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Abstract

There is an increasing interest in combining micro- and nanotechnology with
mass-fabrication techniques for clinical applications such as diagnostics and
therapeutics. One of the most promising strategies for developing a cancer vaccine is
immunotherapy based on dendritic cells (DCs). However, major challenges such as
high cost and low efficiency still limit its widespread use. The cost per treatment could
be reduced by using closed and automated cell culture systems to eliminate infections
and reduce manual labor. Furthermore, the efficiency could be increased by using low-
cost isolation methods for DC precursor cells, such as surface-immobilized capture
antibodies, as well as less invasive methods for harvesting cell cultures, such as cell
cultureware with nanoscale surface topography to reduce cell adhesion.

In this thesis we demonstrate the replication of sub-250 nm pillars in cyclic
olefin copolymer (COC) over large surface areas by injection molding, using
nanostructured mold inlays patterned by high-throughput deep-UV stepper
photolithography. Injection molding at constant mold temperature below the glass
transition point was significantly improved using nanostructured ceramic hydrogen
silsesquioxane (HSQ) coatings on stainless steel mold inserts, compared to more
traditional Ni mold inlays formed by electroplating. Numerical simulations suggested
that the thermal isolation of HSQ films retards the cooling of the polymer melt, thus
allowing more time to fill nanoscale cavities on the mold. In addition, the homogeneity
of low surface-energy mold coatings could be improved by coating molds with silicon
dioxide prior to deposition of fluorinated silanes.

We successfully demonstrated the transfer of functional proteins from a mold
surface to thermoplastic replicas using injection molding in a process compatible with
mass production of single-use devices for molecular analysis and cell culture. The
transfer process was highly efficient, as verified by atomic force microscopy (AFM)
and x-ray photoelectron spectroscopy (XPS) of the mold and replica surfaces. Both
ink-jet printed sub-100 um homogeneous spots of avidin and patches of capture
antibodies were transferred using this method. Transferred avidin retained its biotin-
affinity as shown by fluorescence microscopy and monocyte-capture from biotinylated
anti-CD14 antibodies in a microfluidic channel. Injection molded rabbit anti-mouse
IgG showed similar affinity for mouse 1gG in sandwich enzyme-linked immunosorbent
assay (ELISA) as capture antibodies deposited by passive adsorption to bare
thermoplastic replica. The transferred proteins were stable during incubation in serum-
containing cell medium for >1 week.

Finally, disposable polymer chips were fabricated by injection molding and
ultrasonic welding for the generation of a large number of mature DCs in a closed
microfluidic perfusion culture. By using low gas permeable tubings and chip materials,
a constant pH and bubble-free culture medium was maintained for 7 days outside a
CO; cell incubator. Numerical simulations of oxygen transport were performed to
establish guidelines for medium exchange rates in an impermeable culture system.
Maturation of CD83" mature DCs generated from CD14" monocytes was
demonstrated inside the disposable culture chip, with a yield almost equal to standard
culture procedures in an open Petri dish. This indicates that closed chip-culture
systems, with further optimization of the perfusion parameters, are a promising
strategy to increase automation and reduce cost of currently used procedures for cancer
immunotherapy.






Resumé

Der er stigende interesse for at kombinere mikro- og nanoteknologi med
massefabrikationteknikker til kliniske anvendelser sasom diagnostik og terapi. En af de
lovende strategier til udvikling af en cancervaccine er immunterapi baseret pa
dendritceller (DC). Store udfordringer i form af hgje omkostninger og lav effektivitet
begraenser imidlertid dens bredere anvendelse. Prisen pr. behandling kunne reduceres
ved at bruge lukkede og automatiserede systemer til celledyrkning for at undga
infektioner og for at reducere antallet af personaletimer. Effektiviteten kunne
endvidere gges ved at bruge billige metoder, fx overflade-forankrede antistoffer, til
isolering af forstadierne til dendritceller og ved at minimere celleskader under
cellehgstning gennem brug af dyrkningsoverflader med nanoskala overfladetopografi
for at minimere cellevedheftning.

I denne afhandling demonstrerer vi replikation of sub-250 nm sgjlestrukturer i
cyclisk olefin copolymer (COC) over store overfladearealer ved sprgjtestgbning
gennem brug af nanostrukturerede formindleeg menstret med dyb-UV fotolitografi pa
en hurtig “stepper”. Sprgjtestebning ved en konstant formtemperatur lavere end
polymerens glasovergang blev markant forbedret ved at anvende nanostrukturerede
keramiske hydrogen silsesquioxane (HSQ) belegninger pa formindleg af rustfrit stal
sammenlignet med more traditionelle formindleg af nikkel fremstillet ved
elektroplatering. Numeriske simuleringer indikerer at den termiske isolering af HSQ
film forsinker afkglingen af polymersmelten, hvilket giver lengere tid til at fylde
nanoskala fordybningerne i formen. Endvidere kunne homogeniteten af
formbelaegninger bestdende af fluorerede silaner med lav overfladeenergi forbedres
ved at farst at beleegge formen med siliciumdioxid.

