surface-relief pattern on the polymer film. These
results further indicated that this copolymer of PCLDMA and
HDDA degraded via a surface degradation pathway, which is

Biomater. Sci., 2023, 11, 3077-3091 | 3081
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10%PH
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20%PH

Fig. 4 SEM images of 10%PH and 20%PH samples 2 X 2 x 2 um micropillars submerged in 5 M NaOH over a period of 0, 5, 10, 15, 20 days. Pillars
were dried and sputtered with 10 nm Au/Pd prior to SEM imaging. Images are tilted at 45 degrees.

often observed for poly(a-hydroxy)esters of this nature.®® This
occurs when the rate of hydrolysis exceeds the rate of water
penetration into the bulk of the polymer. In this pathway,
hydrolytic chain scission of the polymer backbone only occurs
at the surface of the polymer.®® This surface erosion was visu-
alised in the narrowing of the pillars and erosion at the pillar
bases over time. This was supported by analysis of the bulk
behaviour as described above, which showed minimal degra-
dation over a period of 160 days.

Quantitative analysis of the change in topography across all
samples using the tilted SEM images was not completed as the
rate of variety in the degradation at the base of the pillars
meant that the pillars themselves appeared to be getting larger
as degradation occurred in certain samples.

However, side-on SEM analysis and AFM height profiles of
samples after the 5-day degradation time point enables us to
best demonstrate the 3-dimensional nature of degradation and
change in geometry for 10%PH and 20%PH samples. Before
degradation, the HDDA cuboidal pillars were measured using
AFM to have a height of 1.72 + 0.01 pm (z = 10). 5-Day acceler-
ated degradation showed that this is reduced to 1.30 + 0.02 pm
(n = 10) for the 10%PH samples, with pillars adopting a conical

3082 | Biomater. Sci, 2023, 1, 3077-3091

shape. In the same time regime, the 20%PH sample showed a
much more pronounced response, with the height of the result-
ing truncated pillar reduced to 0.74 + 0.01 pm (n = 10).

The pitch (centre to centre distance) of the micropillars
remained largely unchanged throughout the degradation
process. The 10%PH and 20%PH pillars had a measured pitch
of 2.93 + 0.07 pm and 3.01 + 0.12 um respectively prior to
undergoing basic degradation. After 20 days the pitch of the
10%PH pillars was measured to be 2.98 + 0.13 pm, while the
20%PH pillars had fully degraded. The final pitch measure-
ment of the 20%PH pillars was 3.13 + 0.17 pm on day 15
before the pillars completely degraded.

While degradation in the structures was readily visualised
using SEM and AFM, as described above, there was no notice-
able degradation in the bulk of the sample. This led us to
assume that the structured area must be degrading at a much
faster rate than the bulk material, with the bulk material
remaining intact. Mass loss studies were also carried out on
samples where there was a microstructured array in the centre
of the sample, and no significant mass loss was observed
either. It should be noted that in a 4 mm diameter sample, the
microstructured area accounts for only 1.2% of the surface

This journal is © The Royal Society of Chemistry 2023
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area of the sample, and so the significance of the mass loss
from the structured area would be negligible over the entire
sample. The advantage of increased surface degradation at the
structures is having specific release vehicles from which
loaded cargo can be predictably released. The degradation of
the material and, therefore, the release profile of a cargo could
be improved by the addition of a structured surface to the
hydrolysable material. The bulk remaining unchanged is
characteristic of the surface degradation pathway often seen in
polyester degradation. This could be of benefit when
implanted biomaterial matrices were required to maintain
their bulk stability and mechanical strength, while also
enabling slow and controlled release of a loaded cargo.

