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Preface

Bone is a complex organ in the human body that possesses the ability to renew and remodel itself through-
out lifetime. Fracture healing is the most common phenomenon where one gets to witness this regenerative
capacity of the organ. However, not all fractures heal completely. For instance, 13% tibial fractures lead to an
incomplete healing or reunion of the tissue. Severe injury, genetic factors, and bone diseases are known to in-
hibit full regeneration. Biomaterials that can allow and encourage new bone formation (osteogenesis) at the
site of injury are currently being developed. Making these biomaterials as efficient as a natural bone is chal-
lenging and serves a major area for research today. Organ-on-Chip (OOC) based platforms, aim at mimicking
the tissue microenvironment within a microfluidic chip to understand the factors that affect tissue regenera-
tion. These are preferred owing to their small sizes, laminar flow of culture medium, high throughput, small
reagent quantities used, and reduced dependency on animal studies.

Topography is one major factor that affects bone regeneration at macro, micro, and nano scales. Among
these, submicron/nanotopography is known to affect regeneration down to sub/cellular level by activation
of receptor-ligand type of interactions. Features of varying dimensions have been shown to induce osteo-
genesis with no optimal pattern being reported so far. Controlled multiscale topography is a key aspect of
topographical microenvironment and poses a major challenge in terms of fabrication and upscaling. The
two photon polymerisation (2PP) process allows producing topography of submicron size in a spatially and
dimensionally controllable fashion. In comparison to the commonly used, mask based lithography tech-
niques, the method can possibly allow producing multiscale features with ease. The 2PP method is typically
known for fabricating micro-sized structures but remains unexplored for producing features in the submi-
cron/nano scale.

This study aimed at creating uniform submicron pillar based topographies using the 2PP process and in-
tegrating them into a microfluidic device for studying their effect on bone regeneration. Upon identifying and
adopting optimal materials (resin and substrate), feature writing strategy, and writing parameters the printed
submicron patterns have been upscaled to the mm scale. A method for assessing the uniformity of these pat-
terns was devised that can allow estimation of pillar dimensions. These topographies were also incorporated
on the surface of 3D printed structures in a single step to demonstrate the possibility of multiscale printing
using the 2PP process. Finally, the patterns were integrated in a Polydimethylsiloxane (PDMS) based mi-
crofluidic chip 3D printed using stereolithography. The pillars integrated in the microfluidic device showed
no signs of delamination when they were subjected to varying flow rates, thus reinforcing their suitability for
a dynamic cell culture. The patterns also increased the hydrophilicity of the substrate, an effect known to
promote cell attachment. Preliminary experiments with human mesenchymal stem cells (hMSCs), dynami-
cally cultured in these microfluidic devices and imaged for a period of up to 5 days, depicted a healthy, spread
morphology with no major signs of cytotoxicity.

In conclusion, this study marks a step towards printing controlled submicron topographies using 2PP
that can be upscaled (both spatially and dimensionally) and incorporated into biocompatible microfluidic
chips. These devices can be used by biologists and engineers to systematically manipulate the cellular/tissue
microenvironment and optimise it to achieve the ’ideal’ regeneration conditions in the future.

Abhishek Sharma
Delft, September 2018
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1
Introduction

1.1. The bone tissue
The bone consists of two parts at the macroscopic scale: the outer cortical bone made up of bundled os-
teons stacked together and the inner cancellous bone made of a series of interconnected bone marrow filled
trabeculae [1–3]. At the micro-scale, the tissue is made up of osteons consisting of layers of collagen fibres
bundled as concentric cylinders around the Harversian canal containing blood vessels and nerves [2]. At
the nanoscale, the collagen fibrils are located with a periodicity of about 67 nm and the collagen molecules
within these fibrils at a gap of about 40 nm [2]. Nano-Hydroxyapatite crystals are embedded in these gaps
between the collagen molecules [2, 3]. The trabecular bone is highly porous (50-90% porosity) [1, 4] while the
cortical bone is only about 3-12% porous [1, 5, 6]. Fig.1.1 (reproduced from [2]) depicts the bone morphology
at various length scales.

Figure 1.1: Bone morphology at macro (a), micro (b) and nanoscale (c). Reproduced from [2]

The 4 main types of cells (making up about 10% of the total volume) embedded in the bone matrix are
the osteoblasts, osteoclasts, osteocytes and the bone lining cells [1, 3, 7]. The bone marrow in the trabecular
region is the major source of Mesenchymal stem cells (MSCs) in the tissue. Osteoblasts are responsible for the
bone formation and produce the extra-cellular matrix (ECM) [1, 3]. Osteoclasts are the multinucleated cells
responsible for the resorption of bone while osteocytes are responsible for the mechanical sensing of load
and micro-fractures [1, 3]. Bone lining cells are found in the inactive or non-remodelling part of the bone [7].
The main bone cell types haven been depicted in fig. 1.2. The ECM is composed of an organic part consisting
of Collagen type 1 (90% of organic phase) along with traces of other non-collagenous proteins (5%) while the
inorganic part is made up of hydroxyapatite crystals that provide toughness and strength to the tissue [3, 8].
The mechanical properties of the bone are summarised in table 1.1

3



4 1. Introduction

Figure 1.2: Different cell types in the bone matrix. Reproduced from [9]

Table 1.1: Mechanical properties of the cortical and cancellous bones. (Reproduced from [1])

Property Cortical bone Cancellous bone
Compressive strength (MPa) 100-230 2-12

Tensile strength (MPa) 50-150 20-30
Young’s modulus (GPa) 7-30 0.05-0.5

1.2. The need for studying bone regeneration
The bone is one of the organs in the human body that possesses the ability to renew and remodel itself
throughout lifetime [10]. It is interesting to know that most bone injuries heal themselves without the forma-
tion of a scar/fibrous tissue, thus restoring them to normalcy [10–12].The typical fracture healing mechanism
begins with inflammation and formation of hematoma leading to the recruitment of MSCs towards the site
of injury [12]. This is followed by angiogenesis, chondrogenesis, and osteogenesis as the MSCs differentiate
into the osteogenic lineage [12, 13]. The next phase involves a soft callus formation which hardens as it ma-
tures [12, 13]. The bone thus begins to mineralise and remodel in the final stage of fracture healing [12].The
schematic of the bone healing mechanism is shown in fig1.3. The bone tissue keeps renewing and dissolving
based on its environment and location. Fracture healing is the most common phenomenon where one gets
to witness this regenerative capacity of the tissue. However, not all fractures result in a complete reunion.
About 13% of tibial fractures for example, lead to incomplete or insufficient reunion especially in cases where
the injury is severe and requires large amounts of bone regeneration [10, 14]. Various bone diseases such
as avascular necrosis, osteoporosis, fibrous dysplasia, infections or those caused due to genetic factors also
require bone regeneration that can’t be naturally corrected by the body [1, 2, 10]. Cases such as these would
thus need external aid/treatments to overcome complications and restore full functionality of the tissue.

Figure 1.3: Steps involved in the bone fracture healing mechanism. Reproduced from [15]

1.3. The remedy: Bone grafts
1.3.1. Natural grafts
The current methods applied to augment bone regeneration involve bone grafts. Autologous bone grafts are
taken from another part of the patient’s body and transplanted at the site of injury [1, 10, 13]. There is a
limited risk of infection but leaves the patient with two injuries to heal instead of one [1]. Allogeneic bone
grafts involve the use of a bone sample from another human but leads to chances of rejection, infection and
transmission of diseases [10, 13]. Xenogeneic bone grafts are derived from another species such as bovines
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and thus pose a higher risk of rejection and infection than its allogenic counterpart [16].

1.3.2. Artificial grafts
Artificial bone graft substitutes are currently one of the most commonly used methods today owing to the
ease of tuning their properties and a lower risk of infection or rejection [1–3, 10, 13]. They can be composed
of natural as well as synthetic biomaterials. The former includes biomaterials such as collagen, chitosan, silk
and elastin. while the latter can include metals (such as Titanium and Tantalum), polymers (such as Poly-
caprolactone, Polylactic acid, polyglycolic acid), ceramics (such as bioglass, Calcium Phosphate, corals) and
composites (such as Calcium Phosphate-Polyester composites) [3, 9, 10]. These artificial graft biomaterials
acts as scaffolds for the bone-cells and provide the necessary physical and bio-chemical cues for bone-growth
and(or) osteogenesis [2, 3]. An ideal bone substitute material should be:

• Bio-inert:
In a sense that it is not cytotoxic and does not elicit an unwanted foreign body response in the organ
environment. This is a basic requirement for any biomaterial to be used as a graft material, in-vitro or
in-vivo [3, 17]

• Osteoconductive:
These biomaterials allow the bone-cells to grow and proliferate on their surface. Titanium for example,
also used widely as a bone implant material, is known to promote bone growth. The main requirement
here is to provide a surface for attachment of cells and extra-cellular proteins [3, 13, 18].

• Osteoinductive:
These biomaterials induce osteogenesis and thus encourage immature cells (progenitor cells and stem
cells) to differentiate into the osteogenic lineage [3, 13, 18].

1.4. Conclusions
• The Gold standard for bone-regeneration is thus an autologous graft since it meets all the above re-

quirements simultaneously [10, 19–23]. Fabricating a graft is thus challenging and combines expertise
in biology, chemistry and engineering.

• Osteoconductive biomaterials supplemented with appropriate osteoinductive growth factors, stem/progenitor
cells and other physical/biochemical cues are thus being researched today [3, 24] to realise the so called
Diamond concept to regenerate the bone tissue and support vascularisation [1, 10].

• The real challenge however, lies in making these bone-substitute biomaterials as efficient as their gold
counterpart: the autograft [10, 19]. Bringing the diamond standard at par with the gold one requires
the study of various factors that affect bone regeneration and constitute its microenvironment so that
these can be modelled into a test device.
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1.5. Topography and bone regeneration
In general, topography (at various scales) affects cell attachment, morphology, proliferation, differentia-
tion and migration [25–27]. Macro, micro as well as nanotopographies can influence the regeneration phe-
nomenon [28]. Macrotopography (above 100 µm) [26], Microtopography (0.1-100 µm) [29, 30]and Nanoto-
pography (1-100 nm) influence the cells at colony, individual and ligand/proteomic levels respectively [31].
It can thus be understood that macro and micro topographies and geometries allow accumulation of cells
or “pile-up” thus leading to the formation of bone nodules in selective areas while nanopatterns can al-
low molecular interactions when spacings are below a certain threshold value [26, 32]. Thus macrotopog-
raphy can be used to tune the bone shape and vascularisation while the microtopography could regulate cell
morphology, attachment, proliferation and arrangement (by providing physical cues/geometries for arrange-
ment) and nanotopography can influence ligand and protein arrangements [28].

1.5.1. Nanotopography and its role
It is interesting to manipulate the bone regeneration mechanism using nanotopography since this would help
in understanding the molecular interactions within the cell in the near future. Nanotopographical features
ranging over 17-25 nm[33] to 100 nm or more (nanotube diameter) [34] have shown to induce osteogenesis.
There isn’t an optimal nanopattern for bone regeneration in literature that can be used for inducing osteo-
genesis due to highly scattered findings which further necessitates it’s study in a systematic manner. Incor-
porating such nanoscale features into a microdevice would require multi-scale manufacturing approaches
while aiming at cutting down costs and manufacturing times simultaneously [35]. It has been found that
nanotopography plays a major role in deciding the fate of the stem cells (differentiation) and their behaviour
[31]. Dalby et al. for the first time showed that a controlled disorder of nanotopographical features led to an
enhanced osteogenic differentiation in comparison to a flat or an ordered square feature arrangement in ab-
sence of any osteogenic medium [36]. The cells showed large focal adhesion sizes, an organised cytoskeleton
and a polygonal shape. Typical methods employed for generating such nanopatterns include nanoimprint-
ing using moulds fabricated via beam based lithography, mask anodization, physical vapour deposition and
electron beam evaporation [36–44]. Some of these have been discussed later in section 1.9.

Dobbenga et al. drew some important conclusions in their review; pointing out that at about 15 nm pillar
height, the maximum expression of osteogenic markers is observed [31]. The cell attachment in these cases
was characterised by a long and dense network of filopodia. An interesting observation made is the consis-
tency in these results independent of the substrate material used. It would therefore be interesting to study
the effect of different biomaterials using the same topography. They also pointed out that there is not enough
data on the effect of nanopillar diameter or the nanopit depth on osteogenic differentiation. A spacing of
less than 70 nm in the nanopattern is usually needed to induce clustering and osteogenesis on the substrate
[2, 26]. The effect of nanotopography feature size in presence of osteogenic media (such as Dexamethasone
and β-glycerophosphate) as well as comparing osteogenesis for different substrate biomaterials with similar
topography also needs to be researched thoroughly.

1.6. Microfluidic devices for studying bone regeneration
In place of conventional cultures, the use of microfluidic devices to study the fracture healing mechanisms
has been growing over the years and forms a part of the broader Organ-on-a-chip (OOC) concept. An OOC
system uses a microfluidic platform to culture living cells while attempting to simulate the tissue or organ
level physiology [46]. These have been developed for an array of applications such as drug screening, stem
cell differentiation, tissue engineering, immunology, separating different cell types, studying functionalised
surface and the like [47]. Microfluidic models are chosen in such studies owing to their small feature sizes
leading to laminar flows, being able to closely monitor and control the cell microenvironment (bio-chemical
as well as physical), high throughput allowing multiple experiments on the same chip, the use of small reagent
quantities and cell aspirate volumes (and thus the ease of obtaining them), the ability to create a dynamic or
static culture environment (a choice which is not available in a conventional cell culture), allowing real-time
imaging and reducing dependency on animal studies [45, 47, 48]. An ideal microfluidic device should fulfil
the following basic criteria:

1. Biocompatibility

2. Allows conveniently adding/flushing out different media, vary flow rates etc.



1.6. Microfluidic devices for studying bone regeneration 7

Figure 1.4: A microfluidic device to study the effect of micro-dot topography on bone-regeneration. Reproduced from [45]

3. Is Leak proof

4. Allows imaging of cells conveniently

5. Is Easy to fabricate and assemble

A typical microfluidic device for bone-regeneration is shown in Fig.1.4 and reproduced from [45]. Here,
micropatterns fabricated via inkjet printing were used to study bone regeneration. This can act as a model
design for the current bone regeneration study. In the last decade, there has been quite a lot of research
done on microfluidic cell cultures that incorporate micro and nanopatterned substrates to mimick the mi-
cro/nanotopographical microenvironment. Table 1.2 summarises some of the works depicting the use of
microfluidic devices integrated with micro/nanofabricated features for cell based studies. These can pave
the way in realizing such a device for studying bone regeneration and simulating the various factors involved
in it. For example, Lee et al. reported mineralised 3D bone tissue formation (after day 16) in their microflu-
idic device in presence of osteogenic media (DEX and glycomethasone) wherein the osteoblasts first spread
all over the base (day 4) of the device and then began migrating to the top and side walls (day 7) [45].

Table 1.2: Major works carried out in the manufacturing of such microfluidic devices incorporating nanotopography

Pattern and fabri-
cation

Channels and fabri-
cation

Application References

50 nm diameter, 400
nm high pillars and
50 nm wide, 200
nm high grooves
with 200 nm pitch
Poly Urethane Acry-
late Nanopillars
fabricated via UV
assisted Capillary
moulding

PDMS microchan-
nels 550 µm wide,
40 µm high. Sealing
with Oxygen plasma
treatment

Separating
cancer and
healthy cells

[48]
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Table 1.2 – Continued from previous page
Electron beam
lithography to
create a PMMA
master mould with
nanogratings of 350
nm width, 700 nm
pitch, and 280 nm
depth followed by
soft lithography us-
ing PDMS. Different
PDMS nanopat-
terns stitched onto
a common PDMS
layer.

Microchannels 2 cm
long, 500 µm wide,
53 µm deep via pho-
tolithography and
soft lithography/
mould replication.
Bonding the chan-
nel layer onto the
substrate layer via
“Stamp and Stick”
method

Studying
adhesion,
spreading
and mi-
gration of
human mes-
enchymal
stem cells

[49]

Silica nanobeads of
diameters 100-1150
nm deposited onto a
glass coverslip.

PDMS microchan-
nels of length 14
mm, width 4 mm
and height 50 µm
produced via pho-
tolithography of
SU8 onto Silicon
followed by replica
moulding using
PDMS. Channel
and substrate lay-
ers bonded using
oxygen plasma
treatment

Capturing
CD4+ T cells
onto func-
tionalised
surfaces
under con-
tinuous flow

[50]

50 µm dots sepa-
rated by 150 µm via
inkjet printing on a
glass slide

Microchannels
200 µm deep, 800
µm wide, 6 cm
long on PDMS by
Photolithography
on Silicon wafer
followed by soft
lithography replica
moulding; oxygen
plasma treatment
to bond substrate to
channel layer

Studying the
effect of an
antibiotic
drug on os-
teoblasts in
presence of
bacteria

[45]

20 nm diameter
pores, 50 nm deep
fabricated via an-
odization of pure
aluminium

Microchannels 70
µm deep, 1 cm long,
1000 µm wide in
PDMS fabricated via
photolithography
on Silicon followed
by Soft lithography
mould replica-
tion; the two layers
pressed together

Monitoring
protein bind-
ing to lipid
layers

[51]
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Table 1.2 – Continued from previous page
Nanopits (500*500
nm- 1*1 µm pits,
1-2 µm apart) ar-
rays using Electron
beam lithography
followed by Reac-
tive ion etching
for passing pattern
onto fused silica
substrate

Nanochannel (100
nm deep, 450 µm
long, 50 µm wide)
using UV contact
lithography and
etching; cover with
fused silica chip
by quartz-quartz
bonding

Pressure
driven trans-
port of DNA
molecules

[52]

1.7. Conclusions
• Realising the diamond concept of bone regeneration to be able to heal severe bone injuries or diseases

more efficiently would be highly dependent on an understanding of the effect that topography plays at
the cellular level.

• The main aim is to generate submicron and nanostructures in order to probe the effect of substrate
topography at the cellular or molecular level. This size range has also been chosen to fill in the research
gaps and establish a trend for the effect of feature size on cell behaviour.

• The submicron and nanoscale features affecting bone regeneration when integrated into microfluidic
cultures, can help effectively mimick the tissue microenvironment. Microfluidic environments help
reduce reagent quantities needed, ensure a laminar flow, involve small feature sizes, and reduce de-
pendency on animal studies.

1.8. Problem statement
The aim of this study is to design and fabricate such a submicron/nanoscale topography-integrated microflu-
idic device which can be used by biologists to study the fracture healing (bone regeneration) microenviron-
ment. The device can further help researchers identify the optimal feature sizes that can encourage osteogen-
esis. The fabricated devices may also be modified to incorporate additional factors (such as substrate Young’s
modulus, multiscale topographies, different cell types, 3D porosities, growth factors etc.) in the future. Nu-
merous challenges such as selecting appropriate materials and methods for topography, microfluidic device,
and the method of device assembly need to identified and solved while meeting the device requirements
stated in section 1.6.
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1.9. Methods for Micro/nanofabrication
As discussed in section 1.5, topography plays a key role in influencing the stem cell behaviour. The bone
regeneration based microfluidic cell culture device would need a topography that

1. Is highly controllable (size, layout, geometry)

2. Is of submicron/nanoscale dimensions

3. Is easy to pattern on large areas (upscalable)

4. Is biocompatible

5. Involves reasonably low fabrication times

6. Can be prototyped rapidly

7. Does not entail very high fabrication/processing costs

An array of techniques have been developed for fabricating submicron/nanoscale patterns and features
for semiconductor, biomedical or microfluidic applications. A number of works list the fabrication tech-
niques employed for fabricating such features and their application in cell culturing based studies [49, 53–57].
Table 1.3 lists these techniques, the basic principle behind them, the typical resolution, their advantages and
shortcomings.