Vi demonstrerer overfagrsel af funktionelle proteiner fra en formoverflade til
replika i termoplast under sprgjtestabning i en proces der er fuldt forenelig med
masseproduktion af engangs-udstyr til molekyler analyse og til celledyrkning.
Overfarslen er meget effektiv, hvilket blev dokumenteret med atomic force mikroskopi
(AFM) og rantgen fotoelektron spektroskopi (XPS) af overfladerne pa formene og
replikaerne. Savel ink-jet printede sub-100 um diameter homogene omrader af avidin
som mgnstre af indfangningsantistoffer blev overfert med denne metode. Overfort
avidin bevarede sin affinitet for biotin hvilket blev vist med fluorescensmikroskopi og
med indfangning af monocytter pa biotinylerede anti-CD14 antistoffer i en mikrofluid
kanal. Kanin anti-mus IgG overfart ved sprgjtestgbning viste sammenlignelig affinitet
over for mus IgG i sandwich enzyme-linked immunosorbent assay (ELISA) som de
samme indfangsningsantistoffer deponeret ved passiv adsorption pa rene termoplast
replika. De overfgrte proteiner var stabile ved inkubation i serum-holdigt
celledyrkningsmedium i >1 uge.

Slutteligt blev der ved sprgjtestgbning og efterfelgende ultralydssvejsning
fremstillet engangs-polymerchips til produktion af store antal DCer i et lukket
mikrofluidt perfusionsmiljg. Anvendelse af slange- og chip-materialer med lav
gaspermeabilitet gjorde det muligt at opretholde konstant pH i et boblefrit dyrknings i
7 dage uden for en CO, inkubator. Numeriske simuleringer af oxygentransport blev
udfgrt for at fa retningslinier for hvor ofte mediet skal udskiftes i et impermeabelt
dyrkningssystem. Opmodning af CD83" modne DCer stammende fra CD14"
monocytter blev demonstreret i engangs-polymerchippen med et udbytte
sammenligneligt med det som blev opnaet ved standard dyrkningsprocedurer i en aben



petriskal. Disse resultater tyder pa at lukkede dyrkningssystemer, efter yderligere
optimering af perfusionsparametrene, kan vere en lovende strategi til at @ge
automatiseringen og til at reducere omkostningerne sammenlignet med de nuvarende
procedurer til cancer immunterapi.
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1.1 Motivation

1.1.1 Cancer immunotherapy

Through evolution, our immune system has developed elaborate defense
mechanisms in response to various infectious agents, such as viruses and bacteria.
Inflammation is one of the earliest responses by the non-specific innate immune
system, caused by “danger” signal released by damaged cells. In the case of a growing
tumor, this can be triggered by toxic stress due to cell deformation and disruption of
the local microenvironment [1]. However, tumors are often able to evade immune
recognition; by physically excluding immune cells from tumor sites [2], reducing
expression of antigen receptors of immune cells [2], secreting proteins that interfere
with immune activation [3], or by blocking production of pro-inflammatory factors [4].
Cancer immunotherapy attempts to bypass these obstacles and enhance the ability of
the immune system to recognize and target tumor cells.

Three main strategies exist for cancer immunotherapy: (1) activation of the
innate immune system through injection of antibodies against anti-inflammatory
signals, e.g. anti-cytotoxic T lymphocyte antigen-4 (CTLA-4), or cytokines (IL-2 and
IL-12), (2) passive administration of antibodies or activation of B-cells to increase
antibody production (humoral immunotherapy), (3) or infusion of ex vivo modified
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immune cells to initiate an immune response (cell-based therapy) [1]. Cell-based
therapies aim to create an anti-tumor response by T-cells, in order to both eliminate the
tumor and achieve a long-term memory to prevent tumor recurrence. To mediate anti-
tumor activity, T-cells must first be activated by antigen-presenting cells (APCs)
expressing the tumor antigen on the outer cell membrane together with the major
histocompatibility complex (MHC).

One of the most important APCs are the dendritic cells (DCs) [5]. They
normally reside in an immature state in the peripheral tissue, such as the skin, or in the
blood circulation. DCs exposed to antigens process them into small peptides expressed
on the surface as they mature and start migrating towards the lymph node [6]. There
they present those peptides to naive helper T cells (CD4+) and cytotoxic T cells
(CD8+), inducing a cellular response [7]. DCs are also capable of activating memory B
cells [8].