The potential to create changeable topographies via degra-
dation was investigated by designing templates to produce
pillars with two distinct heights. A second template was pro-
duced consisting of an array of pores that were printed to be 2
x 2 um in width and 2 pm in depth, in which a deeper pore
forming the letters “UCD” (University College Dublin) which
were printed to be 2 x 2 in width but 3.5 um deep were distrib-
uted. When used as a template, this produced arrays of cross-
linked HDDA, 10%PH, and 20%PH pillars approx. 2 x 2 x
2 pm in size, with an arrangement of 2 x 2 x 3.5 um, taller
pillars forming UCD in the centre. Fig. 6A shows the AFM
height image of the HDDA copolymer molded from the tem-
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plate. Fig. 6B shows a SEM micrograph of the same sample;
height measurements as determined by manual measure-
ments on 45° tilt images using Image] gave a height measure-
ment of 1.89 + 0.18 pm for the smaller pillars and 3.44 +
0.13 um for the taller pillars. This indicated that the fidelity of
the moulding was high, with the pre-polymer solution reach-
ing the bottom of the pore. For the 10%PH mold and the 20%
PH mold, these values were 2.16 + 0.14 pm and 3.64 =
0.13 pm, and 2.00 + 0.23 pm and 3.44 + 0.15 pm, respectively.
The 10%PH and 20%PH pillars can then be seen to degrade to
form further dynamic topographies as time progresses. To
quantify the degradation of the structures, two types of pillar
measurements were determined to be most representative of the
structure change over time in a 5 M NaOH alkaline environment.
The first being manual measurements of the width of the middle
of the pillar measured from FESEM images taken at a 45° tilt.
The second was measuring the surface area of the tops of the
pillars measured from SEM images taken top down. Table 1
shows the progression of the width and surface area of the pillars
in the HDDA, 10%PH and 20%PH samples. There was a much
larger decrease in both pillar width and pillar top surface area
from the HDDA samples than was expected. The pillar widths
decreased by 19% and the surface area by 45% after 20 days in 5
M NaOH. The 10%PH pillar width decreased by 42% and the
surface area had a percentage loss of 58% by day 20. The 20%PH

Fig. 5 Top row: side on SEM images of HDDA pillars fabricated using NIL (left); 10%PH pillars submerged in 5 M NaOH for 5 days (middle); 20%PH
pillars submerged in 5 M NaOH for 5 days (right); Middle row: tilted SEM images of HDDA pillars fabricated using NIL (left); 10%PH pillars submerged
in 5 M NaOH for 5 days (middle); 20%PH pillars submerged in 5 M NaOH for 5 days (right); Bottom row: AFM line profiles (images from which these
were taken can be seen in Fig. S12+) of 10%PH, 20%PH submerged in 5 M NaOH for 5 days, and HDDA control (left); AFM 3D renders of 10%PH sub-
merged in 5 M NaOH for 5 days (middle); and 20%PH submerged in 5 M NaOH for 5 days (right).

This journal is © The Royal Society of Chemistry 2023
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(A) AFM height trace of a crosslinked HDDA array of 2 X 2 um square pillars of varied heights. Pillars that make up UCD design (grey) are

4 pm in height and remaining pillars are 2 um in height; (B) crosslinked HDDA pillars with UCD design fabricated using NIL ("UCD" pillars are 4 um
tall, remainder are 2 pm tall); (C) crosslinked 10%PH pillars with the UCD design after submersion in 5 M NaOH for 10 days and (D) crosslinked 20%
PH pillars with UCD design after submersion in 5 M NaOH for 10 days. Samples were dried and sputtered with 10 nm Au/Pd prior to SEM imaging. All

scale bars represent 10 pm.

Table 1 Pillar width and surface area measurements as determined by top-down SEM images of the HDDA, 10%PH and 20%PH 2 x 2 X 2 pm

micropillar arrays

HDDA 10%PH 20%PH

Days in Pillar Pillar top Pillar Pillar top Pillar Pillar top surface
5 M NaOH width (um) surface area (pm?) width (um) surface area (pm?) width (pm) area (pm?)