Table 1.3: Commonly used methods for fabricating Nanotopographies

Technique Method Description Resolution Advantages Drawbacks References
Electron beam
lithography (EBL)

Directing high en-
ergy electron beam
onto a resist (PMMA
for example) fol-
lowed by transfer of
the pattern into the
substrate

Sub 5 nm (3-5
nm linewidth
recorded in
PMMA resist;
2 nm feature
size with 10
nm pitch in
Hydrogen
Silsesquiox-
ane resist)

Very high
resolution;
wide variety
of shapes
possible;
controlled
topographies

Expensive
equipment;
low through-
put (in case
of maskless
production);
masked fea-
tures are not
truly 3D

[58, 59]

Nanoimprint lithog-
raphy (NIL)

Mould prepara-
tion using Electron
beam lithography
or Reactive ion
etching followed
by imprinting into
thermoplastic resin

Sub 10 nm
(6 nm holes
recorded)

High repli-
cability; low
cost (only for
the imprint-
ing step)

Need for a
master mold
that entails
high cost; not
a truly 3D
method

[60, 61]

Multi-photon poly-
merisation (MPL)

Using multiple
photons to excite
the atoms to excite
atoms in a resin
leading to polymeri-
sation reaction

100 nm
but sub 50
nm with
improved
focusing and
scanning
equipment
recorded

High reso-
lution; truly
3D features
produced;
high scan
rate possible
over larger
areas

Slower than
techniques
such a NIL
and beam
based lithog-
raphy (with
masks); lack
of variety in
photoinitia-
tors

[62–64]
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Table 1.3 – Continued from previous page
Anodization Certain pure metal

(such as Ti, Al) un-
dergoes anodization
reaction to form a
nanoporous oxide
layer which can be
used as a template
itself or be function-
alised and deposit
other materials

10 nm pore
diameters

High reso-
lution; low
costs in-
volved; no
sophisticated
equipment
needed

Lack of con-
trol over
topography
shape and
order

[65]

Colloidal Lithogra-
phy (CL)

Using a layer of col-
loidal particles on a
substrate an etch-
ing or deposition
mask (in combina-
tion with chemical
etching, sputtering,
reactive ion etching
etc.)

Sub 100 nm Large area
patterning
possible;
Inexpen-
sive; Easy
replication

Lack of con-
trol over
topography
geometry
and spatial
arrangement;
difficulty in
producing
colloidal
particles of
required size
and shape as
well as their
storage

[66, 67]

Focussed Ion Beam
Lithography (FIB)

Using a beam of
Ions (from Hy-
drogen, Helium,
Gallium etc.) onto
a substrate (with
or without a mask)
to implant ions,
remove material or
locally add material
via Chemical vapour
deposition; PMMA
is the commonly
used resist

5 nm feature
size, spacing
of 20 nm

Better resolu-
tion than EBL
as backscat-
tering is
negligible

Expensive
equipment
and low
throughput
in case of
direct writ-
ing method;
expensive
masks

[68, 69]

Polymer demixing Blend of polymers
undergo phase sep-
aration when spin
coated onto a sub-
strate followed by
annealing

Islands of
PMMA that
are sub 50
nm high

High reso-
lution; high
throughput;
low costs

Control over
topography
is limited;
not for 3D
patterns

[70]

Photolithography
(PL)

Using low wave-
length light to
shine through a
photomask onto a
photoresist followed
by development

1 − 2µm but
below 400
nm using
additional
changes/lower
wavelengths

High
through-
put, popular
for semi-
conductor
processes

Low resolu-
tion using
conven-
tional instru-
mentation;
expensive
masks; true
3D shapes
not viable

[67]
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Table 1.3 – Continued from previous page
Scanning-Probe
Lithography (SPL)

Individual addi-
tion or removal of
atoms/molecules
to/from the sub-
strate using Atomic
force microscope
(AFM) or Scanning
tunnelling micro-
scope (STM) tips

Less than 1
nm to trans-
fer individual
atoms using
STM; 50 nm
using AFM
tip for trans-
ferring group
of molecules
or nanoparti-
cles (Dip Pen
Lithography)

Extremely
precise pat-
tern gen-
eration;
patterning
variety of
materials;
manipula-
tion as well as
imaging us-
ing the same
instrument

Extremely
low through-
put; expen-
sive and
sophisticated
equipment/
environment

[69, 71]

X-Ray Lithography
(XL)

Using X-rays to pat-
tern a substrate with
or without a mask
and a resist layer

30 nm High resolu-
tion (better
than Optical
lithography)

High equip-
ment cost;
expensive
masks and
low through-
put for mask-
less process;
Masked
method does
not allow
truly 3D
structures

[72, 73]

Block Copolymer
Lithography (BCL)

Self-assembly of
copolymer layers
followed by phys-
ical and chemical
treatments

sub 10 nm High reso-
lution; low
production
times and
costs; simple
instrumenta-
tion

Lack of va-
riety and
control over
patterns;
3D shapes
difficult to
produce

[71, 74]

1.10. Conclusions
Multiphoton polymerisation meets the above mentioned topographical requirements to an appreciable ex-
tent; most importantly due to the ease of controlling and varying the topography geometry, size, spatial ar-
rangement and material’s mechanical properties (to an extent) conveniently. Even though the process may
not be as fast as NIL or beam based methods, it is quicker in terms of producing large varieties of batches.
Self assembly methods are insufficient when it comes to topography control, property tuning and producing
truly 3D structures. Hence multiphoton polymerisation (2 Photon Polymerisation in most cases) shall be em-
ployed for fabricating the submicron/nano features. The different techniques have been compared in table
1.4. It can be seen that 2PP outperforms the other techniques overall.

Table 1.4: Comparing various topography fabrication techniques

Technique Resolution Topography
control

3D structure
fabrication

Time Large area
patterning

Cost

Beam based process
(EBL, XL, FIB, PL)

++ (EBL, FIB);
- (XL, PL)

+ + - - (maskless);
+ + (masked)

- - (maskless);
+ + (masked)

- -

NIL + + + - + + + + + +
MPL + + + + + + + +

Self assembly (An-
odization, Polymer
demixing, BCL, CL)

+ + - - + + + + +

SPL + + + + - - - - - - -
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1.11. Multi-photon polymerisation
1.11.1. Concept
Multi-photon polymerisation, also called direct laser writing or maskless writing involves the use of a mode
locked near infrared femtosecond laser to focus multiple ultrashort pulses of photons (usually two, hence
called two-photon polymerisation and referred to as 2PP henceforth) onto a photo-sensitive material [75–77].
The material (a photoinitiator) is usually sensitive to wavelengths in the ultraviolet region (around 400 nm)
and undergoes a polymerisation reaction in the exposed regions. This photoresist material may become solu-
ble or insoluble (and thus called positive or negative resist respectively) with respect to the developing agent.
The method is usually used to reach feature sizes much below the diffraction limit of light, up to sub 100 nm
resolution and thus can be considered superior to similar printing technologies such as UV-stereolithography,
inkjet printing and laser sintering in this respect. Today 2PP is being employed in an array of applications such
as bioengineering, photonics, microfluidics and metamaterials [75, 78, 79].

The non-linear interaction of the laser with resist material results in the polymerisation occurring only in
the focal spot volume rather than along entire path of the beam, as in the case of single photon polymerisation
[77]. The energy absorbed in 2PP is proportional to the square of the beam intensity and obeys Gaussian
distribution with respect to the position (r) from the centre of focus according as shown in figure 1.5. There is
a threshold energy (in the order of a few nJ) to polymerise the material. The shaded area in figure 1.5 receiving
energy above this value represents the polymerised volume. Too high energies may however lead to boiling-
off of the resin [77]. The focal volume (or voxel ) is an ellipsoid with the axial (AXR) and lateral resolutions
(LR) expressed via equations 1.1 and 1.2 respectively.

AX R ∝
√

I0

Ith
−1 (1.1)

LR ∝
√

l n
( I0

Ith

)
(1.2)

Here I0 and Ith represent the maximum and threshold intensities respectively.

Figure 1.5: The distribution of energy absorption in the voxel during 2PP (referred to here as TPP) vs. single photon polymerisation (1PP).
Note the dependence of energy on (Intensi t y)2 for 2PP. Reproduced from [79]

1.11.2. Resolution control in 2PP
The voxel diameter increases with increasing power, pulsewidth and exposure time (controlled using the
scanning speed or the shutter) while an opposite effect is seen for the increasing numerical aperture of the
objective lens [77, 80]. This effect can be employed to achieve small feature sizes however, the structures
become susceptible to laser fluctuations and lose strength at low laser powers [63, 75]. Structural shrinkage
and repolymerisation of the resin from close by structures due to thermal effects have also been employed to
produce smaller features [62]. The axial feature size is more than the lateral one due to the ellipsoid shape
of the voxel undergoing shrinkage [63, 77]. Adding of a quenching molecule to the resin or using a more
sensitive resin with lower threshold energy also helps in providing a better(smaller) resolution but may affect
the strength of the fabricated structure due to insufficient crosslinkage [75, 78, 79]. The effect of laser power
and time of exposure on the size of voxel is shown in Figure 1.6.
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Figure 1.6: Effect of laser power (LPE) on voxel size (a); and effect of exposure time (b) on the longitudinal and lateral size of the voxel.
Reproduced from [81]

.

1.11.3. Setup

The setup for 2PP usually involves a Titanium Sapphire based femtosecond laser (also to be used in this
study, from Nanoscribe GmbH, Germany) operating in the near infrared region of about 780 nm since the
photoinitiators are sensitive in the UV region of about 400 nm [82]. The pulse width is about 150 fs with a 100
MHz repetition rate [83]. Ytterbium based lasers are also popular [75]. This is followed by tuning the incident
power, using a scanner for fast writing and focussing using the objective lens while the sample is mounted
onto the stage [76]. The shutter controls the exposure time (governing the number of pulses received by
the objective). A 3 degrees of freedom piezoelectric translational stage (in X, Y, Z) maybe be employed to
move a few hundred microns (Piezo mode) or instead, the X-Y motion of the beam may be controlled using
a galvanometric scanner while the Z motion is controlled via the stage (Galvo mode) [75, 76, 84] as shown
in figure 1.7. An oil immersion based objective may be used to achieve a high resolution on transparent
substrates while the Dip-in Laser Lithography (DiLL) configuration involving the objective to be in direct
contact with the photoresist can be used write on opaque surfaces. The real-time imaging is performed using
a CCD camera. The piezo mode allows a much larger range of movement than the galvo mode but a much
lower writing speed (up to 1000 times, 200 mm/s vs. 300 µm/s in case of the Nanoscribe) [78, 82]. There are
two different commonly used methods of writing, commonly termed as Pin-point scanning mode (PSM) and
the Continuous scanning mode (CSM) [63, 79]. The PSM mode has a longer exposure time than the CSM
mode as a result of the slow response of the shutter involved [79].

Figure 1.7: The setup for a two-photon polymerisation machine. Reproduced from [84]
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1.11.4. Materials
A variety of materials including metal particles, polymers, ceramics and hybrid materials can be linked using
2PP in the presence of appropriate initiators. However, polymer resins are most commonly used due to the
ease of tuning their chemistry to achieve appropriate properties.The commonly used resins can be classified
based on the chemistry involved in the reaction into the following types [75, 76]:

• Acrylates: These generate free radicals upon photo-illumination and are used in the liquid state. Acry-
lates undergo a substantial shrinkage in volume. The acrylate based resists provided by Nanoscribe
include IP-L 780, IP-DIP, IP-S, and IP-G. Among these IP-L 780 and IP-Dip are known for their high
resolution printing capability.

• Photoacidic resins: These include epoxy based resins such as SU8 which undergo cationic polymeri-
sation upon polymerisation and a post-baking step. It is quite popular within the conventional pho-
tolithography based systems.

• Hybrid resins: These are usually organically modified Silicates and belong to the class of hybrid organic-
inorganic resins. They are prepared via Sol-gel method and are thermally and chemically more stable,
optically transparent and mechanically robust. Ormocomp®is a commonly used hybrid resin espe-
cially popular in cell based studies.

Ormocomp®has a proven biocompatibility thus making it useful for cell based studies. IP-L resist has
been found to be biocompatible too for fibroblasts [85] but this needs to be verified for human MSCs. IP
resists have a higher modulus of elasticity (than Ormocer®) thus making them more suitable as a bone-
regeneration substrate (see Appendix F.2).

1.12. Application of 2PP in cell-based studies
Nava et al. fabricated scaffolds using 2PP to culture bone marrow derived MSCs that were cultured in an α-
minimal medium, changing the medium twice a week [86]. The substrates were sterilised using de-ionised
(DI) water and ethanol mixture followed by a UV treatment. They observed increased cell proliferation on the
scaffolds than the control group (plain glass). Basu et al. used 2PP to produce protein crosslinked structures
in the form of micro/sub-micron topography in presence of Rose Bengal photoinitiator and studied its effect
on the morphology of human dermal fibroblasts [87]. Marino et al. fabricated micro ridges to study the
morphology of neural cells and observed neurites aligned along the ridges thus indicating differentiation [88].
Ovsianikov et al. used a PEG diacrylate (PEGda) resin in presence of Irgacure and Micheler’s Ketone initiators
and found them to be cytotoxic [89]. Ageing these in aqueous media reduced the cytotoxicity considerably.
Colorectal carcinoma cells were used to test the biocompatibility of IP-DIP resin fabricated microneedles
coated with Iron by and were found appropriate for the intended application [90]. Spagnolo et al. fabricated
a cage like microstructure to study the effect of pore size on the invasion of cancer infested epithelial cells
into the cage [85]. They found the IP-L material to be cytocompatible which suggests its use for prospective
life sciences based applications. Features as small as 300 nm have also been fabricated using IP-L and IP-G
resists and coated with T iO2 to culture osteoblast like cells [83]. Thus 2PP isn’t new to fabricating structures
for cell based studies. These studies have been summarised in Table 1.5.

Table 1.5: 2PP applications in Life-sciences based applications

Application/ Description Material Parameters Feature sizes em-
ployed

References

2PP fabricated scaffolds to
culture MSCs; imaging us-
ing gold sputtering for SEM

Irgacure photoini-
tiator (1%) + SZ2080
resist

1.5 mm/s scan
speed; 12 mW
power

Height of scaffold
= 30 µm; Length
and width = 90 µm;
horizontal spacing
of 10-30 µm be-
tween lines; vertical
spacing of 15 µm

[86]

To confine embryonic
stem cells in a 2PP fabri-
cated cage. Cells maintain
pluripotency gene

Irgacure photoini-
tiator (1%) + SZ2080
resist

Same as in [86] Same as in [86] [91]
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Table 1.5 – Continued from previous page
Crosslinking Fibronectin
(FN), Bovine serum albu-
min (BSA) and Fibrinogen
(FG) proteins using 2PP to
study the morphology of
human dermal fibroblasts

FN, FG, BSA, Rose
Bengal

Laser power ranging
from 30-50 mW

Parallel lines 200 µm
long, 600 nm wide
with varying pitch of
10-40 µm

[87]

Using 2PP to fabricate
submicron patterning
structures to study neural
cell behaviour; imaging
using SEM and AFM

Ormocomp resin
coated on glass
coverslip

50 µm/s writing
speed; 10 mW laser
power

Ridges with 2.5, 5
and 10 µm spacings;
roughness of 3.20 ±
0.28 nm and height
and width of 658 ±
29 nm and 482 ± 24
nm respectively

[88]

Polyethylene Glycol (di-
acrylate) scaffolds fabri-
cated via 2PP for testing
cytotoxicity on mouse
fibroblasts

PEGda with
Micheler’s Ke-
tone or Irgacure
photoinitiators

Minimum resolu-
tion using 20-30
mW laser power and
200 µm/s scanning
speed

200 nm minimum
lateral resolution

[89]

T i 02 coated (using Atomic
layer deposition) micropil-
lars that are interconnected
using thinner structures
and cultured with SaOs-2
osteoblastic type cells

IP-L, IP-G; prebake
IP-G at 100◦C for
1 h; develop us-
ing isopropanol or
1-methoxypropan-
2-yl acetate

10-20 mW laser
power; 100 µm/s
scan speed

Pillars of 5 µm
diameter, 13 µm
height with smaller
elliptical rods of
lengths 780 nm and
300 nm along semi
major and minor
axis respectively

[83]

3D cage like microstruc-
tures fabricated using IP-
L photoresist to study the
invasion of cancer tumour
cells into pores of the struc-
ture

IP-L resist; develop
using Isopropanol

4-16 mW laser
power; 30 µm/s
scan speed

60 µm high pillars;
10 µm diameter;
mesh of 2.5, 5 and
10 µm pitch

[85]

Microneedles fabricated
via 2PP using IP-dip resist;
sputter coated with Iron;
Use of TEM and SEM for
material and structural
characterisation

IP-Dip resist; coat-
ing using Iron

15 mW laser power diameter 630 ± 15
nm; pitch 12µm; as-
pect ratio 1:10

[90]

1.12.1. Conclusions
• 2PP allows submicron/nanofabrication with a spatial control of topography while allowing 3D writing.

• The structural resolution obtained is dependent on a number of process parameters involved in the 2PP
process.

• A variety of materials exist that are suited for 2PP based applications. These were mentioned in section
1.11.4 and compared in table F.1. This provides with the flexibility of choosing the most favourable
material for a bone healing based study. Many 2PP based materials have been used in cell based studies.
The biocompatibility of some of these materials also needs to be verified.

• 2PP alone can thus be used to vary the following factors affecting bone regeneration:

– (Bio)material

– Surface topography: spatial arrangement, size, and geometry

– Feature dimensionality (for printing multiscale features)
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• 2PP materials have been widely used for cell studies. IP-L 780, IP-Dip, and Ormocomp®are largely
known to be biocompatible.

• 2PP fabricated structures have not been integrated into microfluidic chips to the best of our knowledge.
This can be however be seen for other micro/nanofabrication methods.
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1.13. Research goals
This study aims to mimick the bone tissue (topographical) microenvironment through the means of a mi-
crofluidic device instead of a conventional static cell culture. To realise this, the following tasks need to ac-
complished within the study:

1. 2D Submicron/nanoscale feature production. Printing at the 2D scale marks the first step towards
utilizing and assessing the 2PP process capabilities at a submicron scale. This involves finding

• the required laser parameters

• Materials (resin and substrate)

• Printing configuration DiLL or conventional

2. The produced features need to be reproducible. These should also be upscalable to larger areas. A
scheme for morphologically characterising feature dimensions and quantifying the pattern reproducibil-
ity/uniformity also needs to be decided.

3. Fabricating and assembling the microfluidic device. This needs to be done keeping the device require-
ments mentioned in section 1.6 in mind. Within these the most important requirement stands in terms
of making these devices biocompatible. Appropriate materials and fabrication methods need to be
looked at for the same. Integrating the patterns into the microfluidic device is a major component
within assembly process.

4. Evaluating the device for gauging its performance. This should include a preliminary test using stem
cells to demonstrate the proof-of-concept and assess the biocompatibility of the system. A topography
needs to be characterised for delamination to check if it can withstand the flow rates applied within the
device.

1.14. Proposed approach
This section explains the basic design and fabrication strategies proposed in order to realise the various re-
search goals listed in section 1.13.

1.14.1. Topography production and characterisation
This would involve using the 2PP fabrication system from Nanoscribe GmbH. The topography design used in
this study would begin with the well known pillar based structures as in the state of the art designs [31]. The
IP photoresists that are provided by the manufacturer would be suitable for such an application. Obtaining
the minimum feature size would possibly involve carrying a parametric sweep of the 2PP process parameters
(such as laser power, speed of writing etc.). Different resins (in various configurations) and writing modes
(Piezo, DiLL) within 2PP may also be compared to decrease feature sizes.

Morphological characterisation
Imaging the topography: Non-conducting polymer structures involve the use of Platinum or Gold sputtering
for imaging using the Scanning electron microscope (SEM) [86]. Structures of sub-100 nm should be possible
to be imaged using a high-resolution SEM however, if it is problematic, an AFM may also be employed for the
same. The sputter coating would add a few nm thickness to the structures but that should not be problematic
for sub-micron structures. It is also important to measure the percentage uniformity of these pillars and the
print repeatability using some form of image analysis.