Cancer vaccines that activate both the innate and adaptive immune system
through DCs are very attractive. However, efficient delivery of tumor antigens in vivo
is very challenging. Therefore, most studies are based on ex-vivo generated DCs, as
this allows more controlled conditions for activation and delivery of antigens, which
again allows a more well defined and optimized vaccination scheme. Figure 1-1
summarizes the main steps involved in a DC-based cancer immunotherapy.

Harvest Culture monocytes with
immune cells cytokines to differentiate
(monocytes) to dendritic cells
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Figure 1-1. Schematic overview of the different steps in cancer immunotherapy using
monocyte-derived DCs. Monocytes are extracted from the patient’s blood and
differentiated into dendritic cells by addition of cytokines. Matured DCs are finally
transfected with mRNA encoding a tumor antigen, before they are injected back into the
patient where they can trigger a specific immune response [7].

DCs can be generated by differentiation of monocytes, which are derived from
peripheral blood extracted from the patient [9]-[11]. After lysing the red blood cells,
the peripheral blood mononuclear cells (PBMCs) are sorted by adherence to a plastic
tissue-culture dish. The non-adherent cells are removed, and the adherent cells are
differentiated to immature DCs in the presence of two cytokines: granulocyte-
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macrophage colony-stimulating factor (GM-CSF) and interleukin 4 (IL-4) [12].While
immature DCs are able to process the antigens they are exposed to, maturation is
required in order to trigger a T-cell response [7]. Maturation of DCs occurs in the
presence of pro-inflammatory cytokines and prostaglandins, which are added to the
culture medium after differentiation [13]. Finally, mature DCs are transfected with
MRNA encoding for tumor antigens by electroporation, before they are injected back
into the patient.

The first therapeutic vaccine to be approved by the FDA in 2010 to treat
prostate cancer was Sipuleucel-T (trade name Provenge) manufactured by Dendreon
Corporation. Although it was first reported to extend the survival by an average of 4
months in Phase Il clinical trials, questions later arose whether the results were
actually significant or not compared to a placebo group [14]. A drawback of the
therapy is the high number of white blood cells that needs to be extracted per treatment
from the patient (25 billion), which in worst case might lead to death [15]. Another
drawback preventing widespread use by the public is the cost of the treatment, which
was $93,000 in 2012 [14]. The reason for the high cost is that each treatment must be
prepared individually for each patient, using autologous cells to avoid adverse immune
reactions upon re-infusion. After extraction of blood cells from the patient, these are
sent to a central manufacturing facility. Rigid safety routines must therefore be
employed to avoid mixing up the cells from individual patients, and to avoid infections
at any point during the treatment.

Some of the limitations preventing widespread use of cancer vaccines may be
addressed using micro- and nanofabrication techniques combined with polymer
injection molding, in order to improve the efficiency of the separation and to reduce
the amount of manual labor required and therefore the cost. These ideas will be
presented in the following sections.

1.1.2 Microfluidic cell culture on chip

In vitro culture of cells is traditionally performed in a static system, typically in
a dish or culture flask, where medium is exchanged manually. In contrast, microscale
cell cultures based on perfusion of medium through a chip offers a better control of the
local microenvironment [16]-[18]. In fact, perfusion culture may more accurately
mimic the in vivo environment for cells that are close to the vascular network,
compared to static culture systems. The supply and removal of nutrients and secreted
factors can be controlled continuously in a microfluidic system. In addition, well-
defined mechanical shear stress can be applied to the cells by laminar flow. Due to the
small length scales involved, several steps of traditional assays can be integrated into a
so-called “micro total analysis system” (UTAS) [19], thereby eliminating the need for
intensive manual handling, often required by specialized technicians. Through
automation and a smaller footprint, microfabricated devices may be operated by less
trained personnel and moved closer to the location of the end-user, whether it is the
local hospital or the doctor’s office.

Another advantage with microfluidic perfusion culture is the possibility to
integrate sensors either on-chip or further downstream, so that the state of the cell
culture can be continuously monitored. The readout can be optical or electrical
(impedance) and can be used to detect changes in pH, dissolved O, or CO,, or to
monitor phenotypic responses (secreted factors, life vs death, etc.) [17], [20]. In the
case of DC generation, optimum culture conditions can be more quickly established as
the cell response can be detected simultaneously for a range of different combinations
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of parameters. For large-scale production of DCs (cell factories), the integration of
sensors can serve as a quality control before the cells are infused back into the patient.

Finally, a closed microfluidic system has the advantage of potentially
eliminating the risk of contamination, in contrast to traditional culture systems for
adherent cells where pathogens may be introduced every time the system is opened.
For the purpose of cancer immunotherapy, this is of critical importance as introduction
of foreign substances with the infused cells could be potentially life threatening to
already immunocompromised patients.