0 2.14 £ 0.07 4.09 £ 0.16 2.26 £0.11 4.17 £0.23 2.07 £ 0.07 3.27+0.14

5 1.79 £ 0.07 2.94 £0.19 1.61 + 0.08 2.31+0.12 0.77 + 0.04 1.02 + 0.08

10 1.85 £ 0.05 3.22 £0.09 1.15 £ 0.09 1.28 £ 0.07 0.67 £ 0.10 0.37 £ 0.07

15 1.54 + 0.07 2.24 £ 0.06 1.04 + 0.07 0.95 + 0.07 No pillar No pillar

20 1.46 + 0.06 1.91 + 0.07 0.85 +0.14 0.74 + 0.08 No pillar No pillar

sample had no pillars left by day 20. Fig. 6C and D show repre-
sentative SEM images of the 10%PH sample and the 20%PH
sample after 10 days respectively. It can be seen how altering the
PCLDMA concentration within the polymer formulation affects
the degradation profile of the microstructures. This result further
showcases the tunability of the degradation profile as a function
PCLDMA concentration within the material.

Dynamic surface topographies such as these could find
applications in the area of drug delivery, whereby drug pay-
loads could be controllably released from the degrading pillars

3084 | Biomater. Sci., 2023, 11, 3077-3091

on the polymer surface, while the bulk of the polymer remains
intact, as part of an implantable device. The interaction of
such degradable structured surfaces with adherent cell lines
such as endothelial or epithelial cells may also influence cell
growth and behaviour over time as the structures degrade and
the topography changes. A number of research groups have
also demonstrated that stem cells differentiate depending on
the geometry and pitch of surface pillar structures.”’® In
addition to the changing topography, the difference in
Young’s modulus between the pillars and the surrounding

This journal is © The Royal Society of Chemistry 2023
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Fig. 7 Reaction scheme for the methacrylation of PCL-diol using methacryloyl chloride and triethylamine.

planar areas that is thought to cause this degradation regime
may also lead to varying stem cell differentiation e.g. Discher
et al. have shown that stem cells are extremely sensitive to
matrix mechanical properties and differentiate into certain cell

lineages accordingly.>>”°

3 Conclusions

Templates of square pores in a variety of dimensions were fab-
ricated using 2PP. Optimised white light induced NIL of these
2PP templates using PCLDMA and HDDA formulations
enabled production of high-fidelity arrays of micropillars. A
series of experiments using A549 cells demonstrated that these
materials produce no unwanted cytotoxic effect or stress
response when cells were interfaced with them in a direct or
indirect manner. Moreover, the adhesive A549 cells adhered to
the materials, and experienced no ill effects. It was shown that
the micropillar degradation was as a result of PCLDMA con-
centration within the copolymer formulations and time
exposure to a 5 M NaOH environment. PCLDMA-containing
micropillars generally followed a transition from cubic arrays,
to truncated pillars, and ultimately to complete degradation of
the surface structures. Dynamic surface topographies also fea-
tured whereby a greater degree of degradation was observed
concerning the structured area of the sample compared to the
surrounding planar bulk material. Further studies will be con-
ducted to study long term degradation in environments closer
to that of the human body, to determine the accurate rate of
degradation of structured surface. One advantage of these
materials is that controlled and enhanced degradation at the
structured surface is possible, while the bulk material remains
intact. This could open up corridors to increased rates of
release of therapeutics from in vivo PCL-based materials.
Loading and release studies will be investigated in future work
to assess the ability of degradable structures to uptake and
release drug molecules and even nanoparticles from the
degrading structures in a controlled manner into surrounding
cells and tissue for drug delivery applications.

4 Experimental
4.1 Materials

Ethanol (>99%), acetic acid, acetone (>99%), 1,6-hexanediol
diacrylate (HDDA) (technical grade, 80%), phenylbis(2,4,6-tri-
methylbenzoyl)phosphine oxide (PBPO) (97%, powder), 3-(tri-