1.14.2. Topography upscaling and uniformity assessment
Upscaling may involve scaling the patterns in terms of area or even dimensionality. The latter points towards
a possibility of printing over 3D structures to produce multiscale topographies. The former case: expanision
of topographies area-wise is the primary goal since one of the major problems concerning nanotopographical
features for cell culturing microfluidic devices is the inability to reproduce these patterns on a large scale, or
in other words, scaling up the patterned area without affecting the pattern quality [49].
The ability of 2PP to pattern the substrate on a large scale needs to be evaluated (for areas atleast more than
300×300µm, since above these dimensions, a stitching operation is needed). This should involve adopting
a ’stitching’ strategy wherein small areas are repeatedly printed over different location on the substrate. It
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is of utmost importance that these submicron patterns be reproducible. Hence, printing on a large scale
area should produce patterns that show a good uniformity. Uniformity may be quantified using standard
deviation in pillar dimensions, or obtaining percentage of the area that has pillars within a certain size range.
To realise this uniformity analysis over a large area, image analysis using MATLAB and Image-J may be used
to reduce manual workload and the number of measurements.

Wettability analysis
Since hydrophilic substrates are preferred for cell attachment [92], the wettability of such a substrate with
upscaled topography on it needs to be determined using a liquid drop analyser setup. This would help in
quantifying the surface wettability of the substrate layer.

1.14.3. Fabricating the microfluidic device
The microfluidic device would consist of a channel layer and a flat substrate layer. The susbtrate layer shall
contain the 2PP printed features on it. The following sections deal with the various aspects of device fabrica-
tion.

Channel layer fabrication
Poly(dimethylsiloxane) (PDMS) is one of the most commonly used microfluidic material due to its low cost,
biocompatibility, ease of fabrication and bonding, curing via heat and high optical transparency [49]. It also
meets the basic requirements of the microfluidic device (see section 1.6), thus making it suitable for this
study. TOPAS may also be used in case a higher transparency is desired.
Mold replication can be used for manufacturing the channel layer. The mould (negative) can be prepared
either through processes like 3D printing or photolithography since these are polymer friendly, entail low
fabrication times and are widely popular. They have a micrometer level resolution which is good enough
for the fabricating the microchannels. However, high precision 3D printing (via stereolithography) would be
preferable in this case due to the ease of rapid prototyping and its ability to produce complex designs 3D.

Substrate layer
The patterns written via 2PP shall be incorporated on to the substrate layer. 2PP shall be used to produce
structures over a glass coverslip. The pillars can be directly printed on glass. Glass is chosen since it is trans-
parent in the near infrared region (for 2PP), possesses good adhesion to the photoresist, and can also allows
imagining using microscopes (optical/fluorescent).

Device assembly
The channel and substrate layers need to be bonded together to achieve a leak-proof sealing. Oxygen/air
plasma treatment is commonly used to bond PDMS layers together or PDMS to a glass substrate. Applying
such a treatment to glass makes it hydrophilic and thus increases its bioactivity. Yang et al. [49] also pointed
out that such a treatment may damage the topography or alter the chemistry of the substrate and thus in-
fluence cell behaviour upon culturing. In their work, they used the “Stamp and Stick” technique developed
by Satyanarayana et al. [93] wherein uncured PDMS or a UV curable polymer is used to stick the channel
and substrate layers together. This also provides with a much higher bond strength while preserving the
nanostructures and their chemistry. The damage caused to the topography by Oxygen/air plasma needs to
be evaluated during experimentation.

1.14.4. Integrated device characterisation
The microfluidic device can be possibly evaluated using the following methods:

Delamination of Structures
The fabricated submicron/nanostructures need to be able to withstand the flow generated shear forces in the
microfluidic device/in-vitro. The delamination depends on the fluid flow rate, the adhesive forces between
the structures and the substrates, the structural strength of the structures as well the spatial arrangement and
geometry of the structures.

Preliminary biological studies
This section briefly explains the generally adopted methods of carrying out the cell based studies in order to
biologically evaluate the device. The knowledge of such protocols can help in determining the appropriate
device characterisation methods and associated risks. The cell culturing protocols involve:
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• Cell suspension preparation: MSCs derived from bone marrow or adipose aspirates may be used for
such studies depending upon the availability. Adipose derived stem cells have been known to possess
higher ability to differentiate into osteoblasts than those derived from bone marrow aspirates. The cells
would then be multiplied in a suitable medium and stored until seeding into the microfluidic device.

• Making the device biocompatible: The device must first be sterilised before culturing by autoclaving,
UV exposure or treating with ethanol followed by washing with a Phosphate buffered solution(PBS)
[45, 49]. Ethanol seems to be a viable option since the other two may adverselt affect the structures.

• Cell culturing in the device: The cells (a specified number) need to be injected into the microfluidic
device using a syringe pump for a precise dosage. This may be followed by a static or dynamic culturing
using appropriate media (osteogenic or non-osteogenic) and the established biological protocols. The
cells are cultured in the device under a suitable external environment using an incubator that mimics
the mamallian physiological environment (usually 5% CO2, 37◦C) [90].

• Imaging: The cells can be observed via SEM by freeze drying them and coating them with a thin layer of
gold to study their morphology and observe the matrix calcification. The mineralisation of the matrix
can also be analysed using Energy dispersive spectroscopy (EDS). The optically transparent channel
and substrate layers should allow optical microscopy with ease.

1.15. Milestones
The process flow discussed in section 1.14 to realise the research goals of the study are depicted in Fig.
1.8. The flow involves 3 main milestones (or phases) namely the fabrication and upscaling of topography
(Milestone 1), the device fabrication and assembly (Milestone 2), and lastly, the device characterisation
(Milestone 3).

1.16. Risks
The risks associated with each of them and their mitigation are described below. A risk with a higher proba-
bility of occurrence and may pose a significant hindrance has been labelled as ’HR’ while the other have been
denoted with a ’LR’ label.

1. Topography fabrication and characterisation

• Unable to reach the ’nano’ scale (HR): It may be possible that the feature size does not go be-
low a few hundred nm. This can be solved by either looking for alternative techniques such as
anodization which don’t allow full control over the topography or continuing to use 2PP with a
sub-micron resolution but with full control over the topography. Pyrolysing the structures may
also shrink them to some extent but may also damage them.

• Poor uniformity of upscaled patterns (HR): It is quite possible that the reproducibility of fea-
tures at such small scale is poor due to laser fluctuations, vibrations etc. Alternative techniques
for nanofabrication may be considered or printing may be continued for larger feature sizes. The
latter solution would in-turn serve as an optimisation problem requiring a balance between max-
imum uniformity and minimum feature size.

• Pattern size too small for droplet (HR): It is possible that during the surface wettability analysis,
the liquid drop being used is much larger than the patterned area. A smaller sized droplet may be
created using an AFM hollow cantilever for the same.

• Difficulty in imaging using SEM (HR): The nanoscale features may be difficult to image using a
tungsten filament based SEM. In that case, a field emission SEM (FESEM) with a higher resolution
capability may be used.



Figure 1.8: The proposed process flow across various milestones (to the left of red brackets) for the study and the sub-tasks comprising each
milestone.

2. Device fabrication and assembly

• Bubbles in PDMS (LR): The PDMS layer may contain bubbles or may stick to the mould while
peeling off. This can be improved by degassing PDMS well before curing and using ethanol while
stripping it off from the mould.

• Insufficient bond strength (LR): The channel and substrate layer may not bond properly using
oxygen/air plasma and it may even destroy the nanostructures on the substrate layer. If so, an un-
cured layer of PDMS may be used as described in section 1.14.3. Different adhesive layers avail-
able in the market could also be looked into but these may not be biocompatible.

3. Integrated device characterisation

• Separating channel and substrate layers (LR): Studying the delamination of the structures within
the microfluidic device would involve separating the channel and substrate layers for imaging
using SEM. This can be tedious and damage the structures in question.

• Sterilisation and other biological risks (HR): MSCs can be cultured into the device once the de-
vice has been deemed safe for sterilisation. Sterilisation processes may cause unwanted effects to
the pattern or device. The device and its bonding may also be adversely affected during the var-
ious cell culturing protocols. A coating of ECM proteins such as collagen, fibronectin or laminin
or that of Gold or TiO2 may be needed in-case the photoresist fabricated structures are found to
be cytotoxic. Such coatings may however change the dimensions of the features.
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Abstract
A major challenge facing the study of bone regeneration today is the inability to mimic the tissue microenvironment and the
factors comprising it. Organ-on-chip based microfluidic systems today aim at doing so by dynamically culturing living cells
in them. These are preferred owing to their small feature sizes, laminar flows, high throughput, small reagent quantities,
and reduced dependency on animal studies. Substrate topography even at the submicron and nanoscale is known to induce
osteogenesis by infleuncing cells at ligand/receptor levels but poses a major challenge in terms of fabrication and upscaling.
The two photon polymerisation (2PP) process allows producing features in a spatially and dimensionally controlled fashion.
The method is typically known for fabricating micro-sized structures but remains largely unexplored for producing features
in the submicron/nano scale. This study aims at creating reproducible submicron pillar based topographies using 2PP and
integrating them into a microfluidic device for studying their effect on bone regeneration. Uniform submicron patterns
were produced using optimal process parameters and writing strategy. Further, the patterns were expanded to areas up
to 2 mm × 1.7 mm and their uniformity was assessed. To demonstrate multiscale fabrication, these were also integrated
onto a 2PP fabricated micro-scaffold in a single step process. The topography enhanced the surface hydrophilicity and
could withstand flow rates of up to 8 ml/min. The human mesenchymal stem cells (hMSCs) dynamically cultured in these
integrated devices showed a healthy morphology on the pattern with no visible signs of cytotoxicity even after a period of 5
days. This study marks a step towards printing controlled submicron topographies using 2PP that can be upscaled (both
spatially and dimensionally), incorporated into biocompatible microfluidic chips, and thus help in achieving the optimal
microenvironment for bone regeneration studies in the future.

Keywords: Bone regeneration, Organ-on-a-chip, Microfluidic, Submicron, Multiscale, Topography, Two photon polymerisa-
tion, Mesenchymal stem cells

1 Introduction

The aim of this study was to create topographies with
submicron feature sizes and interspacing, and integrate
them into a microfluidic device for bone regeneration
studies. This was done in an attempt to mimic the
microenvironment needed to promote tissue regeneration.
Bone is one of the organs in the human body that pos-
sesses the ability to renew and remodel itself throughout
lifetime. However, not all fractures result in a complete
reunion. About 13% of tibial fractures for example, lead to
incomplete or insufficient reunion especially in cases where
the injury is severe and requires large amounts of bone
regeneration [1, 2]. Various bone diseases such as avascular
necrosis, osteoporosis, fibrous dysplasia, infections, or
those caused due to genetic factors also lead to insufficient
tissue regeneration [1, 3, 4]. Biomaterials supplemented

with appropriate cell types (stem and progenitor cells),
mechanical, physical, and/or other biochemical cues are
being studied to realise an optimal microenvironment
for promoting osteogenesis (new bone formation) [5, 6].
Making these biomaterials as efficient as the natural
bone tissue requires expertise in chemistry, biology, and
engineering.

Biomaterial topography is a major factor that affects cell
attachment, morphology, proliferation, differentiation, and
migration at various scales [7, 8]. For example, macroto-
pography (above 100 µm) [7], microtopography (0.1-100
µm) [9, 10],and nanotopography (1-100 nm) [11] influence
the cells at colony, individual, and ligand/receptor levels
respectively. With respect to nanotopography for example,
nanopillar heights close to 15 nm, and nanopit diame-
ters of about 30 nm have shown to induce osteogenesis
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[11]. Nanotopography can thus stimulate the molecular
interactions within the cell and actuate the pathways
involved in the bone regeneration process. However, there
isn’t any known nanopattern in literature that yields the
highest degree of osteogenesis. Optimal dimensions such
as the required nanopillar diameter, nanopit depth, or
the feature interspacing still remain unknown [11]. Also,
integrating these nanotopographies on to micro and macro
sized features within the biomaterial with a high spatial
control remains a critical challenge in terms of fabrication.
Innovations in nanofabrication and multiscale manufactur-
ing methods are therefore needed to realise the above goals.

An array of techniques have been used for fabricating
submicron/nanoscale features for semiconductor, biomed-
ical, photonic, and microfluidic applications. Beam based
techniques (electron beam lithography, UV lithography,
X-Ray lithography) [12, 13], anodisation [14], phase
separation [15], scanning probe lithography [16, 17], and
replica moulding [18, 19] have been some of the most
commonly employed fabrication techniques in these areas.
The emerging two photon polymerisation (2PP) technique
besides providing a high feature size (submicron) resolution
, allows control over their dimensions and spatial arrange-
ment. The ability to fabricate ’truly’ 3D features also gives
it an added advantage over other lithography processes.
The process involves the use of a mode locked near
infrared femtosecond laser to focus two ultrashort pulses
of photons onto a photo-sensitive material [20, 21]. This
photoresist material upon exposure, may become soluble
or insoluble with respect to the developing agent. The 2PP
method has been widely used to print microscale features
however, the method still remains largely unexplored for
reliably producing submicron and nanoscale features of
required dimensions. Even though lines as thin as 50 nm
have been produced via this method, laser fluctuations
are a major cause of poor repeatability at this scale [20, 22].

Microfluidic devices provide the opportunity of encapsu-
lating these submicron and nanoscale features to mimic
the bone microenvironment. Their use for Organ-on-Chip
(OOC) applications has been increasing over the years
to simulate the tissue or organ level physiology [23].
Microfluidic models are chosen in such studies owing to
their small feature sizes leading to laminar flows, being able
to closely monitor and control the cell microenvironment,
high throughput allowing multiple experiments on the
same chip, the use of small reagent quantities and cell
aspirate volumes, the ability to create a dynamic culture
environment, allowing real-time imaging, and reducing
dependency on animal studies [24, 25]. Studying the
effect of submicron and nanoscale topographies would thus
benefit from integration of such features into a microfluidic
device. 2PP fabricated microstructures have long been

used for static petridish based cell studies [26, 27] but their
incorporation as submicron/nanopatterns into microfluidic
chips remains unknown.

In this study, we propose 2PP as the method for fab-
ricating submicron sized patterns and their integration
into a microfluidic device. Ellipsoidal pillar based pat-
terns/topographies (resembling the shape of the laser voxel)
were produced and their uniformity was enhanced by se-
lecting appropriate configuration (materials), writing mode,
and correcting for the substrate tilt. The pillars were mor-
phologically characterised and upscaled to a large area (in
mm scale). Patterns were also produced on a micro-scaffold
(also produced using 2PP) to illustrate the possibility of
multiscale single step printing using this process. After in-
tegrating them into microfluidic devices, the patterns were
tested for pillar delamination against a microfluidic flow to
assess their adhesion and suitability for dynamic biological
cultures. The device was also seeded with human mesenchy-
mal stem cells (hMSCs) to study the cell response and check
for any visible signs of cytotoxicity over a time period of 5
day dynamic culture.

2 Materials and Methods

2.1 Submicron pattern production

A pillar based topography was selected for this study. These
pillars were written using the two-photon polymerisation
(2PP) process in the Nanoscribe Photonic Profession (GT)
laser lithography system. The system operates using a fem-
tosecond laser with a wavelength of 780 nm, pulse width of
about 150 fs, and a 100 MHz repetition rate. The Piezo
writing mode in the Dip-in Laser Lithography (DiLL) con-
figuration was selected for writing the pillars with each pil-
lar representing a single voxel within the writing process.
The acrylate based IP-Dip resin, provided by the manufac-
turer was used in combination with fused silica substrate
(length = 25 mm, width = 25 mm, thickness = 0.7 mm)
coated with a layer of Indium Titanium Oxide (ITO). The
coated side of the substrate faced the objective lens (63X,
NA 1.4) during the writing process. The samples were
washed with acetone and isopropanol prior to the writing
procedure. After writing, the samples were developed in
a chemical bath of Propylene glycol monomethyl ether ac-
etate (PGMEA) for 25 minutes, followed by 5 minutes of
development in isopropanol.

2.2 Upscaling patterns

Writing parameters within the 2PP process were chosen
for printing reproducible pillars of known dimensions. The
process was then extended to write these topographies over
larger areas (up to 2 mm × 1.7 mm) by stitching smaller
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Table 1: Sample description for integrated microfluidic testing

Testing Substrate Pattern size Bonding
Pillar delamination ITO coated fused silica 1mm × 0.1 mm Mechanical clamp

Preliminary cell studies Fused silica 1 mm × 0.3 mm + 1 mm × 0.3 mm (upatterned) Air plasma

written areas of 100 µm × 100 µm together. The method
was then used to print submicron sized pillars on a micro-
scaffold written using the Galvo mode in the machine.
This was done to illustrate the possibility of incorporating
such submicron topographies onto other macro and micro
printed structures in the future.

2.3 Characterisation of the patterns

The topographical patterns produced were imaged us-
ing a scanning electron microscope (Jeol Intouchscope
JSM-6010LA). An optical microscope (Keyence Digital
Microscope VHX-6000) was used to obtain the pixel inten-
sity maps and estimate the uniformity in pillar dimensions
across the sample. Such a uniformity analysis would thus
be indicative of the print reproducibility.

A drop shape analyser (Krüss Drop Shape Analyzer –
DSA100) was then used to measure the contact angle of de-
ionised water on the (upscaled) pattern in order to study
the change in the wetting properties caused by the pattern.
Deionised water droplets of volume 0.1-0.3 µl were placed on
the patterned and non patterned regions of the ITO-coated
substrate (that underwent development process beforehand
involving isopropanol, PGMEA, and acetone) and the con-
tact angle was recorded 5 seconds after drop placement.
The samples were cleaned with isopropanol again prior to
the angle measurements.

2.4 Microfluidic device fabrication

To fabricate the microfluidic device, a PDMS block con-
taining a single micro-channel of length = 7.85 mm, width
= 1 mm, and height = 200 µm was prepared using the
mould replication technique. The mould was 3D printed
using stereolithography (Envisiontec Micro plus HD).
PDMS was mixed with the curing agent (SYLGARD 184)
in a 10:1 mixture for 5 minutes. This mixture was poured
into the 3D printed moulds and dessicated for 1 hour to
remove any trapped air bubbles. The moulds were then
heated at 70 ◦C for 3 hours and the PDMS was then peeled
off from the moulds.

The PDMS layer was then placed over the substrate while
aligning the pattern width with that of the channel (as
shown in Figure 1c. The procedure for bonding PDMS
to the substrate depended upon the kind of testing it was
being subjected to later. For delamination testing, ITO

coated fused silica glass was used as the substrate and was
pressed onto the PDMS layer by means of a mechanically
designed clamp. The pattern size used in this case was 1
mm × 0.1 mm. For the preliminary biological testing, un-
coated fused silica was used as the substrate and it was
bonded to PDMS using air plasma method. In this case,
the patterns were written over a 1 mm × 0.3 mm area. The
testing method and the respective sample details have also
been summarised in Table 1.

2.5 Testing the integrated microfluidic sys-
tem

Testing the device firstly involved studying the delamina-
tion of pillars with respect to the varying flow rates of
deionised water. This also served as a method to assess
leakages within the device and its potential for being used
as dynamic cell culturing platform. The cytocompatibility
of the device was then assessed via a preliminary cell study.

2.5.1 Delamination of pattern

As discussed above, 1 mm × 0.1 mm pattern strips were in-
corporated into the microfluidic device held leak-proof using
a clamp. This was done because the strength of bonding
produced between the ITO coated substrate and PDMS by
air plasma technique is weaker in comparison to an un-
coated fused silica substrate. The mechanical clamp (3D
printed using Original Prusa i3 MK2S printer) holding the
chip is shown in Figure 1a. The clamp design can be seen
in the Solidworks exploded view model in Figure 1b. The
chip was then connected to a peristaltic pump (Ismatec ISM
915) and varying flow rates of deionised water were applied.
Pillar delamination was observed before and after the ex-
periment using optical and SEM imaging techniques.

2.5.2 Preliminary cell study

The fused silica substrate was bonded to PDMS using air
plasma. For this, the channel side of PDMS and the pat-
terned side of the substrate were exposed to the plasma
for 2 minutes at 40 W and a chamber pressure of 4 mbar.
This method of bonding was done to allow real time optical
imaging of the samples and improve their ease of handling
(in comparison to a mechanical clamp). 3 µm thick un-
patterned flat sheets of the same length and width as the
pattern were also printed but using the Galvo writing mode.
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(a)

(b)

(c)

Figure 1: Setup for the microfluidic delamination testing of the patterns. (a) Clamped PDMS chip and the microfluidic
connections. The PDMS channel is aligned over the ITO coated fused silica substrate containing printed topography on it.
Zoomed-in blue region shows the details of the microfluidic device before being clamped. (b) Solidworks model of the chip
assembly. (c) Aligning the pattern along the channel width. Micro droplets can be seen in the channel after experiment.