1.1.3 Thermoplastic materials for polymer chip fabrication

The majority of biological research data that has been published relies on cell
culture with thermoplastic materials, such as polystyrene (PS) [21]. PS quickly became
the material of choice as a replacement for glass, due to the low production cost and
high optical transparency. Because of this, it has the major benefit that it can be
disposed after use, eliminating extensive cleaning procedures and risk of
contamination between experiments. High-volume commercial production of polymer
parts is preferably done by injection molding. However, the use of this technique for
the fabrication of microfluidic devices is not as widespread in academia, due to the
high equipment costs [22]. Most academic development of microfluidic cell-based
systems has been focused on using materials, which can more easily be prototyped, by
microfabrication techniques, such as the elastomer polydimethylsiloxane (PDMS).

The discrepancy between the materials and the fabrication methods used for
prototyping in academia and commercial production may hinder the widespread use of
microfluidic devices [22]. Due to the different physical and chemical properties,
results obtained with common prototyping materials cannot be directly translated into
a commercial product. In fact, several researchers noted adverse effects when culturing
cells in microdevices made of PDMS [23]. Therefore, there is a need to use
thermoplastic microdevices fabricated by injection molding for cell culture use also in
academia, in order to bridge the gap between the application and the technology.

1.1.4 Cell purification by phenotype-specific surface immobilization

The specific capture of cells based on their phenotype is important for
multiplexed screening of cell populations, such as leukocytes. For instance,
microarrays of antibodies specific for different surface antigens (clusters of
differentiation) has been used to separate blood cells according to their phenotype
[24]-[26]. A high sorting specificity has been achieved in a microfluidic device, by
seeding cells on a surface covered with antibody spots, followed by washing to remove
non-specifically bound cells [27]. In the case of cancer immunotherapy, monocytes are
isolated from leukapheresis products. However, the total fraction of monocytes in
these samples is low, and therefore they must be captured efficiently to maximize the
yield. This could be achieved by coating the culture substrate with antibodies against
monocyte-specific proteins, such as CD14 [28]. In addition to cell capture, antibody-
coated surfaces are important for high-throughput screening applications, such as
proteomics for the development of personalized medicine [29], [30], and point-of-care
diagnostics [31].

Following the concept of UTAS, it is desirable to integrate the sorting step
together with cell culture on the same chip. In addition, phenotypic sorting of cells
should be performed on antibody immobilized thermoplastic substrates, in order to be



1.1 Motivation 5

compatible with commercial fabrication processes, as discussed above. However,
thermoplastic substrates popularly used in life science besides PS, such as
polycarbonate (PC), polypropylene (PP), cyclic olefin copolymers (COC) and
poly(methyl methacrylate) (PMMA), are inert in their native form and therefore need
chemical modification prior to protein binding [32]. In a production line, this adds an
extra process step and therefore increases the cost of the final product.

An untraditional approach for antibody immobilization is the direct entrapment
of the protein on a polymer surface during injection molding, where pre-adsorbed
proteins on a mold surface are transferred to the polymer replica during shaping. This
method has previously been used to demonstrate successful transfer of avidin,
fibronectin and horseradish peroxidase (HRP) with retained biofunctionality [33]. One
of the advantages of this approach is that immobilization can be combined with
replication of micro- or nanostructures in a simultaneous shaping process, making it a
highly attractive approach for biochip fabrication. Moreover, with automation of the
mold exchange, a cycle time below 30 s per part is achievable, which makes it
compatible with mass-fabrication.

1.1.5 Nanostructured culture substrates for adherent cell harvesting

The surface topography at the nanoscale has been shown to influence cell
behavior [34], generating interest in fabrication of new biomaterials for bone formation
and tissue engineering [35]-[37]. In vivo, cells are surrounded by nanostructures in the
extracellular matrix (ECM). However, culturing cells in vitro expose them to a
physical environment far away from their natural state, since traditional cultureware
does not contain nanotopography. For instance, it has been shown that introduction of
nanostructures affects cell adhesion [34], [38].

Cell adhesion to the ECM is mainly mediated by integrins, a class of proteins
that couple the actin filaments of the cytoskeleton to ECM proteins such as fibronectin,
vitronectin, collagen and laminin. These protein complexes are known as focal
adhesion points. Focal adhesion is mediated by particles on the cell membrane with a
diameter of about 25 nm and a spacing of about 45 nm [39]. It has been shown that cell
adhesion is dependent on the distance between focal adhesion sites; a large spacing
significantly reduces the adhesion to the substrate [40]. With the introduction of
surface topography, the cell membrane needs to be flexible in order to establish a
sufficient number of adhesion points. The link between cell adhesion and
nanotopography is likely depending on whether the cell can establish a conformal
contact with the substrate or not. As the feature-size of structures on the surface
becomes smaller and the roughness increases, the accessible surface area for adhesion
may therefore be reduced.