This journal is © The Royal Society of Chemistry 2023

methoxysilyl)propyl methacrylate, propylene glycol methyl
ether acetate, Sylgard 184 poly(dimethoxy) silane (PDMS) sili-
cone elastomer and curing agent, sodium hydroxide, dimethyl
sulfoxide (DMSO), industrial methylated spirits (IMS), 2-propa-
nol, dichloromethane (DCM) (puriss. p.a., ACS reagent, reag.
SO, >99.9% (GC), contains 25 mg mL™"' amylene as a stabil-
izer), hexane, triethylamine (>99%), methacryloyl chloride
(97%, contains 200 ppm monomethyl ether hydroquinone as a
stabilizer), sodium bicarbonate, crystal violet, dihydroethi-
dium, phosphate buffered saline, Dulbecco’s Modified Eagle
Medium, fetal bovine serum, penicillin-streptomycin, formal-
dehyde, trypsin-EDTA, were purchased from Sigma-Aldrich,
now known as Merck Life Sciences, Wicklow, Ireland.
Tetrahydrofuran (99.5%, Extra Dry over Molecular Sieve,
Stabilized) was bought from Thermo Scientific, Dublin,
Ireland. Polycaprolactone diol (M, 1250 g mol™') was pur-
chased from Polysciences Inc., Heddesheim, Germany.
Borosilicate substrates (25 x 25 mm?; thickness 0.1 mm), dip-
in laser lithography (DiLL) fused silica substrates (25 x
25 mm?; thickness 0.7 mm), and IP-Dip photoresist were pur-
chased from Nanoscribe Gmbh, Karlsruhe, Germany.
TAP300AI-G silicon probes and Pt/Ir-coated conductive tips for
topographical imaging were purchased from BudgetSensors®
Innovative Solutions Ltd, Bulgaria. Digital UV-ozone system
PSD Pro Series was purchased from Novascan Technologies,
Iowa, USA. The white light source was provided by Edmund
Optics, MI 150 Illuminator, York, UK. A549 cells were pur-
chased from ATCC, CCL-185, Virginia, USA.

4.2 Fabrication of square pore arrays

Two photon polymerisation of square pore arrays was carried
out using a commercial DLW apparatus, Photonic Professional
(Nanoscribe Gmbh, Karlsruhe, Germany). The dip-in configur-
ation was used, employing a 63x objective. Prior to laser
writing the DIiLL fused silica substrates were sonicated in
ethanol for 30 min, followed by UV Ozone treatment for
15 min to activate the substrate surface. The surface of the
DiLL substrates was modified by immersion in a solution of
3% v/v 3-(trimethoxysilyl)propyl methacrylate/0.1% v/v acetic
acid in ethanol for 1 h. After rinsing with ethanol and drying
under a stream of nitrogen, the substrates were cured for
10 min in an oven at 40 °C. The DiLL substrate was secured
into the DILL holder of the Photonic Professional. A single
drop of the monomeric photoresist, IP-DIP, was deposited
onto the centre of the substrate before the holder was placed
into the system. The stereolithography structure file (.stl) of
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the desired array of square pores was loaded into the software,
with distances of 100 nm used for both slicing and hatching.
For pore array fabrication, the laser power and scan speed
used were 15 mW and 6000 pm s~ '. After laser writing, the
structures were developed by immersing in propylene glycol
methyl ether acetate for 20 min followed by 2-propanol (IPA)
for 2 min. The structures were then rinsed with IPA, dried
under a stream of nitrogen, and coated with a 10 nm layer of
gold.

4.3 Synthesis of polycaprolactone dimethacrylate

The synthesis was adapted from the method outlined by Tian
et al. in 2019.%° Fig. 7 shows the scheme for the reaction.

Tetrahydrofuran (THF) was dried over a 5 A molecular sieve
over 2 days. Polycaprolactone diol (7.97 g, 6.37 mmol, 1 eq.)
was dissolved in the dry THF (80 mL) in a 2-neck 500 mL
round bottom flask. Triethylamine (1.78 mL, 12.77 mmol, 2
eq.) and methacryloyl chloride (1.37 mL, 14.02 mmol, 2.2 eq.)
were then added dropwise to the round bottomed flask and
the reaction was covered with tin foil and left to stir at room
temperature for 5 days. The resulting mixture was gravity fil-
tered using an excess of hexane to remove salts precipitated
during the reaction. THF and hexane were then removed by
rotary evaporation and the isolated product was further puri-
fied by a washing and extraction step. The methacrylated
polymer was dissolved in a minimal amount of dichloro-
methane (DCM) and then washed with 1 M hydrochloric acid
three times. The isolated DCM layer was evaporated by rotary
evaporation and the product was dried under vacuum for 2
days. The product was isolated as a white, waxy solid (7.72 g,
6.17 mmol, 96.9%). The "H NMR was completed and used to
determine that the degree of acrylation was 71.8%. The degree
of acrylate capping was calculated as per the method described
in the procedure outlined by Tian et al.>®* "H NMR (500 MHz,
CDCl;) 6 6.10 (s, 2H, CH), 5.54 (s, 2H, CH), 4.32-4.20 (m, 4H,
CH,), 4.10-4.00 (m, 30H, CH,), 3.65-3.73 (m, 4H, CH,),
2.25-2.33 (m, 30H, CH,), 1.94 (s, 6H, CH3), 1.55-1.71 (m,
136H, CH,, CH,), 1.35-1.46 (m, 40H, CH,). FTIR-ATR (cm™):
2945, 2862, 1720, 1639, 1471, 1419, 1396, 1364, 1323, 1292,
1237, 1161, 1106, 1044, 962, 815, 730.