Scale bar is 200 µm.

These were printed parallel to the pattern and similarly
aligned along the channel width. The bonded devices were
then connected to the tubings through the holes punched
into PDMS at the channel inlet and outlet.

To conduct the cell studies, hMSCs were expanded in a
preculture using protocols mentioned in [28]. A cell sus-
pension of 1.1×106 cells/ml was achieved before seeding
them into the microfluidic channel. For sterilisation, the
microfluidic device was flushed 2-3 times with the α-MEM
culture medium followed by cell seeding into the microchan-
nel. The cells were allowed to statically attach to the chan-
nel surfaces by incubating (at 37 ◦C, 5%CO2) for 24 hours
before starting the flow of culture medium at 20 µl/h. The
cells were optically imaged in the device after 1, 4, and 5
days of dynamic culture and later examined using SEM.

3 Results

3.1 Pattern production

Producing the topographical pattern first involved selecting
the appropriate configuration and writing mode within the

2PP process that provided the best pattern uniformity (also
related to pattern reproducibility). This was followed by
adopting a tilt correction strategy for the substrate to fur-
ther enhance the pattern uniformity. Lastly, a parametric
study of the 2PP writing parameters aimed at minimising
feature sizes was carried out and its effect on pattern uni-
formity was assessed. The subsections below sequentially
describe the entire process.

3.1.1 Selecting print configuration for enhancing
uniformity

After assessing various configurations and the respective
available materials (resin and substrate) for the 2PP setup
(depicted in Table 2), it was found that the ITO coated
fused silica substrate yielded an interface signal amplitude
(a value directly proportional to refractive index mismatch
at the interface of the resin and the substrate) of about
5000-6000 in combination with IP-Dip resin while an un-
coated fused silica substrate lowered this value almost by
almost an order of magnitude. The amplitude value further
dropped to about 300 while using the conventional configu-
ration (IPL-780 and borosilicate glass) in the machine. En-
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Table 2: Configurations in the 2PP process, their
respective materials, and Interface signal amplitude. The

interface amplitude is directly related to the difference
between the refractive indices of the resin and the

substrate.

Configuration Materials
Interface signal

amplitude

DiLL
IP-Dip +

ITO coated
fused silica

5000-6000

DiLL
IP-Dip +
Unacoated
fused silica

600-700

Conventional
IP-L 780 +
Borosilicate

glass
300-400

hancing this interface signal amplitude improved the uni-
formity in patterning over larger areas. More information
regarding this can be found in supplementary section 3.1
(Figures 3.2 and 3.3).

3.1.2 Selecting writing mode and tilt correction of
the substrate

From the available writing modes available in the 2PP
process, the Piezo writing mode was chosen to produce
each pillar as a single voxel. The much faster Galvo writing
mode in the machine could not be used since it does not
support compensating for the tilt of the substrate. At
the submicron scale, this led to large variations in pillar
dimensions along the direction of writing due to the angular
motion of the scanner involved in Galvo based writing.
Variation also occurred in the chosen Piezo writing mode
but these could be reduced using the tilt compensation
method as described below. A comparison between
patterns printed using both these writing modes in the
conventional configuration can be seen in supplementary
section 3.2 (Figure 3.4).

Within the Piezo writing mode, a necessary correction
accounting for the tilt of the substrate (accuracy in the
order of 0.01◦) was made to obtain a uniform pattern. This
method involved measuring the interface position (in z
direction) at different points across the substrate followed
by fitting a linear plane through them. The tilt angles of
this fitted plane in x and y directions were manually input
into the 2PP machine program to add appropriate offsets
in z coordinate while traversing in x and y directions.
The auto tilt correction option in the machine (that
follows an automated procedure to measure substrate
tilt) yielded non repeating tilt angle values thus requiring
to measure the tilt manually (that gave repeatable tilt

values). More information about this method can be found
in supplementary section 3.2 (Figure 3.6). The uniformity
of patterns written on manually tilt corrected, auto tilt
corrected, and uncorrected substrates (ITO coated fused
silica, DiLL configuration) can be seen in supplementary
section 3.2 (Figure 3.7)

The uniformity of the patterns which is referred to as the
percentage area with pillar diameters larger than a mini-
mum cut-off value (calculated using the scheme discussed
later in section 3.2) was plotted for ITO coated and un-
coated substrates, as shown in Figure 2a. It depicts an
increase in pattern uniformity with an increase in the in-
terface signal amplitude. The same analysis was done to
observe the effect of tilt compensation on the ITO coated
sample (Figure 2b). An increase in pattern uniformity can
be seen for tilt corrected samples. The laser parameters
had been kept constant for both the studies.

3.1.3 Parametric study in 2PP

After choosing the DiLL configuration (involving IP-Dip
and ITO glass), and using the Piezo writing mode (that
allowed tilt correction of the substrate) to achieve uniform
patterns, the effect of 2PP writing parameters on the pillar
dimensions and pattern uniformity was studied. Increasing
laser power and time of exposure proportionally scaled up
the dimensions of the voxel while increasing the distance
of this voxel from the interface of the substrate and resin
(called the Interface distance henceforth) affected the
attachment of these pillars to the substrate, and reduced
their height and diameter. The trends can be seen in
Supplementary section 3.3 (Figures 3.8 and 3.9).

Reducing the laser power or time of exposure apart from
decreasing the pillar dimensions, also led to a decrease in
the uniformity of the printed area. Similarly, increasing the
interface distance starts the printing process deeper into
the substrate and led to a reduction in the pattern unifor-
mity. These effects on pattern uniformity have been illus-
trated in supplementary information section 3.3 (Figures
3.10 and 3.11). To obtain pillars of sub-micron resolution
while maintaining a good reproducibility of patterns, a laser
power of 27.2 mW, a time of exposure of 2400 µs, and an
interface distance of 0.3 µm were chosen as the optimal 2PP
parameters. The pillar interspacing (centre to centre) was
fixed for these patterns at 800 nm. A SEM micrograph
depicting the individual pillars (in a local region of the pat-
tern) obtained using these parameters is shown in Figure
3a. It can be seen that the pillars resemble an ellipsoidal
shape similar to that of the voxel. A small fraction of the
printed pillars were also found to be detached from the sub-
strate (as shown in Figure 3b) while remaining in contact
with it due to the strong stiction forces from developing in
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PGMEA and isopropanol. These observations led to devis-
ing a method for analysing the uniformity of these patterns
printed over larger areas.

(a)

(b)

Figure 2: Effect of print configuration and tilt
compensation on the pattern uniformity (n = 4). (a)
Increase in the uniformity of pattern when using ITO

coated fused silica substrate in comparison to an uncoated
substrate. (b) Increase in the pattern uniformity when the
tilt of the ITO coated substrate is taken into account. Both
cases (a) and (b) were compensated for tilts. Uniformity is
measured as the percentage area showing a pixel intensity

less than the threshold value found in section 3.2.

3.2 Characterisation of patterns

3.2.1 Measuring uniformity of patterns

A 1 mm × 0.1 mm area was patterned using the above
mentioned optimal laser parameters. The pillar height and
diameter (mean diameter of the ellipse) in this area were
quantified by taking multiple low resolution images at 850X
using a scanning electron microscope and stitching them
together to form the complete mesoscale image of the entire

(a)

(b)

Figure 3: Morphological characterisation of submicron
pattern using SEM. (a) Printed sub-micron pillars imaged

at a tilt of 20 ◦. (b) Delaminated pillars attached to
substrate via stiction forces. The pillars in a feasible

region (a) have been compared to pillars that were
delaminated during fabrication in (b).

pattern (Figure 4a). This image was then scaled using
a high resolution image at 13000X from a region within
the pattern (such as one in Figure 3a). Table 3 shows the
various parameters obtained upon characterisation of the
pillars.

The optical micrograph of this region is depicted in Fig-
ure 4b. Region 4 within this image shows a uniform pillar
distribution while the colour intensity decreases in Regions
5 due to a decrease in the pillar diameter. A further de-
crease in pillar diameter produces areas such as Region 2.
There are also regions where there are no printed pillars
(such as Region 1) or regions where the pillars delaminated
(Region 3) during the development procedure in PGMEA
and IPA due to insufficient attachment (also shown in Fig-
ure 3b). The optical image can be correlated to the data
obtained from the scanning electron micrograph to find the
thereshold pixel intensity corresponding to the permissible
minimum pillar diameter. This can be done by correlating
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the pillar diameter distribution histogram shown in Figure
4c to the pixel intensity distribution in Figure 4d. These
pixel threshold intensity values can then be used as a quick
and approximate method of quantifying the uniformity of
topographies printed using the same laser parameters. For
example, about 73% area in optical image shown in figure 4b
corresponds to pillar diameters larger than 284 nm (mean
diameter - 50 nm). An upper limit of about 500 nm was
also applied on the diameter to avoid counting delaminated
pillars stuck to the substrate in this analysis. Applying the
obtained intensity threshold yields an image depicting the
feasible regions as shown in Figure 4e.

Table 3: Morphological characterisation of pillars

Number of pillars expected 156250
Number of pillars printed 118966

Interspacing (center to center) 800 nm
Mean diameter (d) ± sd 334 nm ± 30 nm

Mean height (h) ± sd 1541 nm ± 60 nm

3.2.2 Wettability analysis of the patterned sub-
strate

It was seen that the contact angle of the water droplet de-
creases from 81.84◦ (n = 9, σ = 3.15◦) on the plain substrate
to 41.7◦ (n = 9, σ = 3.9◦) on the patterned counterpart. ’n’
and ’σ’ represent the number of samples and standard de-
viation in the measured angle respectively. Figure 5 shows
the increase in substrate hydrophilicity due to the pattern.

3.3 Pattern upscaling: Area and dimen-
sionality

Figure 6a depicts the upscaling of this pattern to an area
of 2 mm × 1.7 mm. It took about 87 hours and 50 minutes
to print this area. The process is thus not an ideal one for
mass production but rather for rapid prototyping of large
scale area patterns. The percentage of area in this case
that lies in the allowable diameter range ≥ 284 nm was
found to be about 86% (n = 1).

Figure 6b shows the incorporation of these patterns onto a
microscaffold. The scaffold was designed using the Galvo
mode of writing and was fabricated using two perpendic-
ularly aligned layers of woodpile structures. The patterns
were incorporated by switching from Galvo mode (used for
woodpile) to the Piezo writing mode. For the next layer
of woodpile, the writing mode is switched back to Galvo
followed by Piezo writing mode for the topography. Each
woodpile is 55 µm long and has a cross section of 5 µm
× 5 µm. The woodpiles were spaced by a centre to centre
distance of 10 µm. It is also worth noting that the patterns
have been printed at an increasing distance from the surface

(a)

(b)

(c)

(d)

(e)

Figure 4: Morphological characterisation of a mesoscale
printed area. (a) Stitching low resolution SEM images to

a 1 mm × 100 µm area. (b) Frequency distribution of
pillar diameters obtained from SEM image in (a). (c)
Optical image of the area depicting different kinds of

regions within the pattern. (d) Frequency distribution of
the pixel intensities obtained from optical image in (b).
(e) Applying the obtained threshold intensity to image in
(b). The red regions represent the feasible area while the

black regions represent pillars outside the dimension
bounds (diameter ≥ 284 nm). Scale bars are 100 µm.
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Figure 5: Decrease in the contact angle from the non
patterned substrate (a) to the patterned substrate (b). Top
view of a drop resting on the pattern depicted in (c). All

scale bars are 500 µm.

(a)

(b)

Figure 6: (a) Submicron topography extended to a 2 mm
× 1.7 mm area. Scale bar is 500 µm. (b) Submicron

topography incorporated onto a woodpile based
micro-scaffold

of woodpile from left to right for the upper layer and top to
bottom for the base woodpile layer thus leading to visible

Table 4: Microfluidic testing conditions for pillar
delamination studies. 3 samples per flow rate were tested.

Flow
rate

(ml/min)

Shear
stress
(Pa)

Comments

1 2.24
Pillars unaffected, no

leakages

3 6.72
Pillars unaffected, no

leakages

5 11.2
Pillars unaffected, occasional

leakages

8 17.92
Pillars unaffected, leakage

via inlet/outlet

a gradient in the height and diameters of these pillars at
various woodpiles.

3.4 Delamination of pillars in microfluidic
channel

For the device with micro channels of length(l) = 7.85 mm,
width(w) = 1 mm and height(2h) = 200 µm, the shear (τ)
on the walls of the channel for a flow rate Q is given by:

τ =
3µQ

2wh2
(1)

For the channel considered, a shear stress of about 2.24
Pa acts on the walls per unit ml/min flow rate of water
(dynamic viscosity µ = 8.90 × 10−4 Pas). Table 4 shows the
flow rates applied and the resulting wall shear forces. It was
seen that the topography remained unaffected at flow rates
as high as 8 ml/min. Figure 7 shows the unaffected pattern
(optical and SEM image) after being to subjected to a flow
rate of 8 ml/min. The mechanical clamp facilitated an easy
dismounting of the PDMS layer from the substrate (figure
1). The sample was tilted by 20◦ during SEM imaging with
respect to the normal to show that the pillars are attached
intact to the substrate. Above these flow rates, keeping the
chip leak proof was cumbersome (especially at the inlet and
outlet connection points). These flow rates are much higher
than the few tens or hundred µl/h values encountered in
dynamic cell cultures [24, 29].

3.5 Preliminary microfluidic cell study on
device

As discussed in section 2, the microfluidic devices for these
studies were bonded using air plasma and the substrate
used in these studies was uncoated fused silica. The de-
vices were sterilised by washing using the culture medium
and not using conventional methods such as UV irradiation,
autoclaving, or ethanol cleaning due to the risk of damag-
ing the patterns or/and the PDMS layer. It was seen even
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after 5 days of cell culturing, there were no major signs of
cytoxicity visible in the device. Figures 8(a)-(c) and (d)-
(f) show the optical images taken after day 1 and day 5 of
cell seeding respectively for the control, sheet, and the pat-
terned surfaces. The SEM micrograph in figure 8h depicts
the MSCs on the flat sheet surface. The cell around the
sheet can be seen in contact with a cell on the sheet via
filopodia. Figure 8g depicts the a cell spreading over the
pattern. The cells have a healthy, spread morphology and
they can be seen exerting contractile forces on the pillars,
causing them to bend. It is difficult to make conclusions
about cell migration or preference for unpatterned Galvo
written sheets, Piezo mode written submicron patterns or
control glass regions. More studies and longer culture times
are be needed to further draw any conclusive results.

(a)

(b)

Figure 7: Optical image of the patterned area (a) and a
zoomed in scanning electron micrograph of a region within
this pattern (in red) taken at a tilt angle of 20◦ and (b)
after performing microfluidic delamination test at a flow

rate of 8 ml/min. No signs of delamination can be
seen.Scale bar in (a) is 100 µm.

4 Discussions

4.1 Fabricating reproducible patterns

Achieving structures of specific dimensions involves opti-
mising a number of parameters such as the laser power,
time of exposure, interface distance, structure interspacing,
and other Piezo writing based parameters. Pillars as
small as 200 nm in diameter could be fabricated using the
2PP process in this study (see supplementary information
section 3.3, Figure 3.8 and 3.9). This is in line with the
minimum lateral feature size suggested by the manufac-
turer. The height and diameter of the structures at these
scales act as dependent variables that scale simultaneously
with laser parameters. Therefore at the submicron scale,
it can be challenging to fix one of these dimensions while
varying the other. As mentioned before, pattern uniformity
during printing remained a major challenge that hindered
their upscaling to larger areas. Uniformity is affected by a
number of factors at this scale. The printing configuration,
writing mode, tilt of the substrate, size of the pillar (de-
pendent on laser parameters and interface distance), and
environmental factors (temperature, humidity, vibrations)
are some of the major factors that have been identified in
this study.

The printing configuration involving IP-Dip resin on an ITO
coated fused silica glass depicted the highest interface con-
trast, hence leading to patterns that showed uniformity of
up to 86% (pillar diameter ≥ mean diameter - 50 nm) when
scaled to a 2 mm × 1.7 mm area. Increasing the interface
strength reduces the noise that helps in more precise de-
tection of the substrate surface. This noise reduces with
increasing difference in refractive indices between the two
media (see supplementary information section 3.1, Figure
3.1). The tilt of the substrate could be manually corrected
using the Piezo writing mode that further enhanced the
pattern uniformity. The Piezo writing mode used in this
study even though can increase uniformity by offsetting the
substrate tilt, suffers from long printing times. The size of
the pillars directly depends on the voxel dimensions that
can be controlled via change in laser power, exposure time,
and interface distance in the 2PP process. Our results are
in agreement with the voxel scaling trends presented by Sun
et al. [30]. Patterns that had an average diameter of about
200 nm for example, were less reproducible than those with
larger dimensions. Even for pillar diameters of about 334
nm used in this study, pillar debonding, and the change in
pillar diameters in certain regions can be seen. This can
be primarily attributed to the laser fluctuations occurring
at such small doses of energy. Factors such as humidity,
temperature fluctuations, and vibrations also need to be
accounted for at such scales.
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(a) (b) (c)

(d) (e) (f)

(g) (h)

Figure 8: Optical images of cells in channel on day 1(a-c) and day 5(d-f) and SEM images of cells on pattern (g) and flat
sheet (h). Images (a) and (d) correspond to the control channel while images (b) and (e) and images (c) and (f) correspond
to the flat sheet and patterned samples respectively. Images (a)-(f) shows the cells depicting a healthy, spread morphology on
all samples. SEM image (g) depicts the cells exerting forces on the pillars causing them to bend and even delaminate. This

sample used an ITO glass substrate as an exception (and was cultured statically in a petridish) Image (h) depicts cell
filopodia extending around the sheet. Scale bar is 200 µm in images (a)-(f).
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4.2 Pattern upscaling and characterisation

The area based scaling of submicron pattern in this study
depicts the long printing times involved in printing at
such large scales. The method of imaging analysis used
in the study exploits the optical phenomena occuring
at the submicron scale and allows for an approximate
way of characterising diameters of these topographies by
merely looking at their optical images. This saves time by
eliminating the need for examining the samples using SEM
and sputtering them with gold beforehand. Sputtering
can also affect cell response during biological evaluation
studies. It also hampers device assembly when using
plasma based bonding methods. This method of image
analysis may however gives less accurate results owing to
the image noise at low magnifications used. The use of a
tungsten cathode based SEM in this study does not allow
high resolution imaging below a few hundred nm. This can
be improved by using a higher resolution SEM in the future.

Being able to print structures such as scaffolds with con-
trolled submicron/nanotopography and porosity using 2PP
opens new doors towards highly tunable biomaterial de-
signs in the future. In this study, writing submicron pillars
with variable heights onto a micro-scaffold demonstrates
this concept. Being able to switch between Galvo and Piezo
writing modes in a single process allowed realising this nov-
elty in the study. However, it is difficult to write uniform
submicron patterns onto large scale 3D (2PP) printed struc-
tures such as flat sheets and scaffolds in comparison to glass
substrates. Enhancing uniformity of these patterns when
writing on 2PP-fabricated structures requires calibrations
to map the height and surface of these structures and iden-
tifying new pattern writing strategies accordingly.