Adherent cells cultured inside a microfluidic device may be challenging to
harvest for further use at the end of a culture. They can be removed mechanically by
applying a shear stress through laminar flow in the culture chamber. However, a high
shear stress level may be detrimental for the culture and lead to cell death. Addition of
calcium-chelating agents (ethylenediaminetetraacetic acid, EDTA) or peptide-cleaving
enzymes (trypsin) leads to cells being loosened from the surface, but again it may
either be inefficient or have detrimental effects on cell function or viability [41]. By
introducing nanotopography on the culture surface, the adhesion may be lowered by
reducing the surface area available for adhesion, thus, reducing the level of shear stress
required to remove cells.
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1.2 Project goal

The aim of the project was to contribute with technological solutions for a
more efficient cell-based cancer immunotherapy. The goal of the project was divided
into three main sub-tasks:

1. To fabricate a closed culture chip made entirely of injection molded plastics with
integrated sorting of monocytes from PBMCs, followed by culturing for 7 days,
where the monocytes should differentiate and become mature DCs, and finally to
harvest viable cells with a high yield.

2. To integrate cell-binding proteins on the surface of injection molded culture
substrates, with the purpose of achieving specific capture of monocytes from
PBMC:s.

3. To incorporate well-defined nanostructures on the surface of injection molded
plastic over large length scales (~cm?); with the purpose of reducing the shear
stress necessary to harvest DCs by modifying cell adhesion.

Common to all sub-tasks is that they involve polymer fabrication using injection
molding, which is the industrially preferred method for mass-fabrication. In this way,
the obtained results can be more easily translated into a commercial product, since the
methods and materials used are similar. Although the main application of this project
was cancer immunotherapy, other possible applications should not be excluded, as
discussed more detailed hereinafter.

1.3 Outline of the thesis

The following chapters in this thesis are divided into three main parts:

e The first two chapters deals with the aspects around fabrication of polymer replicas
with nanostructured surface topography, as an attempt to control the behavior of
adherent cells during sorting and culture. Chapter 2 Large Area Master and Mold
Fabrication, deals specifically with the generation of silicon masters with sub 250
nm patterns on full wafer-scale using deep-UV lithography, fabrication of nickel
shims by electroplating, and finally surface modification to reduce mold adhesion.
Chapter 3 describes the replication of nanopatterns into the surface of polymer
replicas, with special emphasis on using low mold temperatures to achieve higher
throughput.

e The two next chapters describe protein patterning on nickel shims, functional
integration on polymer replicas during the injection molding process and the
application for cell capture and immunoassays. Chapter 4 Protein Patterning for
Monocyte Isolation deals with the deposition of micro-sized avidin spots on flat
and nanostructured mold surfaces, with emphasis on how to improve spot
homogeneity, and the functional transfer to polymer replicas. Finally, the cell
adhesion to various functionalized surfaces under well-defined shear stress is
examined. Chapter 5 Antibody Immobilization by Injection Molding, describes
how antibodies can be transferred from a mold surface to a polymer replica, and
their retained affinity for antigen-capture demonstrated by ELISA.
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The two last chapters describe the fabrication of thermoplastic chips and the
generation of a large number of DCs inside a closed microfluidic perfusion system.
Chapter 6 Polymer chip fabrication and simulation of perfusion culture, deals
with chip fabrication using injection molding and ultrasonic bonding, simulation of
oxygen transport inside a perfusion system, as well as the various challenges and
possible solutions of operating a microfluidic culture system outside the
environment of a traditional cell culture incubator. Chapter 7 On-Chip Generated
Dendritic Cells describes the selection of monocytes from a mixed cell population,
and the subsequent differentiation and maturation of DCs during a perfusion
culture. The constructed perfusion system is compared to culture experiments
performed in a traditional Petri dish.
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2.1 Introduction

Production of polymer surfaces with nanoscale topography for cell culture has
gained interest in the last decade, due to the increased understanding of the influence it
has on cell behavior. A potential application of nanostructuring is to control the cell
adhesion on culture substrates [34], [38]. Adherent cells, such as monocytes and DCs,
may be generally difficult to harvest for further processing, without applying high
shear forces or chemicals that may compromise the cell viability [42]. Nanoscale
surface topography for reduced cell adhesion may therefore potentially be a less
harmful route to harvest highly adherent cell cultures.
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Cancer immunotherapy requires culture of a large amount of cells, up to around
5x10° cells [43]. Thus, even with a relatively high cell density of an adherent
monolayer (2x10° cells/cm?), culture substrates with a large surface area are required
(>1000 cm?). Nanoscale patterns can be defined with lateral resolution below 10 nm by
using electron beam lithography (EBL) [44]. However, because EBL is a serial process
with writing times ranging from a few h to days for ~ 1 cm? area depending on the
density and complexity of the pattern, it is not economical feasible for the generation
of large patterned areas.