4.4 Preparation of monomeric solutions

Three monomeric solutions were made by mixing varying
amounts of PCLDMA and HDDA by weight in different ratios,
neat HDDA, 1:9 PCLDMA:HDDA (10%PH), and 1:4
PCLDMA : HDDA (20%PH) with each containing 1% w/w of the
photoinitiator phenylbis(2,4,6-trimethylbenzoyl)phosphine
oxide (PBPO). The solutions were sonicated and vortexed
thoroughly to ensure a homogeneous mixture was achieved.

4.5 Fabrication of square micropillars

Nanoimprint lithography from a 2PP master of cylindrical pore
arrays was carried out using three monomer solutions
described above. Two PDMS spacers (thickness 600 pm) were
placed firmly onto the DiLL substrates, positioned either side
of the 2PP structures. A cover glass (22 x 22 mm) was placed
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firmly onto both PDMS spacers, positioned over the 2PP struc-
tures. The monomeric solution was pipetted into the space
beneath the sealed cover glass and between the PDMS spacers
until the space was filled and consequently the 2PP structures
were fully covered. The monomeric solution was cured under
white light for 2 h in total; 30 min at 25% power, 30 min at
50% power, 30 min at 75% power, and 30 min at 100% power
before being separated from the 2PP master using tweezers.

4.6 Degradation study in alkaline medium

A template 100 x 100 um in width of 2 x 2 um wide square
pores with pore depths of both 2 and 4 um were used in this
degradation study. From the 2PP template, six replicas were
made from each of the three solutions: HDDA, 10%PH and
20%PH. One replica of each polymer was left dry, unexposed
to 5 M NaOH as the control sample. A single replica of each
polymer was placed in a sealed vial of 20 mL 5 M NaOH for 5,
10, 15, 20 and 25 days. After each timepoint, the samples were
removed from the vial of 5 M NaOH, rinsed thoroughly with
deionised water and left in a desiccator to dry for 24 h. The
samples were then sputtered with 10 nm of Au/Pd in prepa-
ration for SEM analysis.

4.7 Mass loss in alkaline medium

To study the mass loss, unpatterned cured samples of the
3 monomeric solutions above were prepared. For each sample,
the mixture (100 pL) was pipetted into uniform PDMS gaskets
so that they were consistent in size, shape and volume. The
solutions were cured for 2 h under white light as above. Each
sample was then rinsed with deionised water and allowed to
dry under vacuum in a desiccator for 24 h. The three cured
samples (unpatterned HDDA, unpatterned 10%PH, and unpat-
terned 20%PH) were then weighed to obtain an average and
standard deviation for the dry measurement. The samples
were then immersed in 20 mL of 5 M NaOH in a sealed vial for
5, 10, 15, 20 and 25 days. For each timepoint, the samples
were removed from the vial of 5 M NaOH, rinsed with deio-
nised water, dried under vacuum for 24 h and weighed. The
samples were then immersed in the 5 M NaOH again until the
next time point at which time the samples were reweighed as
above. This process was repeated three times for the HDDA,
the 10%PH and the 20%PH. The average weight of the three
repeats and the standard deviation was obtained for each time
point. Data obtained was plotted using OriginPro8.5 software.