4.3 Pattern increases substrate wettability

In literature, values in the range 60-85◦ have been reported
for contact angle of water on ITO [31, 32, 33]. This vari-
ation indicates that the angle is highly senstive to factors
such as contaminations, film thickness, and surface prepa-
ration methods. In our case, exposure to chemicals such
as acetone, isopropanol, and PGMEA has been taken into
account due to the sample development procedure involved.
For homogenous patterns that are completely wetted by the
droplet, the angle of contact is approximated by the Wen-
zel’s model as:

cosθw = Rcosθy (2)

Here, θw denotes the apparent contact angle of the droplet
on the patterned surface while θy denotes the contact angle
(Young’s angle) for a smooth unpatterned surface [34]. R
denotes the roughness factor of the surface and is defined
as the ratio of the actual wetted area to the horizontally

projected area (as if it was smooth). For our case assuming
cylindrical pillars (for simplicity) of height h, diameter d,
and centre to centre (interspacing) pitch p, the roughness
factors can be derived as:

R = 1 +
πdh

p2
(3)

Substituting the dimensions from table 3 yields R = 3.49.
Substituting these values into Wensel Equation 2 leads us
to θw = 60.3◦. Hemiwicking, a phenomenon wherein a film
develops over the pattern with the droplet sitting over the
mixture of solid and liquid [35]. Hemiwicking requires the
Young’s angle to be smaller than a critical angle which is
θc given as:

θy < θc = cos−1 1 − φ

R− φ
(4)

Here φ denotes the fraction of the solid area within the
liquid-solid interface area. For our assumed geometry, this
is given as:

φ =
πd2

4p2
(5)

On substituting, the value of this critical angle is smaller
than the Young’s angle which applies to the Wenzel regime.
The deviation seen in the experimental value of contact an-
gle from the theoretically obtained Wenzel value can be at-
tributed to the non-homogeneity in the pattern (Figure 5c
shows that the pattern has regions that are non patterned
and has pillars of varying dimensions due to process limita-
tions) which can’t be accounted for using this model. For
simplicity, we also assumed the pillar geometry to be cylin-
drical rather than a truncated ellipsoid. The difference in
the material properties of the pillars in comparison to the
substrate also hasn’t been considered in the model. Figure
9 depicts this deviation of the experimental values from the
theoretical model. However, it does correctly predict that
the hydrophilicity increases in such a case. An increase in
surface hydrophilicity has been linked to enhanced prolifer-
ation and attachment of hMSCs [36, 37].

4.4 Estimating pillar adhesion

In this study it could only be established that wall shear
stresses of few tens of N/m2 is not enough to delaminate
these pillars from the surface of the substrate. Figure 8g
depicts pillars being bent and even delaminated due to the
forces exerted by hMSCs on the pillars. The bending forces
exerted by cells on a cylindrical pillar can be approximated
from the relation:

δ =
4Fl3

3πEr4
(6)

where δ denotes the linear horizontal displacement of the
pillar tip, F denotes the horizontal bending force, l = length
of the pillar, r = pillar radius, and E = Young’s modulus
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Figure 9: Deviation of the experimental contact angle
value from the Wenzel model

of the polymeric material. This relation assumes a small
displacement within the linear elastic regime. Observing
SEM images of pillars and substituting δ in the order of
a few hundred nm, E in the order of a few GPa [38], r
= 167 nm, and l = 1.54 µm, yields forces in the order of
hundreds of nN to a few µN. This estimated force range is
in agreement with the values reported by Fu et al. [39]. The
shear forces exerted on the pillars during the microfluidic
flow studies are approximated by:

Fs = τπr2 (7)

Here the shear stress τ acting on the pillar has been ap-
proximated as the wall shear stress (given in Equation 1).
The drag forces in this case were found to be in the order
of 10−18N and hence neglected. The complex flow profiles
and impact forces that may originate due to pillar arrays
also haven’t been considered. The viscosity therefore leads
us to forces in the pN scale. These forces are much smaller
in magnitude than those exerted by cells on the pillars,
therefore justifying the non-delamination of pillars in the
former case. It is therefore crucial to improve the adhesion
of these pillars for cell studies to the substrate by either
scaling up their diameter or reducing their length. A higher
interface distance starts the printing process deeper into the
substrate and may also be effective in enhancing pillar ad-
hesion. Coating the substrate surface with a layer to help
enhance the pillar adhesion or looking at other resins might
also be an option in the future. The adhesion of more com-
plex structures such as scaffolds also needs to evaluated in
further studies.

4.5 Microfluidic device design and its cy-
tocompatibility

The 3D printed moulds fabricated using stereolithography
in this study provide a low cost possibility to vary channel
dimensions and design. A mechanical clamp has been
used for fixing PDMS on top of ITO coated glass for the
pillar delamination studies. This could not be done for
biological studies given the handling problems with this
method. A clamp also poses hindrance in imaging the
samples microscopically. In the future, other bonding
methods such as UV-Ozone plasma may be tried to observe
if it yields a better bond strength than air plasma. Glues
should be avoided since they can be cytotoxic and affect
cell response. In case of integrated devices manufactured
for the cell studies, after the plasma bonding procedure,
no noticeable damage to the patterns was observed.

This study paves the way for future experiments aimed at
predicting the optimal pattern size and arrangement that
can enhance osteogenesis. The absence of any visible signs
of cell death in the initial studies also suggest the poten-
tial application of the selected materials for biological stud-
ies. Both IP-L 780 and IP-Dip resins did not seem to show
any detrimental effects on cell behaviour. This has also
been found in similar studies but involved coating the struc-
tures with biocompatible layers (such as TiO2, collagen, fi-
bronectin) [26, 40, 41]. However, in this study no claims re-
garding cell preference towards control (glass), unpatterned
(sheet), or the patterned areas can be made. Further stud-
ies in terms of a larger sample number and longer culture
times are needed to draw any conclusive biological results.

5 Conclusions and Perspectives

In this work, we have used the 2PP process to produce
uniform submicron topographies that have been incor-
porated into microfluidic platforms for bone regeneration
based studies. To do so, we used the DiLL configuration
(IP-Dip with ITO coated fused silica) to enhance interface
detection and a Piezo mode based voxel by voxel writing
strategy to compensate for the substrate tilt within the
process. In this way, the printed areas have been upscaled
to the mm scale. The patterns have been morphologically
characterised by calibrating their optical images with
their SEM micrographs. This provides an approximate
quantification of pillar dimensions for patterns produced
over large areas. They have also been integrated onto
a 2PP written micro-scaffold in a single step process by
alternately printing scaffold and pattern layers. These
topographies have been integrated into the microfluidic
device by mechanically clamping a PDMS channel layer
over the patterned ITO coated substrate or using air
plasma bonding in case of non coated fused silica substrate.
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The printed pillars in this study are ellipsoidal in shape
and showed an average diameter of 334 nm, and a height
of 1.54 µm with an interspacing of 800 nm for the chosen
writing parameters. The patterns significantly increased
the substrate wettability of ITO coated fused silica. The
pillars showed no signs of delamination even when flow
rates were increased up to 8 ml/min. hMSCs when dynam-
ically cultured for 5 days on these patterns in a microfluidic
device, showed a healthy morphology with no significant
signs of cytotoxicity. This study therefore marks a crucial
step in using the 2PP process for fabricating biomaterials
with reproducible and upscalable topographies having
minimum feature sizes in the submicron scale. Our work
also depicts that these 2PP fabricated structures can be
conveniently integrated into microfluidic cell cultures that
have the potential for successfully mimicking and studying
the bone tissue microenvironment.

As discussed, the 2PP process holds the potential in suc-
cessfully recreating the topographical make-up of the bone
tissue by helping to optimise the feature sizes, their spatial
layout, and their expansion at a multiscale level. The de-
pendence of polymer’s Young’s modulus on laser parameters
may be further exploited to tune the biomaterial properties
(and hence the cellular microenvironment) in the future but
it should be remembered that a change in laser parameters
would also lead to a direct change in the feature sizes at
this scale. The 2PP method is unable to fabricate (uni-
form) nanometre scale features thus suffering from lower
print resolution than methods such as electron beam and
focussed ion beam lithography. This is further limited by
the decrease in pattern uniformity with reducing feature
sizes. The long printing times (in Piezo writing mode) are
not ideal for large production volumes but can be useful for
rapid prototyping and laboratory based applications. Also,
in such cases, 2PP would prove to be more cost effective in
comparison to methods such as electron beam lithography
that require expensive masks. A large number of parame-
ters are involved in the 2PP process that need to optimised
each time the pillar dimensions or interspacing need to be
changed thus making the process tedious to some extent.
New printing materials also need to be looked at to further
increase the pattern uniformity. With respect to the mi-
crofluidic device, methods for bonding ITO to PDMS need
to looked at in addition to designs that’d allow topogra-
phy integration into complex co-culture based microenvi-
ronments.
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sis of factors for delayed healing and nonunion in 416
operatively treated tibial shaft fractures. Clinical or-
thopaedics and related research, 438:221–32, sep 2005.

[3] Jan Henkel, Maria A. Woodruff, Devakara R. Epari,
Roland Steck, Vaida Glatt, Ian C. Dickinson, Peter
F. M. Choong, Michael A. Schuetz, and Dietmar W.
Hutmacher. Bone Regeneration Based on Tissue En-
gineering Conceptions — A 21st Century Perspective.
Bone Research, 1(3):216–248, 2013.

[4] Tao Gong, Jing Xie, Jinfeng Liao, Tao Zhang, Shiyu
Lin, and Yunfeng Lin. Nanomaterials and bone regen-
eration. Bone Research, 3(July):15029, 2015.

[5] Liliana Polo-Corrales, Magda Latorre-Esteves, and
Jaime E Ramirez-Vick. Scaffold design for bone regen-
eration. Journal of nanoscience and nanotechnology,
14(1):15–56, jan 2014.

[6] Larry L Hench and Julia M Polak. Third-generation
biomedical materials. Science (New York, N.Y.),
295(5557):1014–7, feb 2002.

[7] Sonja Kress, Anne Neumann, Birgit Weyand, and Cor-
nelia Kasper. Stem Cell Differentiation Depending on
Different Surfaces. In Advances in biochemical en-
gineering/biotechnology, volume 126, pages 263–283.
2011.

[8] Anh Tuan Nguyen, Sharvari R Sathe, and Evelyn
K F Yim. From nano to micro: topographical scale
and its impact on cell adhesion, morphology and con-
tact guidance. Journal of Physics: Condensed Matter,
28(18):183001, may 2016.
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3
Supplementary information

3.1. Enhancing the interface strength
The interface signal amplitude between the substrate and resin increased on switching from conventional
(IP-L 780 and borosilicate glass) to the DiLL configuration (IP-Dip and fused silica glass). This value is further
seen to increase on using an Indium Tin Oxide (ITO) layer coated fused silica substrate. The increase in the
interface can be attributed to the increase in the difference between the refractive indices of the substrate
and the resin (∆n). Table 3.1 shows the refractive indices of these materials at 780 nm while table 3.2 shows
the increase in measured interface signal amplitude with increasing ∆n.

Table 3.1: Refractive indices of optical media in 2PP at 780 nm

Material Refractive index (780 nm) Reference
IP-L 780 1.48 [94]
IP-Dip 1.52 [94]

Fused silica glass 1.46 [95]
Borosilicate glass 1.52 [95]

Indium Titanium Oxide 1.62 [95]

Table 3.2: Interface signal amplitudes and their scaling with difference in refractive indices |∆n|

Configuration |∆n| Interface signal amplitude
Conventional (IPL, Borosilicate glass) 0.04 300 - 400

DiLL (IP-Dip, Fused silica glass) 0.06 600 - 700
DiLL (IP-Dip, ITO coated fused silica) 0.1 4000 - 6000

3.1.1. Enhanced interface allows better surface detection
An experiment to quantify the error in measurement that occurs while detecting the interface is carried out.
The interface surface is plotted using the z height measurements (using a method similar to tilt measurement
see section 3.2) as a function of x and y coordinates over the substrates. The surface is obtained by plotting
these points in MATLAB. Next, a linear plane of the form:

z0 = a0 +a1x +a2 y (3.1)

is fitted onto the surface. This is done assuming that the substrate surfaces are perfectly flat with a con-
stant tilt in x and y directions. The goodness of fit for all the three cases namely:

• Conventional configuration: IPL-780 + Borosilicate glass

• DiLL configuration: IP-Dip + Fused silica glass
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• DiLL configuration: IP-Dip + Fused silica glass coated with ITO

is calculated using MATLAB. The sum of the squares of residuals or errors (SSE) is chosen in this case as a
measure of assessing the goodness. The SSE is given as:

SSE =
k∑

i =1
(z − z0)2 (3.2)

where z is the actual z height of the point, and z0 is the fitted value. k represents the number of indepen-
dent points on the surface. In this case, k takes a value of 33 (for 36 measurement points). It can be clearly
seen via table 3.3 that the error increases from IP-Dip + ITO configuration towards fused silica. The mea-
surements are made twice for each sample. The error further increases on moving towards the conventional
mode. This is indicative of the effect of the interface strength on the interface detection. This is also plotted
in figure 3.1. This quantitative trend relates to the worsening of the pattern quality as the interface signal
amplitude decreases. The choice of using IP-Dip + ITO coated glass is thus justified in the current study.

Configuration SSE1 SSE2

IPL-780 and Borosilicate glass 432 198.6
IP-Dip and Fused silica glass 22.7 21.7
IP-Dip and ITO coated glass 16.2 16.8

Table 3.3: Correlating interface strength to the error in surface detection. The error measurement was performed twice.

Figure 3.1: Average interface detection error decreases with increasing signal amplitude

3.1.2. Pattern quality: Conventional to DiLL (fused silica)
A change in configuration type conventional (IP-L 780, borosilicate glass) to DiLL (IP-Dip, fused silica) in-
creased the interface signal amplitude from approximately 300-350 to 600-700. The change in pattern quality
is shown in Figure 3.2. Using the IP-Dip resin in combination with fused silica increased the feasible printed
area as well as the print uniformity. This has not been quantified here. Samples in both cases have been writ-
ten in the Piezo mode and corrected against tilt in this case. A laser power of 32 mW and an exposure time
of 2000 µs was used in both cases. Hence, this comparison does not take different properties of IP-L 780 into
account.

3.1.3. Effect of ITO coating on fused silica glass
Using the ITO glass instead of a normal fused silica greatly enhanced the pattern quality. The interface signal
amplitude increased from 600-700 to about 5000-6000. Figure 3.3 shows the improvement in pattern quality
in this case for the Piezo writing strategy. Using the method discussed to measure pattern uniformity, there is
an increase of about 15% in this case. Both the patterns have been corrected for tilt in this case. A laser power
of 27.2 mW, an exposure time of 2400 µs and an interface distance of 0.3 µm was used in both cases.
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(a) Printing in conventional mode on borosilicate glass using IP-L 780
using the Piezo writing strategy

(b) Printing in DiLL mode on fused silica glass using IP-Dip using the Piezo
writing strategy. Different properties of the resins have not been considered

here.

Figure 3.2: Increase in pattern uniformity upon transition conventional to DiLL configuration

(a) Print quality on fused silica glass in DiLL mode (b) Pattern quality on ITO coated fused silica in DiLL mode

Figure 3.3: Increase in pattern quality on using ITO coated fused silica (by about 15%) in comparison to a normal fused silica substrate

3.2. Writing mode and tilt correction strategy
3.2.1. Transition from Galvo to Piezo writing mode
Printing in the Galvo mode is much faster than Piezo mode due to writing in a pointwise voxel by voxel (or
point by point) fashion in the latter case in comparison to the angular motion of the laser scanner involved in
the former. The Piezo settling time that allows the piezoelectric element’s vibrations to die down adds further
to the total writing time. The Galvo mode doesnot allow tilt correction since it is controlled by a galvano-
metric scanner. This is possible in the Piezo mode. This is the reason why we chose the latter mode for our
intended application since it allows the possibility to correct for this error. Figure 3.4 shows the improvement
in pattern quality (qualitatively) on a transition from Galvo to Piezo writing mode.

The laser parameters in both cases have been adjusted to yield the similar pillar diameters (proximately
300-350 nm). However, the heights in the two cases were not equalised. Writing in the Galvo mode requires a
scan speed parameter instead of a time of exposure (as in case of Piezo mode). The Galvo mode also involves
non-linear interaction between various voxels hence requiring different writing parameters than the Piezo
mode. The Galvo mode written structures show a smooth gradient (in the writing direction) while in Piezo
mode even the variations are rather abrupt (but perpendicular to the direction of writing). This effect be-
comes especially visible at the boundaries of stitched regions during large area patterning in the Galvo mode.
This difference in pillars can be clearly observed in figure 3.5. A laser power of 9 mW and a scan speed of 1000
µm/s were used in this case.
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(a) Printing in conventional mode on borosilicate glass using IP-L 780
using the Galvo writing strategy

(b) Printing in conventional mode on borosilicate glass using IP-L 780
using the Piezo writing strategy

Figure 3.4: Increase in pattern quality due to the tilt correction in allowed Piezo mode while this is not the case in the Galvo mode. In
figure (b), the sample has been corrected for tilt.

(a) Optical image of a large area pattern printed using Galvo mode (b) SEM image of the boundary region shown in a red box in figure(a)

Figure 3.5: Variation in pillar dimensions at the stitching boundaries of pattern (printed via Galvo mode) with optical image in (a) and a
zoomed in SEM image in (b). At boundaries, the Galvo scanner finishes scanning a particular block and starts printing a new one causing

the pronounced variation in dimensions.

3.2.2. Tilt correction and its effect

In Piezo mode, the machine displays the tilt of the sample in x and y directions and manipulates the z co-
ordinate of the Piezo element accordingly to compensate for these tilts. However, it was found that the tilt
values measured by the machine were not repeatable (even for the same sample) and hence produced unsat-
isfactory results. This led to devising a method to measuring the tilt of the sample manually. For the 25mm ×
25 mm × 0.7 mm ITO coated fused silica sample, a 6×6 grid of equally spaced points was selected spanning
across the substrate. This is shown in figure 3.6. It is not possible to measure tilt over a larger area due to
hardware limitations. The z position of the Piezo was measured at these points to obtain the tilt angles of
substrate along x and y directions. The averages of tilts in x and y were taken respectively to yield these tilt
values.

Figure 3.7 shows a clear contrast in the uniformity of the pattern obtained with and without tilt compen-
sation as well as on using the auto tilt feature. This is done for laser power 27.2 mW and time of exposure
2400 µs. Manual tilt calibration is thus needed to improve the pattern uniformity.
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Figure 3.6: Selecting points for tilt measurement. All dimensions in mm

(a) Pattern produced without any tilt
correction

(b) Pattern produced using the auto-tilt
correction mode

(c) Pattern produced using manual tilt
correction

Figure 3.7: Increase in pattern quality on correcting the sample tilt. In this case, this is done for IP-Dip and ITO glass combination.

3.3. Parametric optimisation in DiLL mode

3.3.1. Scaling of pillar dimensions with writing parameters

In the DiLL mode configuration using IP-Dip resin in combination with ITO glass, the scaling of pillar dimen-
sions (mean diameter and height) with respect to laser parameters (laser power and time of exposure) and
interface distance was studied. Figure 3.8 shows the dependence of pillar dimensions on laser power and
time of exposure. The measurement are done at a constant interface distance of 0.1 µm in this case. The
pillar height as well as diameters increase with increasing power and exposure times.
The dependence of pillar diameter on interface distance is not monotonically decreasing (as shown in Figure
3.9a). However, the dependence of height shows a decreasing linear trend (Figure 3.9b). The laser power and
exposure time were fixed at 14.4 mW and 1600 µs respectively. The error bar denotes two standard deviations
in both cases (figures 3.8,3.9).

3.3.2. Effect of writing parameters on pattern uniformity

A change in laser power leads to a change in the voxel dimesions thus leading to a change in pillar diameter
and height. 3.10 depicts the change in the pattern colour (which is directly related to the pillar dimensions)
when the laser power decreases from left to right. The time of exposure is kept at 2400 µs for all the patterns
while the interface at 0.3 µm, and the pillar centre to centre interspacing at 800 nm. It is interesting to note
that the percentage of printed area also decreases as the laser power is decreased. The percentage of fallen
pillars is also increasing in a similar fashion. The percentage feasible area is thus decreasing from (a) to (d),
indicating the dominating effect of laser fluctuations at lower laser powers.
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(a) Increasing pillar diameter with laser power (mW) for different times of
exposure, T (µs)

(b) Increasing pillar height with laser power (mW) for different times of
exposure, T (µs)

Figure 3.8: Parametric study of pillars with laser parameters

(a) Effect of interface distance on pillar diameter (b) Effect of interface distance on pillar height

Figure 3.9: Parametric study of pillars dimension scaling with interface distance

Figure 3.10: Change in pattern optical image with laser power in Piezo writing mode. The change in pattern colour depicts a variations in
pillar dimensions. For smaller pillar dimensions (towards right), the pattern uniformity decreases.