Optical photolithography, which is a parallel process, is capable of patterning
large areas at a significantly higher throughput compared to EBL. Industrial scale
production of integrated circuits are commonly performed with projection lithography,
which uses a lens system to form an image of the photomask pattern, often reduced by
a factor up to five times [45]. Stepper systems are able to transfer the reticle pattern by
repeated exposure across the wafer, by using a motorized stage to move or “step” the
wafer in a pre-defined grid. Through a low stitching error the same pattern can be
joined together to form a continuous array of nanostructures across the entire wafer.
By using a stepper system based on deep ultraviolet lithography (248 nm illumination
source), the fabrication of silicon masters with continuous arrays of holes with sub-250
nm feature size over ~ 100 cm? for mold inlay production and subsequent replication
by injection molding, will be demonstrated.

For injection molding processes involving tens of thousands of replication
cycles, it is important that micro- and nanostructures on the mold insert are preserved,
which requires materials that are both hard and resilient to be able to withstand the
high forces exerted during injection and demolding. Silicon [46] and quartz [47] has
previously been used directly as mold materials, however, because these materials are
very brittle, the use is limited to prototyping purposes where only few cycles are
needed.

With the development of LIGA® fabrication processes for high aspect ratio
microstructures, nickel shims formed by electroplating from a metallized silicon or
photoresist master have become the standard insert material for micro- and nano-
replication [22], [48]. Although LIGA processes are time-consuming, especially if
thick inlays are required, it is the most suitable method to produce metal molds with
features below 10 um due to the high precision. Nickel has a high thermal conductivity
like most other metals, which leads to fast heat dissipation from the polymer melt
during mold filling. Although rapid cooling of the polymer leads to lower cycle times,
it is detrimental to filling of nanostructures on the mold surface due to an early
formation of a solidified polymer skin layer [49].

For micro- and nano-replication, it would therefore be advantageous to use
mold materials that has both a high mechanical strength and a low thermal
conductivity. One such material may be hydrogen silsesquioxane (HSQ), which is a
soluble organosilicon compound that forms a ceramic coating after thermal curing.
HSQ thin films are established in commercial integrated circuit production as a
precursor for interlayer dielectrics [50] and as an EBL resist with lateral resolution
down to 5 nm [51]. For polymer shaping, structured HSQ films on silicon have
previously been used as stamps for nanoscale features by hot embossing [52], [53]. In
addition, planar HSQ films have been used as a surface coating on steel molds to lower
the surface roughness [54] with a demonstrated injection molding lifetime of at least
10 000 cycles without measurable wear. In this chapter, the fabrication of Ni shims by

! German acronym for Lithographie (lithography), Galvanoformung (electroplating), Abformung
(molding)
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electroplating as well as hybrid molds consisting of a film of HSQ with imprinted
nanostructures on a stainless steel mold using master structures defined by DUV
lithography, will be discussed.

Finally, the adhesion between the mold surface and polymer replica is
important for the surface quality of the final part, as high stiction during demolding
can lead to incomplete replication or damage to the mold surface [55], [56]. One
method to reduce the mold adhesion is to coat the surface with highly non-polar
fluorinated silane monolayers such as FDTS, which has routinely been applied on
moving parts in microelectromechanical systems (MEMS) [57], as well as for
improved separation between polymer replica and a molding surface in the format of
stamps for nanoimprint lithography [55], [56], [58]-[60] or nickel inlays for injection
molding [61]-[64]. However, traditional mold metals such as nickel and steel are not
readily oxidized, meaning that the surface density and accessibility of surface hydroxyl
groups for coupling with silanes are low [56], [65]. The result is an inhomogeneous
monolayer with low coverage, which leads to insufficient shielding of the underlying
substrate. One method to improve the anti-adhesive properties of metal molds further
is to apply thin film coatings of SiO, prior to silanization, by sputter coating or atomic
layer deposition (ALD), which has the effect of greatly reducing the stiction between
molds and polymer. ALD has the additional advantage that conformal films are
achieved even for very high aspect ratio structures, by using sequential, self-limiting
surface reactions [66]. Application of HSQ thin films is another method to increase the
reactivity of fluorinated silanes to the mold, as heat treated HSQ forms a silica-like
material. In this chapter, the surface energy of FDTS coatings on different substrates
will be characterized.