4.8 SEM imaging and analysis

SEM imaging of the 2PP square pore templates and nanoim-
printed micropillars was carried out. An accelerating voltage of
5 kv was used under SE2 or in-lens mode to acquire all
images. Prior to SEM imaging, the structures were coated with
a 10 nm Au-Pd layer using a Cressington Sputter Coater
208HR. A 57 x 0.1 mm Au-Pd target was used to coat the struc-
tures under an inert atmosphere of Argon for 10 s. Analysis of
the acquired SEM images was carried out using Image]
software.

This journal is © The Royal Society of Chemistry 2023
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4.9 AFM imaging and analysis

Atomic force microscopy (AFM) was carried out using an
Asylum Research MFP3D AFM (Santa Barbara, USA). For image
in Fig. 6, amplitude modulation mode or tapping mode was
employed for all scans. The AFM probe was a silicon tip with
an aluminium reflex coating, a resonance frequency of 300
kHz and a nominal cantilever stiffness of 40 N m~". Prior to
imaging the substrate was secured onto a glass microscope
slide using double sided tape. AFM images were post-pro-
cessed and analysed using Gwyddion (Czech Metrology
Institute, Jihlava, Czech Republic, version 2.60). Line profile
data was obtained following image postprocessing and plotted
using OriginPro8.5. For images in Fig. 2 and 5, imaging was
performed in amplitude modulation mode and height, ampli-
tude, and phase images were recorded. Data were recorded
with 256 lines per scan direction and with a scan rate of 0.4 Hz
and scan angle of 90°. A Pt/Ir-coated conductive tip
(PPP-EFM-Nanosensor, with tip radius <15 nm, resonant fre-
quency of 75 Hz, and a spring constant of 2 N m™") was used
for topography. Prior to imaging the substrate was secured
onto a glass microscope slide. 2D and 3D representation of
height images were produced using Gwyddion AFM software,
all images were 1st order plane fit flattened. Line profile data
was obtained following image post processing and plotted
using Igor pro 6.38.

4.10 Cell culture

A549 cells were used as a representative adherent cell model to
examine indices of cell health in response to indirect and
direct contact with the PCL-based materials. Briefly, cells were
cultured in Dulbecco’s modified Eagle’s medium sup-
plemented with 10% Fetal Bovine Serum, penicillin (100 U
mL™") and streptomycin (100 pg mL™"). Cells were seeded in
56 cm? dishes at a density of 2000 cell per cm® and maintained
in 5% CO,/95% humidity at 37 °C. Culture media exchanged
every 2-3 days, and cells were passaged at 80% confluency
with all experimental procedures carried out in 96-well plates
at a density of 25 000 cells per well.

4.11 Cell treatment

For indirect treatments, PCL-based materials were sterilised by
soaking the materials in 70% ethanol for 20 minutes.
Following sterilisation, the materials were then washed in
sterile PBS to remove any residual ethanol. The materials were
then transferred to individual wells of a 6-well dish and sub-
merged in 2 mL of culture medium. A control well containing
no materials and 2 mL of culture media was also prepared.
Conditioned media exposed to materials for 24 h was then har-
vested and utilised as samples of ‘indirect contact’ for investi-
gating the impact of potential leachable molecules from the
PCL-based material and culture environment. Cells were then
seeded on 96-well dishes (transparent for all assays apart from
the ROS Assay which used an opaque white plate), in the pres-
ence of the conditioned media samples for 24, 48, and 72 h,
before the respective assay was carried out.

This journal is © The Royal Society of Chemistry 2023
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For direct treatments, circular disks of the PCL-based
materials were prepared using a 5 mm hollow punch, and then
sterilised by soaking the materials in 70% ethanol for
20 minutes. Following sterilisation, the disks were then
washed in sterile PBS to remove any residual ethanol. Control
disks of similar dimensions using cell culture grade plastic
were also prepared. The materials were then transferred to the
relevant 96-well plate (transparent for all assays apart from the
ROS Assay which used an opaque white plate), and cells
seeded at a density of 25000 cells per wells with respective
assay measurements carried out 24-, 48-, and 72 h post-
seeding.