Pattern label Laser power (mW)
a 27.2
b 24
c 20.8
d 14.4

Table 3.4: Laser powers used for printing in Figure 3.10

The pattern quality is also dependent on the change in interface distance. This is the distance between
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the first voxel and the boundary between the substrate and the resin. In figure 3.11, the interface distance
increases from a to d thus causing writing procedure to start further below the actual interface. Table 3.5
shows the interface values used for the study. A laser power of 14.40 mW, time of exposure of 2400 µs, and
center to center pillar distance of 600 nm were used. It can be seen that the pattern uniformity decreases
with large unwritten areas appearing on increasing the interface distance. On making the interface distance
smaller (right to left), areas containing eroded pillar can be seen thus indicating an insufficient attachment.

Pattern label Interface distance (µm)
a 0.1
b 0.3
c 0.6
d 0.8

Table 3.5: Interface distance values used for printing in Figure 3.11

Figure 3.11: Decrease in pattern uniformity with increasing interface distance in Piezo writing mode





A
Fabrication of topography

A.1. Writing modes and configurations
The aim was to produce features of minimum possible size and later expanding these topographies over a
larger areas. It was later realised that the latter goal is interlinked to the former requirement. This is similar
to an optimisation problem where the minimum feature and reproducibility in printing counter each other.
To start with, it is important to know that the Nanoscribe operates in two writing modes namely:

1. Galvo mode: Here the laser sweeps over the resin along an angular path (in X-Y Plane) using a galvano-
metric mirror scanner. This allows much faster printing than the piezo writing mode.

2. Piezo mode: The piezo mounted on the stage moves in this case. This provides a much higher resolu-
tion in movement but the writing speeds are drastically reduced. This mode allows for compensating
the tilt of the substrate and thus can be used to the improve print quality.

The stage scanning is used to move the stage once certain structures have been written and the range of
writing for the galvo or piezo modes have been exceeded. A typical writing procedure thus involves writing
within a certain bounded area using the galvo or piezo mode and then once the permissible writing limit of
this area has been reached, the stage is moved to another location and the piezo or galvo mode operation are
repeated. Writing in this fashion helps in printing large area patterns using the so-called Stitching Technique.
It is also worth noting that the Nanoscribe operates in two configuration modes (applicable to this study)
namely:

1. Conventional mode: In this mode, the lower side of the substrate is coated with an oil matching the
refractive index of the substrate while the upper face is coated with the photo-polymerisable resin. This
allows writing structures in the upward direction. Spherical abberations are a problem to be acounted
for in this mode when writing tall structures. The IP-L 780 resin is used in combination with printing
oil in this case on a borosilicate glass cover slips.

2. Dip-in laser lithography (DiLL) mode: In this case, the photosensitive polymer is place on the bottom
face of the substrate an the objective lens dips in directly into this polymer. The writing thus takes
place in the downward direction. This mode thus reduces aberration errors due to a single refractive
interface involved. The IP-Dip resin is popularly used in this case for producing small feature sizes in
combination with fused silica glass (for 63X objective).

A.2. Conventional configuration
A.2.1. Galvo writing mode
Studies were carried out across different writing as well configuration modes to find the minimal feature sizes.
The Galvo scan mode was evaluated for the conventional writing configuration (IP-L 780 with borosilicate
glass). Pillars of diameter 200 nm were designed in Solidworks and fabricated using different scan speeds
and laser powers. Parameters such as the slicing and hatching distances of the pillars were kept constant at
100 nm. Pillars ranging from a mean diameter of 180 nm to about 500 nm were obtained. Below this range,
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the pillars were not printed due to too low laser doses while above this range, the pillars were burnt due to
the laser dose being too high. This is depicted in figure A.1a. Error bars indicate the standard deviation in
measurements made for 25 pillars. It can be seen that the diameter increases monotonically with power and
scan speed in the given range. It is also seen that the pillars become elliptical for increasing scan speeds,
thus decreasing their circularity. For each designed diameter, the laser parameters need to be re-optimised
to produce pillars of low feature size while preserving the pillar roundness. Figure A.2a depicts the distortion
in shape of pillars at high speeds. At such high speeds, the pillars begin to start merging and at one point
become joined. This is shown in figure A.2b.

(a) Mean pillar diameter variation with laser power at
different scan speeds, S(µm/s) in Galvo mode

(b) Mean pillar diameter variation with laser power at
different exposure times, T(µs), in Piezo mode

(c) Pillars of diameter less than 200 nm depicted using Laser
power 18 mW and scan speed 7000 µm/s in galvo mode, T(µs)

(d) Pillars of diameter about 250 nm produced using Laser
power 44 mW and time of exposure (T) 800 µs in piezo mode

(e) Pillars of diameter more than 500 nm depicted using Laser
power 36 mW and scan speed 5000 µm/s in galvo mode, T(µs)

(f) Pillars of diameter about 500 nm produced using Laser
power 92 mW and time of exposure (T) 3200 µs in piezo mode

Figure A.1: Varying pillar diameters as a function of laser power in the conventional mode (IP-L 780) for galvo and piezo writing

A.2.2. Piezo writing mode
In this mode, the piezoelectric element moves from one point to the other before it being irradiated for a
certain time by the laser. This time is called the time of exposure. Figure A.1b depicts the monotonic increase
of pillar mean diameter with laser power and time of exposure (T). The pillars produced in the piezo scan
mode were rounder than the galvo counterpart. However, this is done by providing a sufficiently high settling
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time to the piezo element. Figures A.1c and A.1d compares pillars reaching the lower size limit in galvo and
piezo modes while Figures A.1e and A.1f depict the same comparison for larger sized pillars.

(a) Elliptical shape of pillars at a high scan speed (10000 µm/s,
Laser power 45 mW)

(b) Merging of pillars into a straight line at higher scan speeds
(190000µm/s, Laser power 45 mW)

Figure A.2: Distortion of pillars with increasing scan speed in Galvo mode during conventional wiriting

The trends shown in Figures A.1a and A.1b are rather qualitative than quantitative since repeating the
experiments produces large variations in diameters. Printing on larger areas produced regions where no
pillars were printed or pillars that were greatly reduced in diameters than other regions of the pattern (in both
galvo and piezo modes). Figure A.3 depicts this for the galvo mode in an optical micrograp(figure A.3a) and a
zoomed in SEM micrograph(A.3b). The same is depicted for the piezo mode in a conventional configuration
in Figures A.3c, A.3d. It is worthy to note that the auto tilt correction option is turned on in this case. The
non-uniform results obtained in both cases led to examining whether the strength of the interface has a role
to play in finding the boundary between the resin and the substrate.

(a) Non uniformity in pattern printed in conventional mode
using Galvo writing for LP = 9 mW, SS = 1000 µ/s

(b) Scanning electron micrograph depicting variation in pillar
diameters in region enclosed in red in Figure(a)

(c) Non uniformity in pattern printed in conventional mode
using Piezo writing for Laser power = 32 mW, T = 2000 µs

(d) Scanning electron micrograph depicting variation in pillar
diameters in region enclosed in red in Figure(c)

Figure A.3: Variation in pillar diameters over larger areas in galvo writing mode and conventional configuration
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A.3. DiLL mode
Printing using Galvo mode in DiLL configuration produced unsatisfactory results for fabricating topogra-
phies on a large scale. The galvo mode does not allow compensating for the tilt of the substrate. This is one
major reason why it can’t be used to produce uniform topographies over larger areas (above a few hundred
micron length scales). It can be a viable option for smaller areas. On using the piezo writing mode in the DiLL
configuration, the pattern uniformity increased. This was done using a laser power of 24 mW and a time of
exposure (T) of 2000 µs. The auto tilt correction feature in the machine was turned on during this process.
The parametric sweep of Piezo mode in this case has been already discussed in Supplementary information
section 3.3. For the Galvo writing mode, the parametric sweep was not carried out.

(a) Printing in DiLL configuration with Galvo writing using a
laser power of 9 mW and scan speed of 1000 µm/s

(b) Printing in DiLL configuration with piezo writing using a
laser power of 24 mW and a time of exposure of 2000 µs.

Figure A.4: Printing in DiLL mode using galvo and piezo modes

A.4. New methods of enhancing interface amplitude
Coating Poly-vinyl alcohol
A layer of Polyvinyl alcohol (PVA) was coated onto the fused silica and borosilicate substrates to enhance
the interface strength of the substrate. PVA was dissolved in water and spin coated for 2 minutes at 1000
rpm on substrates that were prior treated using air plasma. The signal amplitude was increased to about
3000 in this case. However, the PVA was not coated uniformly over the substrate. It was found that the upon
developing the sample, all the pillars debonded and fell down (sticking to the substrate). This is possible due
to dissolution of PVA during the developing process. Figure A.5a shows the optical image of pattern obtained
on PVA coated fused silica substrate (DiLL configuration) in the piezo wiriting mode. Figure A.5b shows the
SEM micrograph of the same pattern thus depicting that an optically uniform looking pattern (A.5a) was
composed of fallen pillars.

(a) Optical image of printing on PVA in DiLL mode (piezo
writing)

(b) SEM image of the fallen pillars

Figure A.5: Printing on a layer of PVA using piezo writing method in DiLL configuration
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Sputtering Gold-Palladium
A few nm thick gold-palladium coating was sputtered onto the fused silica substrate for 2 minutes at a sput-
tering current of 10 mA and a pressure of 9×10−2 mbar. Upon printing on this substrate, the polymer burns
off even at very low powers. Bubbles appear while printing and upon developing the sample, porous and
burnt regions within the pattern are produced. The structure resembles a micro/nano porous scaffold in
morphology. However, the structure is uncontrolled and hence not relevant for this study. Figure A.6 depicts
these structures.

(a) Optical image of printing over a sputtered layer of Au-Pd (b) SEM image of the burnt structures

Figure A.6: Printing on substrate sputtered with a layer of Gold-Palladium mixture

Other coatings and resin-substrate combinations
Coatings of PEDOT:PSS as well as food colourant dyes were also coated onto the substrates after briefly treat-
ing with oxygen plasma however, it was difficult to find interfaces in these cases. The coatings produced were
also non-uniform. These are therefore not recommended.

The borosilicate glass was used with IP-Dip but no interface could be detected in this case. The same was
found for IP-L in combination with fused silica substrate. This can be attributed to the small difference in the
refractive indices of these materials (refer table 3.1 in supplementary information).

A.5. Effect of temperature and humidity
The 2PP setup is operated at 18-21◦C. However, when the temperature was raised by about 10◦C, there was
a noticeable shift in the print quality. This is shown in Figure below. It can be seen that the pillar sizes have
changed and the pattern loses uniformity to some extent at a higher temperature. The increase in humidity
may also have affected this.

(a) Printing at 30◦C (b) Printing at 20◦C

Figure A.7: Effect of temperature and humidity on patterning (DiLL mode, Galvo writing, LP = 9 mW and scan speed = 1000 µm/s)
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A.6. Varying pillar interspacing
The pillars were printed using different laser parameters as well as varying interface distances for various in-
terspacings (center to center). Table A.1 gives an overview of the patterns obtained and the parameters used
in their printing. Each images contains three patterns printed at different interface distances. The interface
distances are 0.3 µm, 0.4 µm, and 0.5 µm for the bottom, middle and top patterns respectively in each image.

It can be seen that the pillars become larger with decreasing interface distances. Also, with decreasing pil-
lar interspacing, the pillars tend to lose their round shape and become joined to each other with polymerisa-
tion occurring in spaces between them. This critical interspacing distance seems to increase with increasing
laser dose as well as with decreasing interface distance.

Pattern
Printing parame-
ters

Interspacing

Laser power = 14.4
mW, t = 1600 µs

300 nm

Laser power = 14.4
mW, t = 1600 µs

500 nm

Laser power = 14.4
mW, t = 1600 µs

800 nm

Laser power = 14.4
mW, t = 2400 µs

300 nm

Laser power = 14.4
mW, t = 2400 µs

500 nm

Laser power = 14.4
mW, t = 2400 µs

800 nm
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Laser power = 20.8
mW, t = 800 µs

300 nm

Laser power = 20.8
mW, t = 800 µs

500 nm

Laser power = 20.8
mW, t = 800 µs

800 nm

Table A.1: Patterns obtained at varying interspacings, interface distances, and laser parameters

A.7. Measuring uniformity of patterned areas (and Image analysis)
For the cutoff intensity of 130, covering pillars above 284 nm, a uniformity of 73% was found in figure 2.4. The
methodology has already been discussed in Chapter 2 (Paper). This sections shows a few more examples of
this applied to other patterns fabricated with the same laser parameters.

Pattern Sample description Percentage

DiLL mode,IP-Dip + ITO
glass, Tilt corrected

86%

DiLL mode, IP-Dip + Fused
silica, Tilt not corrected

55%

DiLL mode, IP-Dip + Fused
silica, Tilt corrected

64%

DiLL mode,IP-Dip + ITO
glass, Tilt corrected

75%

DiLL mode,IP-Dip + ITO
glass, Tilt corrected

84%

Table A.2: Measuring pattern uniformities. The scale bar for each figure is 100 µm
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A.7.1. Image analysis in MATLAB
The SEM images are analysed using Image-J. This is used to obtain the pillar dimensions over large areas by
scaling it appropriately using a high resolution image. FigureA.8a shows a low resolution. This was converted
to a thresholded image as in figure A.8b to calculate the pillar height, diameter and the number of pillars in
this region. The same procedure is applied to a high resolution image and the pillar dimensions from known
pillars are used to scale the dimensions obtained from the low resolution image. This method is not fool proof
but can give approximately good results and reduce measurement times when measuring pillar dimensions
for large number of pillars.

Once the mean pillar dimension and standard deviations are known from this method, a correlation is
made to optical image as shown to obtain the cutoff pixel intensity indicating pillars that have diameter than
a certain minimum value. This is done using a simple MATLAB code that follows the given process flow:

1. Load image file (preferably in .png format) into MATLAB. Make sure that all the images are taken under
same imaging conditions (brightness, contrast, colour, shadow, magnification, beam type etc.)

2. The rgb image needs to converted to a grayscale image since we want to track intensity of pixel rather
than a colour. This is done using the rgb2gray command.

3. The pixel intensities are entered into a m*n matrix where m and n are number of pixels along length
and width. Let this matrix be called J

4. We want to calculate the threshold intensity (maximum value, say λ) which is permissible. Higher in-
tensity values correspond to whiter pixels which indicate smaller pillar dimensions.

we want a relation depicting percentage area within bounds as:

f (%) =
A1

A2
∗100 (A.1)

where f is the percentage feasible area, A1 = area with intensity below threshold area in total image, A2
= total area considered which includes non printed areas too.

To find A1, we want pixels with intensity I such that,

A1 = si ze(J <=λ) (A.2)

Also to find A2,

A2 = si ze(J ) (A.3)

5. Using trial and error we can findλ intensity that yeild the same feasible area as that from SEM measure-
ments. This intensity λ can now be applied to other samples fabricated using same laser parameters to
characterise them without SEM imaging.
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(a) SEM image of pillars taken at low resolution

(b) Applying threshold to low resolution image for measuring pillar dimensions

(c) High resolution SEM imaging of pillars (d) Thresholding image (c) to obtain pillar dimensions from
high resolution image

Figure A.8: Obtaining pillar dimensions via scaling from a high resolution image

A.8. Effect writing direction on pattern uniformity

The writing directions were also varied while writing the patterns. Figure A.9 depicts the change in uniformity
of the pattern in a direction perpendicular to the writing direction. For instance the case (a) shows diminish-
ing intensity in vertical direction while it is written horizontally. The same can be seen for vertical, diagonal,
and box writing strategies. The cause for this is still not well understood.
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Pattern label Writing direction
a Horizontal
b Verical
c Diagonal
d Rectangular

Table A.3: Effect of writing direction on patterns shown in Figure A.9

Figure A.9: Printing in DiLL mode using different writing directions

A.9. Effect of tilt correction method: Linear and Parabolic
A parabolic tilt compensation was also tried instead of a linear one. This was done using the auto tilt cor-
rection feature within the machine. The feature does not allow for tilt correction multiple times during the
writing process. For example, on selecting the parabolic fit, the first tilt correction is parabolically compen-
sated however the second time it changes back to a linear fit. Figure A.10 shows the non linear (curved)
unprinted area upon enabling a parabolic tilt compensation (figure A.10b) in comparison to its linear coun-
terpart (figure A.10a). The structures are written at laser power 14.4 mW, exposure times 2400-2800 µs, and
interfaces of 0.4-0.5 µm.

(a) Linear tilt compensation (b) Parabolic tilt compensation

Figure A.10: Linear versus parabolic tilt compensation
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A.10. Effect of update rate
The update rate (U, in Hz) in the piezo writing mode controls the rate of interpolation between consecutive
points. The writing speed (S) in piezo mode is given by:

S = U ∗D (A.4)

where D is the distance between two consecutive points in nm. This parameter was seen to affect the size
and position of the pillars within the topography. It was previously said that the factor does not affect writing
in pulsed mode setting of the piezo mode [82] but it is seen otherwise that this factor can considerably affect
the writing quality. The laser power and exposure times were set at 14.4 mW and 2400 µs respectively. Figure
A.11 depicts this change pattern quality printed on top of a scaffold.

(a) Printing using an update rate of 103 Hz (b) Printing using an update rate of 104 Hz

Figure A.11: Effect of update rate on patterning in piezo mode (pulsed setting)

A.11. Large scale patterning on sheets
The patterns were upscaled to be incorporated on top of galvo printed plain sheets. The following two major
problems were encountered during this process:

1. Warping in case of large sheets

2. Non uniformity while printing topographies on sheets

(a) Printing using an update rate of 103 Hz (b) Printing using an update rate of 104 Hz

Figure A.12: Effect of update rate on patterning in piezo mode (pulsed setting)

The warping of sheets (l = 1mm, b = 300 µm, t = 5 µm) as shown in Figure A.12a is caused due to shrinkage
of sheets after they cool down and lose contact with the base, causing them to curl up. This is countered by
increasing the interface distance (to 2 µm) so that these sheets are adequately attached to the base (printing 3
µm above the interface). Also, the blocks (100 µm * 100 µm each) that are stitched together to form this sheet
are made to overlap 5 µm each other. This design change effectively countered the warping phenomenon.
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Figure A.12b illustrates the variation in pattern uniformity along the sheet with large parts that remain
unprinted. The patterns were printed without any tilt correction. It needs to explored whether a tilt corrected
is still needed in this case. A very interesting phenomenon that is seen while printing patterns on these sheets
is that these patterns appeared only on sheets that are printed towards positive x and positive y directions.
This is attributed to the fact that the ITO coated fused silica substrate used in this case is tilted by about +0.04◦
to +0.06◦ in both x and y directions. Considering a 2D scenario in the XZ plane, Figure A.13 depicts the two
situations of printing in +x and -x directions. The positive x in DiLL mode lies from right to left while the +z
lies from top to bottom direction. In case of A.13a, while printing sheets from right to left, the positive tilt
angleφx causes the blocks (in blue) causes the sheets to be attached to the substrate (in green). In case A.13b,
while printing from left to right, the sheets are not fully in contact with the substrate. This leads to insufficient
attachments that can cause misalignment of the surface. In case A.13a, the patterns have a flat surface to
attach to while in case A.13b, the non-flat surface prevents so in A.13b. This is one possible explanation for
why the topographies are printed only in case A.13a. Figure A.14 shows all the possible printing directions of
writing for these sheets(- -, + +, + -, - +) with the print occurring only in the + + case. The label descriptions
can be found in table A.4.

(a) Printing sheet (in blue) on tilted substrate towards +x
direction (starting from right)

(b) Printing sheet (in blue) on tilted substrate towards -x
direction (starting from left)

Figure A.13: Effect of update rate on patterning in piezo mode (pulsed setting)

Figure A.14: Writing patterns on sheets written in different directions

Pattern label Direction-x Direction-y
a - -
b + +
c + -
d - +

Table A.4: Writing directions for sheets written in Figure A.14

A.12. Large scale patterning on scaffolds
A similar warping phenomenon (see figure A.15a) is seen when scaffolds are printed on a larger scale. This is
countered in a similar way as in section A.11. The scaffolds are made to overlap 5 µm with each other to solve
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this problem as well as by increasing the interface distance. Figures A.15b and A.15c depict the pattern non-
uniformity. Enhancing the pattern uniformity involves further study and should involve investigate the effect
of tilt correction on patterns and the z-offset given to the patterns to attach to the sheet or scaffold surface.