2.2 Experimental procedures

2.2.1 DUV stepper system

Nanoscale features was defined using a Canon FPA-3000 EX4 DUV stepper
system. The stepper was equipped with a KrF laser (CYMER ELS-530) having a
wavelength of 248 nm, with a guaranteed minimum line width of 250 nm. The
numerical aperture was 0.6, with a depth of focus of around 700 nm. The mask pattern
was projected onto the silicon wafers with a 5x reduction of feature size. Individual
chips on the reticle could be printed by using programmable aperture blades to shadow
out parts of the reticle.

2.2.2 Reticle design

The masks (6”x67x0.25” quartz) with pellicle films for dust-protection were
manufactured by Compugraphics (Glenrothes, Scotland). The reticle pattern was
written using an ALTA 3900 system, which consists of a “brush” of 32 individual Ar-
ion laser beams (A = 364 nm) scanned in a raster motion, with two passes for averaging
spatial variations. This method allowed writing of features with a width and separation
distance down to 700 nm on the reticle.

Two different reticles were designed during the project; a first-generation
design called “9stripes”, and later a second-generation called “16Box”. An overview of
both reticle designs can be found in Figure A-1 and Figure A-2. The chip area on the
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reticle, i.e. the exposure area, was 110x110 mm?.

The reticle “9stripes” consisted of nine fields spanning the full width of the
chip area (Figure A-1). To achieve a smooth transition between different chips on the
wafer when stitching in both the x- and y-direction, field 1 and 9 was made identical,
with half the width compared to the other fields. Each field contained 0.2-1x10°
squares with different side-length d and pitch p. To minimize the stitching error
between different chips, it was necessary to calculate the pitch in the x- and y-
direction that resulted in an integer number of squares spanning the extents of the field,
with a half-pitch margin on all four borders. Because of this, the pitch for each field
had to be increased by an amount of up to 0.01% of the nominal value, corresponding
to less than 0.5 nm. This level of precision could not be achieved in common mask-
drawing software. Therefore, a script written in IGOR Pro (Wavemetrics) was used to
generate a CIF file with the mask pattern, which was converted to a GDS-II file using
CleWin 4 (PhoeniX Software). Final inspection of the reticle design file was done in
L-Edit 15 (Tanner EDA) before sending to DTU Danchip, which added stepper
alignment marks and ordered the reticle.

The reticle “16Box” consisted of 15 areas filled with hexagons laid out in a
hexagonal array, to allow a denser packing of features as fulfilling the requirement of a
minimal spacing of 700 nm between features, as well one area with “test” patterns and
horizontal and vertical gratings. Each of the sixteen areas were separated by a 1 mm
wide chromium frame, so that individual exposure doses could be addressed to each
field, and that the placement of each area on the wafer could be determined
independently, by using aperture blades in the stepper system. The pitch between
features was specified to fit exactly one half hexagonal unit cell along all four frame
borders (Figure A-2).

2.2.3 Master fabrication

All DUV lithography steps were performed by personnel at DTU Danchip. The
silicon wafers were <100>, n-doped, single-side polished, 4” or 6”, with a thickness of
525 pm and 675 pm respectively. Dispensing, spin-coating, and baking of resist were
performed with a Gamma 2M automated platform (Siss MicroTec AG, Garching,
Germany). To minimize interference effects and to promote adhesion, a 60 nm thick
bottom anti-reflective coating (BARC, DUV42S-6, Brewer Science, Rolla, USA) was
applied by spin-coated, followed by baking at 175 °C for 60 sec. A positive tone
photoresist (JSR-M230Y, JSR Corporation, Tokyo, Japan) was spin-coated to a
thickness of 350-360 nm, and soft baked at 130 °C for 90 sec. Exposure doses ranged
from 180 — 1020 J/m?, depending on the type of structure. A post-exposure bake at 130
°C was employed for 60 sec, before developing in a 2.38% solution of
tetramethylammonium hydroxide (TMAH) in water for 60 sec.