In all experiments, a positive control of cells treated with
TNF-a (200 ng mL™") was included for each experimental
timepoint.

4.12 Adhesion assay

To examine the influence of ‘indirect’ and ‘direct’ contact of
the PCL materials on the adhesion profile of the cells, cells
were seeded at 25000 cells per well into PCL material con-
ditioned culture media, or directly onto the PCL materials.
Following incubation for the designated amount of time
(24-72 h), all culture media was removed, and the wells were
washed gently with PBS. 100 pL of 3.75% formaldehyde was
then added to each well and left to incubate for 15 minutes.
The cells were then gently washed with PBS before 100 pL of a
5 mg mL™" solution of crystal violet was added to each well.
The plate was left to incubate for 5 minutes before being
washed with deionised water to remove excess crystal violet
stain. The plate was then inverted and left to air dry overnight.
50 puL of a 2% SDS solution was added to each well, and the
plate was gently agitated by placing it on a shaker to assist in
cell lysis for 30 minutes. The absorbance was then read at
562 nm on a Tecan Infinite M200 Pro Microplate Reader and
readings compared against control cells as fold change.

4.13 MTS assay

To measure the impact of ‘indirect’ and ‘direct’ contact of the
PCL materials on the viability of the cells, cells were seeded at
25000 cells per well into PCL material-conditioned culture
media, or directly onto the PCL materials. Following incu-
bation for the designated amount of time (24-72 h), 20 pl of
CellTiter 96 AQyeous Assay reagent was added to each well, and
the plate was then incubated for 4 h at 37 °C in a humidified
5% CO, incubator. The absorbance was then read at 490 nm
on a Tecan Infinite M200 Pro Microplate Reader and readings
compared against control cells as fold change.

4.14 Cell density

For cell density, the ‘Adhesion Assay’ protocol was utilised
with the exception that for examining the effect of the PCL-
conditioned media samples, cells were initially seeded in
unconditioned culture media before this was exchanged for
PCL-conditioned media once the cells had adhered. Prior to
being lysed with the 2% SDS solution, images of the cells were
captured using a Nikon Eclipse TS100 phase contrast micro-
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scope. Following acquisition of images, the cells were then
lysed, and the absorbance was then read at 562 nm on a Tecan
Infinite M200 Pro Microplate Reader and readings compared
against control cells as fold change.

4.15 LDH release

To measure the impact of ‘indirect’ and ‘direct’ contact of the
PCL materials on the release of stress-related biomarker lactate
dehydrogenase, a cytotoxicity detection kit was used as per the
manufacturer’s instructions. Briefly, cells were seeded at
25000 cells per well into PCL material-conditioned culture
media, or directly onto the PCL materials. Following incu-
bation for the designated amount of time (24-72 h), 100 pL of
culture media from each well was transferred into corres-
ponding wells of a new 96-well plate. 100 pL of Reaction
mixture was then added to each well, and the plate was left to
incubate for 30 minutes. The absorbance was then read at
490 nm on a Tecan Infinite M200 Pro Microplate Reader and
readings compared against control cells as fold change.

4.16 ROS assay

To measure the impact of ‘indirect’ and ‘direct’ contact of the
PCL materials on the oxidative balance of the cells, cells were
seeded at 25 000 cells per well into PCL material-conditioned
culture media, or directly onto the PCL materials. Following
incubation for the designated amount of time (24-72 h), dihy-
droethidium was added at a final concentration of 10 pM to
each well and the plate was left to incubate for 30 minutes.
The fluorescence was then read at excitation and emission
wavelengths of 520 nm and 600 nm on a Tecan Safire 2 fluoro-
spectrophotometer. Readings were normalised to cell number
obtained from viability readings, and the resultant levels com-
pared against control cells as fold change.

4.17 Statistical analysis

Results are expressed as mean =+ standard deviation.
Experimental groups were performed in triplicate, with a
minimum of three independent experiments (7 = 3). Statistical
comparison between control and experimental groups were by
Student’ ¢-test for pairwise comparisons. A value of P < 0.05
was considered significant.
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