(a) Warping of a large area scaffold (b) Uneven pattern over the scaffold structure (c) SEM micrograph depicting
uneven pattern printing

Figure A.15: Upscaling patterns on a scaffold

A.13. Viewing patterns under an inclined beam

The optical images in this study have been taken under a beam directly perpendicular (approximately) to the
substrate. However, on imaging these samples using beam that are inclined to the substrate (using periph-
eral lighting), different colours are produced. This section depicts examples for some of such patterns, the
parameters used, and the configuration that was used to produce them.

A.14. Trying to mimick a controlled disorder pattern

The controlled disordered arrangement of nanopatterns inspired by Dalby et al.[36] was programmed to
printed using the 2PP process. The random points were programmed using MATLAB over a 100 µm × 100
µm surface an repeated over larger areas. The user manual advises users not to use the ’Connectpointsoff’
command however, printing this random arrangement in piezo mode could not be realised without using this
command. Care was taken with respect to not exciting the piezo element close to its resonance frequency.
Upon printing, the pillar interspacings were found to be much larger than programmed. Also, the pillars were
much larger than expected for known laser power and exposure time calibration. This is shown in Figure
A.16. This problem can be solved by printing in Galvo mode but this would involve a compromise with the
pattern uniformity when printing on larger areas. Within piezo mode, increasing the update rate or tweaking
the piezo settling and deceleration times may help further optimise the process.

Figure A.16: Results obtained on trying controlled disorder pattern printing
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Pattern Printing details

Conventional mode, Galvo writ-
ing, 90 mW, 1000 µ/s, IF = 0.1 µm

Conventional mode, Piezo writing,
PVA coating, fallen pillars, 32 mW,
2000 µs, IF = 0.0 µm

DiLL mode, Piezo writing, 32 mW,
2000 µs, IF = 0.1 µm

DiLL mode, Piezo writing, ITO
coated glass, 27.2 mW, 2500 µs, IF
= 0.1 µm

DiLL mode, Piezo writing, ITO
coated glass, 27.2 mW (upper
block) and 14.4 mW (lower
blocks), 2500 µs (upper block) and
2400 µs (lower blocks), IF = 0.1 µm

Table A.5: Patterns observed under peripheral lighting condition of the microscope (IF = Interface distance)
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Microfluidic device

This section deals with preparation of the microfluidic device. The section on clamp design (Section B.2)
applies only for delamination testing substrate since the fused silica substrates (used in Biological studies)
were bonded using air plasma.

B.1. Mould design
Figure B.1 depicts the mould design and dimensions used for mould used for curing PDMS. A small uplifted
area at the inlet and outlet was made to make sure that the tubing does no touch all the way to the bottom
of the PDMS, which may lead to build up of high pressures. The diameter of inlet and outlet is 3 mm for the
delamination testing while it is 1.6 mm for the preliminary biological testing samples. This was due to the
different diameters of tubings used for these cases.

B.2. Clamp design
The ITO was not able to bond properly to PDMS using oxygen/air plasma bonding. Methods such as use of
epoxy glue, quick fix (second) glue were used but these yielded unreliable bonding too. The glues swell up
over a period of time when in contact with fluids in the channel. Uncured PDMS as a glue was also tried
in an effort to seal the edges of the chip but this was met with unsatisfactory results and frequent leakages.
For some devices that acheived high bonding strength, it was difficult to debond PDMS for subsequent SEM
imaging. This also posed a major problem.

With inspiration from my colleague Richard Pleeging who used a clamp to seal his microfluidic device,
it was decided to design a clamp for the current study and circumvent the above problems. The clamp was
3D printed using Poly lactic acid (PLA). The clamp was designed to tolerate large shearing and compressive
forces while minimising bending. It was also desired that the clamp applied a uniform force across the de-
vice. Space in the middle was left to allow optical examination and allow access for the tubings. The area
surrounding this space was made protruded as shown in Figure B.2 to minimise bending and prevent liq-
uids from escaping along the channel boundary. The clamp design can be seen in figure B.2 The clamp thus
helped to:

• Conveniently remove PDMS for imaging using SEM

• Reach higher flow rates

• Control bonding strength by varying screw tension

For flow rates above 5-8 ml/min, the leakage occured from inlet and exit points. Fixing these tubes using
PDMS glue was not very effective with PDMS tending to seep through the interface between tube and hole,
ending up clogging the channel in some cases. Epoxy glue was found to be more effective in this case.

61
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(a) A 3D view of the mould for microfluidic chip (b) Top, side and front views of the mould with dimensions used

(c) Top, side and front views of the mould with dimensions used

Figure B.1: Mould design used for the microfluidic study
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(a) A 3D view of the clamp for microfluidic chip

(b) Top, side and front views of the clamp with dimensions used

Figure B.2: Clamp design used for the microfluidic delamination study of pillars

B.3. Connections
Needles were connected to the tubings first. To do this, needles were removed from their base attachment
using pliers. The back end of the was then inserted into the tubing while the front end pierced into the
hole through PDMS. Glue from a hot gun was used to make the connections leak proof. The tubings were
connected to the peristaltic pump. However, to use the pump, it first had to be calibrated by entering the
tubing diameter followed by measuring the amount of fluid collected in a certain time. The flow rate was
then calibrated accordingly.

B.4. PDMS preparation

1. Cleaning moulds
After printing using stereolithography, the moulds were cleaned in ethanol using ultrasonication for 20
minutes. It is important that clean beakers be used during ultrasonication to prevent particles stick-
ing to moulds.Moulds were then dried using air gun. Image B.1 shows the mould design used. The
contamination was minimised by storing them in sealed petridish at all times.

2. Stripping PDMS
PDMS was carefully stripped from the mould by first cutting with a blade along the edges of the mould.
Care must te taken during this process since a wrongly cut PDMS will not bond using air plasma at a
later stage. After cutting, the PDMS was carefully stripped using the blunt back end of a spatula. During
the process, ethanol is injected into the spacings between the mould and the PDMS to facilitate easier
stripping.

The PDMS after stripping was turned upside down and cured again at 100◦ for 35 minutes to fully cure
the previously unexposed side. Uncured PDMS can be cytotoxic and thus pose a major hindrance to
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biological testing. Also, since ethanol was used during the stripping process, it is important to remove
the ethanol absorbed into the PDMS using this method. Ethanol can otherwise swell the PDMS and
interfere during the air plasma bonding.

3. Air plasma
The side to be bonded (PDMS and glass) was kept in the air plasma chamber facing upwards. A power
of 40 W was used for 2 minutes. Plasma was generated at a pressure of about 4 mBar. After removing
the samples were immediately bonded. The 1 mm width of the topograhy was used to align the 1 mm
wide channel around it. The alignment is more difficult for smaller topographical areas. Also, an error
of abut 100 microns in alignment can easily happen while bonding. The non-bonded areas can be im-
mediately identified from the air that gets trapped in that area. The PDMS has to be clean, flat, scratch
free, and free from any other local defects for the bonding to be successful.

4. PDMS removal after experiments
For some cases, the PDMS to ITO bond was pretty strong and it was difficult to separate the two layers
by force. PDMS also turned brittle in the region close to the interface. Removal of PDMS by hand led
to large chunks of it still sticking to the interface. A blade was used to cut open the PDMS but care
must be taken while doing so, not to damage the pattern. PDMS being high elastic can compress and
damage the pattern when high forces are applied to it. Also, it is almost unavoidable to avoid loss of the
pattern towards the edges of the channel (along the width). Figure B.3 shows this effect. The region left
undelaminated is enclosed in a red box. It is a wise idea to use a clamp to avoid pattern delamination
by rubbing or moving PDMS parts. After removal, it is quite probable that micro particles or meso sized
particles of PDMS still stick to the pattern causing damage or difficulty in removal.

(a) Pattern before removing PDMS

(b) Damaged pattern after removing PDMS

Figure B.3: PDMS removal damaging the pattern. Scale bar is 200 µm

The main factors influencing the quality of this PDMS layer were thus found to be:

1. The quality of optical membrane used in the stereolithograhy process:
Scrathes and dust/microparticles will directly affect the mould.

2. The number of times the same mould is being used for PDMS curing:
After 2-3 curing cycles, the mould can not be used.

3. Cleaning procedure for moulds being used second time or more:
Cleaning with ethanol, isopropanol or acetone left small swollen particles of PDMS behind and were
difficult to remove. Dry cleaning at high pressures using an air gun or electronic dust remover were
found to be more useful. Using tweezers to remove leftover visible particles was also helpful.

4. Curing conditions:
The mould need to be placed on flat surfaces while curing to prevent differential thickness along the
PDMS layer. Also, the PDMS needs to be covered to prevent contamination using a glass petridish.
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Preliminary Biological Studies

Six samples (NC, N-SH, N-T IC, I-SH, I-T) were used for the preliminary biological characterisation. The
sample names and nomenclature are described in table C.1. Samples N and I have suffixes SH and T after
them which denotes that on substrate N (fused silica glass glass) or I (ITO glass) two samples namely SH (a
flat galvo written sheet), and T (topographical pattern) have been written. A schematic of the non-control
samples (I,N) is also shown in figure C.2. The control sample used has nothing printed on it.

The specifications of the PDMS channel layer can be seen in Figure C.1 as side view (left) and front view
(right). The channels are 7.85 mm long (14.5 mm lomg including inlet and outlet), 1 mm wide and 200 µm
deep. Holes were punched into PDMS using biopsy punch of diameter 1.6 mm to create inlet and outlet.
This creates holes that are a bit smaller in diameter than the punch due to PDMS retraction as a results of its
elasticity. The substrates were bonded to PDMS channel layer using oxygen plasma bonding. Polytetrafluo-
roethylene (PTFE) tubing of inner diameter 0.3 mm and outer diameter 1.6 mm was inserted into the holes
for supply and collection of culture media. The low bond strength between PDMS and ITO led to the leakage
of I , IC chips after day 1. They were cleaned and cultured in a well plate after this. Samples N and NC were
unaffected and were continued to be cultured as a microfluidic chip.

Sample name Printing Substrate
NC Control Fused silica glass

N-SH Plain Sheet (Galvo written) Fused silica glass
N-T Topography (Piezo written) Fused silica glass
IC Control ITO coated fused silica

I-SH Plain Sheet (Galvo written) ITO coated fused silica
I-T Topography (Piezo written) ITO coated fused silica

Table C.1: Sample description for biological studies

Figure C.1: Schematic of the PDMS channel used
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Figure C.2: Schematic of the sample (I and N) used for preliminary study. Sample N only could be bonded using air plasma

Scaffolds were also printed on some samples but these were delaminated when subjected to the fluid
flow. One of such scaffold structures floating around in the microfluidic channel can be seen in Figure C.3.
Interestingly, it behaves as meta material in the medium and reflects light in a certain wavelength band.

Figure C.3: Delaminated scaffold reflecting a specific wavelength when submurged in the culture medium

Optical imaging was done after 1, 4 and 5 days. At the end of 5th day, the cells were fixed by flushing them
with glutaraldehyde-paraformaldehyde fixative for 10 minutes. This was followed by successively washing
with ethanol in increasing concentrations of 50%, 70%, and 96% respectively. After this, they were taken for
imaging using SEM. The PDMS layer was cut open for this purpose. The sheet printed on sample I and the
nanopattern on the sample N were lost during the process. Therefore for these, only optical data can be used.

C.1. Optical Imaging
In this section, the images taken at various magnifications and time periods have been shown.

C.1.1. I: ITO coated fused silica
I-SH
The optical images in channel could be obtained only after day 1 due to leakage of device and loss of the sheet
in the well plate. The images can be found in Table C.2
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Images Day Comments

1

Floating struc-
ture at top. Few
elongated cells
on bottom sheet.
Non-cytotoxic envi-
ronment.

Table C.2: Optical images of cells on galvo written flat sheets for ITO coated glass. Figures on the right depict the optical images of these
features.

I-T
The optical images in channel could be obtained only after day 1. After this, the images were made in a well
plate setting. The image quality afterwards reduced, thus lacking a clear contrast between cells and substrate.
There was also a loss in the cell number while changing the sample culture to a well plate type. This is shown
in table C.3. In some cases, topographies have been enclosed in boxes and a few cells marked with arrows for
better clarity.
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Images Day Comments

1

Floating scaffold
structure in pink.
Elongated cells
on pattern with
uniform spread-
ing. Non-cytotoxic
environment.

5

Few cells left due to
change in culture
conditions. It was
difficult to focus
cells in this case. It is
difficult to assess the
cell response in this
case. Later, it will
be shown via SEM
imaging that the
cells showed non-
cytotoxic response
on these patterns.

Table C.3: Optical images of cells on topography for ITO coated glass
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IC
Control images within the channel could only be obtained for Day 1.

Images Day Comments

1

Cells show healthy
and uniform attach-
ment. No signs of
cell death seen.

Table C.4: Optical images of cells on control sample (without anything printed on it) for ITO coated glass

C.1.2. N: Fused silica glass
N-SH

Images Day Comments

1

Elongated cells with
no visible cytotoxic
cells. It seems that
cells spread less on
the sheet than the
surroundings. More
experiments needed
to confirm this.
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4

Even after day 4, no
signs of cytotoxicity.
Some cells can be
seen on the sheet
too.
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5

Healthy microen-
vironment. Cells
and filopodia can be
clearly seen.

Table C.5: Optical images of cells on sheet for fused silica glass
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N-T

Images Day Comments

1

Uniform cell spread-
ing can be seen with
clear constrast be-
tween cells and pat-
tern
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4

Cell imaging be-
come more chal-
lenging as cells
multiply and spread
across the channel

5
Difficult to focus
and identify individ-
ual cells

Table C.6: Optical images of cells on printed topography for fused silica glass
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NC

Images Day Comments

1
Non cytotoxic envi-
ronment with uni-
form spreading

5
Loss in image qual-
ity and difficulty in
imaging

Table C.7: Optical images of cells on control area for fused silica glass

Discussions: Optical Images
For all the optical images some common observations that were made are:

1. The microenvironment within the device is non cytotoxic. In all cases the cells show an elongated
morphology with philopodia stretching out especially in day 4 and day 5 images.

2. Imaging becomes more complicated with increasing time. This may be attributed to the cells multiply-
ing and spreading over the surfaces. Certain compounds secreted by the cells may also be hampering
imaging. The contrast between the substrate and cells seems to decrease drastically.

3. No conclusions can be made whether cells prefer certain kinds of surfaces. The experiments needs
more trials to make any conclusive remarks.

C.2. SEM Imaging
For the sample N-T, the pattern was damaged while removing PDMS from it. The sample theretofore, couldn’t
be imaged using SEM. I-SH was washed away during transfer to well plate. The scanning electron microscopy
was done for the following samples:

• I-T

• N-SH

• IC

• NC

These have been discussed below:
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(a) Overview of cells in the channel (that
existed before leakage)

(b) Cells uniformly spread over the pattern (c) Zoomed in view of cells on the pattern

(d) three neighbouring cells connected via
filopodia

(e) A close up of one of the cells and pillar
delamination along its periphery

(f) A cell developing a long extension to reach
out towards a another cell

(g) zoomed in view of cell extensions and
communication to neighbouring cell outside

pattern

(h) Cells on and outside the pattern (i) Cell filopodia bending the pillars

Figure C.4: Cells on pattern for sample I-T

C.2.1. I-T

As discussed before, this sample was shifted to a well plate and the cell count reduced significantly. However,
it is very interesting to see the cell attachment to the pattern. The cells appear to be dehydrated. This could
have happened due to improper fixing procedure. The ethanol used for fixing or used to clean the sample
could have been responsible for this. The filiopodia and cell connections show that the material is cytocom-
patible and the cells were able to attach to the pattern. It is also very interesting to see that the cells develop
these filopodia along the pillars. The pillars seem to have bent and even delaminated in regions were the cells
are attached. It is difficult to predict if this due to the forces cell exert on these pillars or whether this is due to
cell shrinkage due to dehydration. Further studies are needed to identify the cause and magnitude of these
attachment forces.

C.2.2. N-SH

SEM images of sample in figure C.5 depict more cell numbers towards the periphery than in the middle of the
sheet. This is probably related to the fact that the sheet is flat in the middle and tends to curl upwards towards
the periphery. This is a common fabrication defect encountered while printing sheets of large areas. Figures
C.5e and C.5f depict cells at the top of the sheet towards the periphery connected to cells at the bottom via
filopodia. This kind of a cell response depicts the non-cytotoxic environment within the channel.
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(a) Cells on and around the plain written sheet
in the channel

(b) Cells on the sheet edges where it is lifted
upwards

(c) Lack of cells in the middle of the sheet

(d) Tilted view of sheet periphery with cells on
it

(e) Cell on top of sheet with filopodia
connected to a cell at the bottom

(f) Zoomed in view of filopodia in figure (e)

Figure C.5: Cells on sample N-SH

C.2.3. IC, NC

Figure C.6 depicts the cells on control samples IC and NC. For sample NC, it can be seen that the cells have
attached uniformly along the channel. For sample IC, the cells number has decreased drastically as a result
of transferring sample to a well plate which involved PDMS removal and cleaning.

(a) Cells along the channel in sample NC (b) Cells on the sample IC which was later
cultured in a well plate

Figure C.6: Increase in pattern quality correcting the sample tilt

C.2.4. N-T

In case of pattern printed on fused silica glass, it is interesting to see that a few cells in the erased region still
lay with filopodia covered in/on fallen pillars. It can’t be said whether these pillars delaminated before or after
the pattern was destroyed. However, the filopodia can be seen growing in the direction of the pattern. This
is shown below in figure C.7. It is also interesting to see that the volume of cells at the inlet and outlets of the
channel is much larger than that in other regions within the channel. This can be seen in figure C.8.
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(a) Overview of the cells within the channel of
N-T. Notice unerased pattern at bottom left

(b) Cell on erased nanopattern with pillars
embedded in/on it

(c) Cell growing through the region where
pattern had previously existed

Figure C.7: Cell growth in sample N-T with erased pattern

Figure C.8: Increased Cell concentration in inlet and outlet of channel

Discussion: SEM images
Some important conclusions that can be made via SEM imaging of the samples is:

1. Sample I-T depicts cells spread out along the pattern depicting an elongated morphology. This indi-
cates that the environment was favourable for cell growth. Extensions or filopodia depict cells trying
to use these submicron pillars for attachment and proliferation. Cells on pattern can also be seen con-
nected to those outside. The pillars seem to bent or even delaminated in certain cases possibly due
to forces exerted by the cells. In this case, the attachment of pillars with the substrate needs to be
improved. This could be done by increasing interface distance or coating the glass with a layer that
provides better adhesion to the resin.

2. For the sample N-SH, the cells can be seen preferring the periphery over the middle region due to the
curling-up effect as discussed before. Cells on sheet can be seen connected to those beneath.

3. An increased concentration of cells is seen at the inlet and outlets than inside the channel. This can
be due to the 90◦ bend in these regions which causes cells not being able to keep up with the sudden
change in momentum.

4. Loss of cells in sample IC makes it difficult to comment about cell response while for sample NC, a
uniform cell spreading is seen over the channel.





D
Nanoscribe Protocols

This chapter includes the codes and methods used to design the experiments or do measurements for some
of the processes used in this study.

D.1. Printing in Galvo mode: Parametric Sweep
This section depicts carrying out a sample parametric sweep in Galvo mode. In this study, this was done in
the conventional mode. In this case, the laser power (%), scan speed (µm/s), and interface distance were
swept. The pillars were designed to be 200 nm in diameter and 200 nm high. They were interspaced at 1µm
(centre to centre). The laser power was varied from 10% to 60% in steps of 10%. The scan speed increased
from 1000 µm/s to 11000 µm/s in steps of 2000 µm/s. The interface distances 0 µm, 0.1 µm, and 0.2 µm were
used. In this case, the slicing and hatching distances to create the pillars were also varied as 0.01 µm, 0.03
µm, and 0.05 µm.

(a) Parametric sweep as coded in Nanoscribe for galvo mode

(b) Optical micrograph of obtained parametric sweep

Figure D.1: Parametric sweep in Galvo mode. The figures in left show 9 blocks with each block printed for different interface distances and
slicing/hatching distances. The middle figure contains a zoomed in block where in the laser power and scan speed are varied within this

block. The right figure shows individual pillar arrays printed for each of these parameters.
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D.2. Printing in Piezo mode
This section depicts two sample codes for:

• Parametric sweep:
Carrying out a parametric sweep in this mode for laser power, exposure time, and interface distances.
The laser power was varied from 100% to 20% in steps of 20%. The exposure time was varied from
4000 µs to 880 µs in steps of 780 µs. The interface distance varies from 0 to 0.5 µm in steps of 0.1 µm.
The code written for this using for loops generates digital pattern shown in Figure D.2a. Note that auto
correction feature has been used here for illustration purpose. The resulting structures obtained have
been shown in figure D.2b. Each single block has laser power vs time of exposure variation which are
collectively varied with interface distance (in zoomed out image). The experiment is repeated 3 times.

(a) Parametric sweep as coded in Nanoscribe

(b) Optical micrograph of obtained parametric sweep

Figure D.2: Parametric sweep in Piezo mode. The left images depicts blocks that are different from each other based on interface distance
and repetition (to check for reproducibility). The images on the right show a zoom in of one of these blocks wherein the laser power and

time of exposure are being varied.

• Large area patterning:
Patterning large area of 2 mm * 2 mm onto the substrate. This is done for laser power 68%, interface
distance of 0.3 µm and an exposure time of 2400 µs. The update rate is assumed to 10000 Hz. A man-
ual tilt of 0.036◦ and 0.0556◦ has been used in x and y directions respectively in this case. Moving the
stage is needed to stitch the large blocks together since the piezo can write only within a range of about
300*300 µm2. This results in a digital pattern as shown in figure D.3.The optical image for this is de-
picted in figure 2.4(a).
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Figure D.3: Nanoscribe code generated 2 mm×2 mm pattern using stitching patterns over large area. This is done by printing a small area
(sub-area) of 100 µm × 100 µm first. While printing this small constituent area, the piezo element is moved in x and y directions. To print

a new sub-area, the stage is moved in x and y and the piezo element is brought back to the original (0,0,0) position.

D.3. Tilt correction in Piezo mode
The tilt measurement involved measuring the interface (z) for points across the x-y plane. It was found that
doing so in the Stage scan mode allows scanning areas upto 18000×18000 µm2. To avoid reaching this maxi-
mum limit, a 15000×15000 µm2 was selected. The layout of these points is shown in section 3.2. Figure D.4a
depicts the z value of the interface obtained for these points as a function of x and y coordinates. These points
were plotted in MATLAB to obtain the surface plot as shown in figure D.4b. The tilt values in excel were ob-
tained by fitting a linear curve to the plotted curves. Looking at figures D.4c and D.4d, one can see that the tilt
of the substrate along X, keeping Y constant is different for different Y values. The same holds for traversing
along Y for different abscissa. The surface of the substrate is not completely plain according to these measure-
ments. However, this may be caused due to noise in detecting the interface accurately. Therefore necessary
tilt compensations are needed using these measurements.

(a) Z values of interface summarised in an excel file (b) Plotting the surface using mapped points in MATLAB

(c) Tilts along x for various ordinates (d) Tilts along y for various abscissa

Figure D.4: Tilt measurement methodology. This firstly involved mapping 36 points and plotting them in Excel or MATLAB, as shown in
(a,b). Then the variation of tilt angles is calculated along x for different ordinates and similarly along y for different abscissa (c,d). The

average of these tilt values yield the tilt angles inx and y directions.





E
Other factors affecting bone regeneration

This section systematically discusses the literature on factors other than surface topography that affect bone
regeneration.

E.1. Cell types involved
These are cells that are capable of proliferation and are unspecialised [96, 97]. They can differentiate into
specific lineages in presence of appropriate cues/signals in their microenvironment, thus making them dif-
ferent from the other cell types [97]. The ease of cell extraction, multipotency, and less stringent rules for their
use, make Mesenchymal stem cells (MSCs) the ideal source for bone tissue regeneration. Fig E.1 depicts the
differentiation of MSCs into various lineages. MSCs are stimulated to differentiate into pre-osteoblasts using
appropriate physical and biochemical cues/factors [3].

Figure E.1: Differentiation of Mesenchymal stem cells into different lineages. Reproduced from[54]

• Embryonic stem cells:
These are derived from the inner mass of the embryo’s blastocyst [96]. They are pluripotent and thus
can give rise to every other cell type in the human body [98]. These are difficult to obtain and face
problems due to ethical reasons.

• Tissue-specific stem cells:
These cells are much more specialised than the embryonic type and give rise to very specific type of
lineages [96, 97]. The example of such a type would be the hematopoietic stem cells that can only
differentiate into various blood cell types [96].

• Mesenchymal stem cells:
These are multipotent stem cells that are less potent than embryonic stem cells but can differentiate
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into osteoblasts (bone cells), chondrocytes (cartilage cells), myocytes (muscle cells), adipocytes (fat
cells) or more [13, 26, 99]. They are most commonly employed in bone-regeneration and are usually
obtained from the aspirates of bone-marrow, adipose tissue or the umbilical cord tissue [3, 13, 26, 100].
MSCs are commonly used in such studies instead of other stem cell types since they possess the ability
to self-renew and proliferate under appropriate conditions. They can be derived from small aspirate
volumes from adults [54] and thus involve dealing with lesser ethical concerns and regulations.

• Induced pluripotent stem cells:
These cells are developed by engineering adult cells (such as skin cells) to induce pluripotency by in-
troducing certain genes into the adult cells [96, 98, 101]. These are highly promising due to the ease of
obtaining them and lesser ethical concerns surrounding them.

E.2. Biomaterials
The extracellular matrix (mimicked using a scaffold/substrate) acts not only as a material for seeding cells,
but also provides with the necessary mechanical and structural properties(cues) for the tissue, the required
growth factors for their proliferation and differentiation as well as the signalling molecules for facilitating cell
attachment and migration [8]. Some studies also involve the use of decellularised ECM as a biomimicking
substrate for cell seeding and is produced by growing cells in-vitro, followed by a decellularisation procedure
[102–104]. The current generation of biomedical materials aim at achieving bioactivity and(or) bio-resorption
and promoting osteoconduction and osteoinduction while being able to mimic the cellular microenviron-
ment. The most commonly used natural polymers for bone regeneration include Collagen type-I, Gelatin (a
denatured form of collagen), Silk, Hyaluronic acid, Alginate and chitosan [3]. Owing to its presence as the
major component in bone tissue, collagen would probably be the most suitable material for a bone regener-
ation. This however, is limited due to problems with production, risk of infection and tuning their properties
and hence they are usually mixed with or replaced by other natural, synthetic (Polyesters, Copolymers) or
inorganic biomaterials (ceramics, metals, composites) to increase strength, tune porosity or load growth fac-
tors/signalling molecules onto the substrate [105]. In general, synthetic polymers may be particularly suited
in simulating the tissue regeneration microenvironment due the ease of tuning their properties (chemical,
physical as well as mechanical), lower risks of degradation/infection and high reproducibility. Incorporating
these into a graft would thus allow a systematic variation of the culture conditions [106].

Table E.1: Different biomaterials and fabrication techniques for bone scaffolds

Class of Material Components Fabrication Techniques Resolution/ Feature
size Fabricated

References

Natural Polymer

Collagen

Multi photon polymerisa-
tion using photo-initiators
such as flavins, modified
Benzophenone dimer and
Rose Bengal di-isopropyl
amine

1µm [107], 1.06µm
[87]

[87, 107–109]

Collagen Hydrogel re-
inforced with randomly
oriented Silk fibroins

Diameter of silk mi-
crofibers was 15µm:
limited due to fibre
production method

[110]

Low temperature 3D print-
ing

600µm rods printed [111]

Electrospinning pure colla-
gen fibres

Down to 100nm
[112, 113]

[112, 113]

Electrospinning colla-
gen fibres with Chitosan,
poly (L-lactic acid-co-ε-
caprolactone) (P(LLA-CL))

226nm mean diam-
eter based on weight
ratios (without toler-
ances)

[114]

Lyophization (freeze- dry-
ing)

70µm mean pore
size (based on con-
centration of colla-
gen in solution)[115]

[115]
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Table E.1 – Continued from previous page

Chitosan
Freeze-Drying Chitosan-
Alginate solution and cross
linking using C aC l2

100 − 300µm pore
size

[116, 117]

Free-drying chitosan-
Hydroxyapatite hydrogel
and then immersed in RGD
solution

400µm pore size [3, 118]

Silk
Electrospinning silk fi-
broins

700nm [119],
800nm [120]

[119, 120]

Freeze drying silk fibroins
dissolved in different sol-
vents and then leaching out
NaCl particles

250 − 500µm for
aqueous solu-
tion pores while
500 − 1000µm pores
using hexafluoro-
2-propanol (HFIP)
solvent

[23]

Hyaluronic acid
Electrospinning Few tens of nm (de-

pending on the air
blow temperature)

[121]

Photocuring hyaluronic
acid hydrogel loaded
with Simvastatin(SIM),
an osteogenic agent, 2-
aminoethyl methacrylate
(AEMA) (a crosslinking
agent) and Photocuring
agent Irgacure D-2959

Porosity and pore
sizes not evalu-
ated but pore sizes
increase with in-
creasing AEMA
content

[122]

Synthetic Polymer
Polyesters

Particle leaching calcium
acetate out of a cross
linked formulation of
Poly(Propylene Fumarate)
and Hydroxyapatite

Not evaluated but
increasing poros-
ity with increasing
Calcium acetate:
Hydroxyapatite ratio

[123, 124]

Leaching out gelatin from
freeze dried Poly(L-lactic
acid)/gelatin solution

280−450µm pores [125]

3D printing Polycaprolac-
tone scaffold, dipped in
Platelet rich-plasma and
freeze dried

250−380µm pores [19]

Copolymers
Electrospinning poly
(L-lactic acid)-co-
poly-(ε- caprolac-
tone)/silk fibroin/ascorbic
acid/tetracycline
hydrochloride
(PLACL/SF/AA/TC)

228 ± 62nm mini-
mum fibre diameter,
1.5µm pore size

[126]

Solutions of Poly(ethylene
glycol)-Poly(caprolactone)-
Poly(ethylene glycol)
or PEG-PCL-PEG tri-
block copolymer (PECE),
collagen and nano-
hydroxyapatite mixed
to obtain a hydrogel

A few to 40µm pore
sizes

[127]
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Table E.1 – Continued from previous page

Ceramic
Bioglass Compacting a mixture of

45S5 Bioglass® and poro-
gen Polyvinyl alcohol fol-
lowed by sintering leading
to porous bioglass scaffolds

Porosity and pore
sizes undetermined.
Presence of macro
and micropores
with former ranging
in hundreds of mi-
crons and the latter
in order of few tens
of microns or lesser
(according to SEM
images)

[128]

Coral Hydroxyap-
atite (CHA)

Hydrothermal conver-
sion of coral skeleton to
Hydroxyapatite

100−600µm average
pore size

[129, 130]

Metal
Magnesium Compacting Mg powder

with volatile spacer materi-
als and sintering to create a
Mg foam

Micropores of sev-
eral microns diame-
ter and macropores
of 200−500µm

[131]

Titanium Selective Laser Melting
(SLM) of Ti6Al4V

240 − 730µm pore
size, thickness of
120 and 240 µm in
two variants

[132]

Tantalum Chemical vapour deposi-
tion of Tantalum on a poly-
meric foam material

400 − 700µm pore
size

[133]

Composite
PCL/HA Electrospinning PCL fibres

containing Nano-apatite
320−430nm fibre di-
ameters

[134]

Collagen/Calcium
Phosphate cement

Collagen fibres added
to a mixture of Alginate
microbeads and Calcium
Phosphate cement paste
(C a4(PO4)2O +C aHPO4)

Porosity and pore
sizes not deter-
mined. Collagen
fibre diameters from
0.1 to 3µm, alginate
microbeads from
20−100µm

[135]

E.3. Young’s Modulus (E)
As the culture substrate is intended to mimic the ECM of the tissue to be regenerated, it should be stiff enough
to be able to provide the right microenvironment for the stem cells [26]. The modulus of elasticity affects cell
proliferation, attachment, shape, spreading, migration as well as differentiation [136–142]. For bone regen-
eration, rigid substrates that enhance cell spreading, migration and lead to a well-defined cytoskeleton are
preferred [140, 143, 144]. It has been found that soft substrates with modulus in the order of 0.1 to 1 kPa lead
to neural differentiation while those from 8-17 kPa lead to myogenic differentiation and those above 34 kPa
lead to osteogenic differentiation of MSCs [26, 98, 145–147]. Substrate elasticity also has a more deciding role
to play than the addition of appropriate growth factors alone [145]. It would be necessary in the future to
analyse that to what extent the substrate’s Young’s modulus influences bone regeneration in the presence of
other physical, mechanical and bio-chemical cues.

E.4. Porosity
Porosity refers to the percentage of void space present in a material [26]. Porosity, pore size as well as pore
interconnection have a considerable impact on bone regeneration. A porous structure would allow vascular-
ization, transport of minerals and oxygen, removal of waste products as well as provide an enhanced area to
the cells for seeding and migration [148–150]. Porous structures also allow interlocking with the natural bone
in-vivo especially for implant based applications [148, 151]. The presence of microporosity and nanoporos-
ity within the material also plays a key role by providing a surface for protein adsorption and cell seeding
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[148, 152, 153]. Higher scaffold porosity and pore sizes favour bone regeneration through enhanced osteo-
conduction and capillary formation due to increased surface area [1, 26, 154].
It has been reported that pores smaller than 100 µm in scaffolds hinder vascularisation [1, 155]. Pores even
smaller than this may lead to non-mineralization and fibrous tissue formation [148, 155]. Too large pores
would however lead to a compromise with the structural stability and reduce the area available for cell at-
tachment [1, 156]. The porosity and pore sizes must be optimised to make sure that the structure is strong
enough while its regeneration potential is not compromised with. There is no fixed pore size or porosity value
available due to variations in reported values in literature [149]. This is attributed to the different cell types
and sources employed as well as various fabrication techniques and biomaterials used in fabrication [26].
For scaffolds, macro as well as micro/nano porosity can be controlled while this is rather difficult for 2D/2.5D
cultures.

E.5. Culture medium and growth factors
As mentioned before in section 1.1, the osteoblasts produce the ECM during bone formation constituted
mainly by collagen, traces of glycoproteins (such as Alkaline Phosphatase (ALP), Osteopontin (OPN), Osteo-
calcin (OCN) etc.) and proteoglycans that provide compressive strength and growth factors (such as Bone
morphogenic proteins (BMPs), Fibroblast growth factor (FGF), Transforming growth factor- β (TGF-β) etc.)
[3]. These growth factors (proteins) can be coated or adsorbed onto the scaffold, incorporated into hydrogels
(via diffusion for example) or encapsulated into microparticles [157, 158] to enhance bone regeneration by
acting as a biochemical cue. Detection of ALP, OCN and OPN for example is also indicative of osteogenesis
during bone regeneration. The solution properties such as its pH has also been identified as a key factor af-
fecting the bone regeneration during fracture healing. An acidic microenvironment (pH = 6.4) for example,
leads to the death of osteoblasts while an alkaline environment (pH = 7.4) increased cell viability [159].

The dynamic cell culture medium also exerts a shear force (owing to the laminar flow) onto the cells that
acts a mechanical cue influencing their adhesion and morphology [48, 160]. Govey et al. pointed out that cells
in bone also experience such a shear stress with at least 75% of the cells experiencing a force of 5 d ynes/cm2

[161]. Different mechanical forces acting on the cells within their dynamic microenvironment (including
those due to the neighbouring cells, substrate elasticity, topography or fluid flow) affect cell fate or behaviour
through various mechanobiological transduction pathways. Yang et al. and Kurth et al. highlighted the use
of a microfluidic platform to conveniently control the shear force that acts on the cells as well as integrating
this with the micro/nanotopographical cues within the same device [49, 160].





F
More about the 2PP process

F.1. Concept
A monomer along with a photoinitiator is employed in 2PP based fabrication. The photoinitiator upon ac-
tivation using photons of appropriate energy, forms reactive species. These reactive species combine with
the monomer to create polymeric chains, thus propagating the reaction until a saturation point at which the
reaction terminates. The concept can be illustrated via the following equations from [79]:

PI
2hν−−→ PI∗ −→ R• . . . Initiation

R •+M −→ R −M• . . . Progression

RM •+RM• −→ R −M −M −R . . . Termination

Where PI is the photoinitiator, PI* is the excited state of PI molecule and • is a free radical generated, M is
the monomer molecule And ‘-‘ symbolises a covalent bond.

F.2. Tuning Young’s modulus using 2PP
There is a lack of literature quantifying the mechanical properties of structures fabricated via 2PP. This can
probably be attributed to the large number of interdependent parameters(laser, scanning as well as geomet-
rical factors) influencing the structural strength . A few studies have reported the effect of laser power on the
Young’s modulus of the structures [162, 163]. Lemma et al. and LaFratta et al. concluded that an increasing
laser power causes the structures to become stiffer (provided it is in the permissible range of fabrication for
the resin) [163, 164]. For the IP series of photoresists, it was concluded that the Young’s modulus (E) shows a
linear dependence on the laser power and produces a hyperelastic respsonse at higher powers for structures
with similar dimensions. The linear trend was not seen for ORMOCER and SU8 resists. This is shown in fig-
ure F.1. However, the absolute Young’s modulus values vary within the literature. For example, Daraio group
reported the maximum E for SU8 around 5 GPa while Lemma et al. found the maxima to be around 3 GPa
(see figure F.1) [164, 165]. This difference is quite large and thus depicts the lack of reliable E values for such
photopolymerisable materials.

F.3. Popular acrylate based resins used in 2PP
Nanoscribe GmbH provides with the following commonly used photoresist materials to fabricate structures.
These have been summarised in table F.1.
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Figure F.1: The effect of laser power on the material’s Young’s modulus (E). Reproduced from [164]

Table F.1: Commonly used 2PP resins

Material Features Advantages Disadvantages References
IP-Dip Liquid resist; used

with high aperture
objectives; E= 0.5 –
3.5 GPa; used with
direct immersion of
objective lens

High resolution (sub
100 nm); ready to
use; drop casted;
good adhesion to
glass

Lower E than SU-
8, IP-G; moderate
shrinkage

[82, 164, 166]

IP-L Liquid resist, drop
casting onto sub-
strate; E = 1-2 GPa;
Oil immersion of
objective

Low shrinkage; high
resolution (sub 100
nm); good adhesion
to glass; no pre or
post baking needed;
low shrinkage; ready
to use; drop casted

Low mechanical
strength

[82, 164, 166]

IP-S Liquid negative re-
sist, direct immer-
sion of objective

Low shrinkage; fast
structuring of large
features; good adhe-
sion to glass

Moderate resolution [82, 166]

IP-G Sol-gel resist, high
viscosity drop cast-
ing; E = 2-3.5 GPa

Low shrinkage; high
resolution up to 100
nm resolution; good
adhesion to glass; no
post baking needed;
low thermal stresses;
highest E among IP
resists; drop cast or
spin coat; complex
3D structuring pos-
sible

Prebake needed [82, 164, 166]

SU8 Liquid negative re-
sist; Young’s modu-
lus of about 5 GPa
(higher than Ormo-
comp and IP resists)

Ease of availability;
Available in differ-
ent viscosities to
tune film thickness;
highest E

Spin coating
needed; post bake
needed

[164, 165]
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Table F.1 – Continued from previous page
Ormocomp® Liquid negative re-

sist; E = 1-1.5 GPa
Ready to use; drop
cast; highly trans-
parent; good ther-
mal and mechanical
stability; Biocom-
patible

Low mechanical
strength; medium
shrinkage (5-7%)

[164, 167]
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