On some wafers, the resist pattern was transferred into silicon by reactive-ion
etching using inductively coupled plasma (ICP-RIE), using the Bosch process with
alternating plasma etching (SFs), and plasma deposition of a passivation layer (C4Fsg),
using an Advanced Silicon Etcher (ASE, STS). This was performed by NIL
Technology. The fabrication of Si masters for the study of heat retardation by
HSQ/steel molds, were instead performed by InMold Biosystems using a continuous
RIE with a Pegasus system (STS; SFe/ C4Fg = 38/75 sccm; P = 4 mTorr; coil/platen
power = 800/40 W; 180 s; T = -20 °C). After etching, residual resist was removed by
ashing using O, plasma.
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2.2.4 Ni shim fabrication

Initial process development of the mold fabrication was performed by the
author, while fabrication of Ni shims using the established procedures was later
performed by NIL Technologies as part of the Polynano project agreement. Ni shims
were fabricated by electroplating from a seed layer deposited either directly on the
DUV stepper resist or on etched silicon. Metallic seed layers were sputter coated with
a Lesker CMS 18 sputter system, using either NiV (1150 s, 157 W, 400 V, 3 mTorr
Ar) with a predicted film thickness of about 130 nm, or with a dual layer coating of Cr
(225 s, 90 W, 300 V, 5 mTorr Ar) and Au (260 s, 100 W, 500 V, 3 mTorr Ar), with a
predicted thickness of about 10 nm and 60 nm, respectively. Chromium was used to
improve the adhesion of gold films on the silicon wafer during electroplating.

Nickel electroplating from both 4” and 6” metallized wafers was performed
with a Technotrans Microform 200 system, using a bath of nickel sulfamate, sulfamic
acid and boric acid, operated at 56 °C and at pH 3.6-3.8. A detailed overview of the
plating programs used for 4” and 6” samples can be found in Figure A-3 and Figure
A-4. The resulting Ni shims had a thickness of 320+10 um. In those cases where
etched silicon was used, the master was separated from the shim by dissolving the
entire wafer in a 28% w/w KOH in water at 90 °C. When the seed layer was deposited
directly on the resist, the master could easily be separated from the shim mechanically.
Any residual resist was removed by plasma ashing. Shims plated from 4” masters were
cut out as 85 mm disks with flats for alignment in the injection molder using a manual
hydraulic press, while shims plated from 6” masters were cut out by laser (532 nm,
20W), using a microSTRUCT vario laser micromachining tool (3D-Micromag AG,
Chemnitz, Germany).

2.2.5 HSQ/steel mold fabrication

Most of the fabrication steps leading to HSQ/steel molds were performed by
InMold Biosystems. Stainless steel substrates with a thickness of 1 mm were cut out
with alignment flats by milling. The substrates were wet polished using a series of
sandpaper with grit size P500, P800 and P1200 (Norton Abrasives, Saint-Gobain),
followed by Al,O3 paper with 5 pm and 0.3 pm mean particle size (Laser Components
GmbH, Olching, Germany). The substrates were cleaned in an ultrasonic bath with 1%
Triton X-100 in MilliQ water at 60 °C for 1 h, followed by a 10 min air plasma
treatment to reduce hydrocarbon contamination. HSQ was subsequently spin-coated at
2000 rpm. Ni shims were electroplated from etched Si, which was patterned by the
DUV stepper using a reticle provided by InMold Biosystems through “Large Area
Nanostructuring Initiative” (LANI, The Danish National Advanced Technology
Foundation). To transfer the patterns from the Ni shim to the HSQ film, an
intermediate elastomeric stamp was fabricated by casting from the Ni shim, and curing
overnight at 120 °C. The patterns of the cured elastomeric stamp were imprinted into
the spin-coated HSQ film, using a spring-loaded press. Afterwards, the HSQ/steel
mold was thermally cured, first at 80 °C for 24 h to remove solvent, and finally at 450
°C for 2 h to allow monomer cross-linking. The hybrid mold was cleaned with 1%
Triton X-100 in de-ionized water in an ultrasonic bath for 10 min, before FDTS-
coating was applied by MVD as described in Section 2.2.7.
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2.2.6 Characterization of nanostructures

Scanning electron micrographs (SEM) of Si masters, Ni shims, and HSQ/steel
mold inserts were acquired on a Supra 40 VP microscope (Carl Zeiss, Oberkochen,
Germany) using 5 kV acceleration potential, and an in-lens secondary electron
detector. The diameter of features (holes and pillars) was measured using the
Gwyddion SPM data analysis software [67]. The edges were detected by the “Zero
crossing step detection method” (Figure A-5), which gives pixels a value of 1 where
the result of the Laplacian of a Gaussians filter changes sign, and all other pixels a
value of 0. A grain threshold method was then used to mark the area inside the edge of
the hole, and the diameter of each grain was calculated by grain analysis.

The HSQ film thickness was measured by optical reflectance at incidence
angles of 0° and 70° using a FilmTek 4000 reflectometer (Scientific Computing
International, Carlsbad, CA). Surface topography micrographs were acquired by
atomic force microscopy (AFM) using BudgetSensor-300 cantilevers for low aspect
ratio features (Innovative Solutions, Sofia, Bulgaria), or Nanosensors AR5T-NCHR
cantilevers for high aspect ratio features (NanoAndMore, Wetzlar, Germany), on an
XE-150 AFM (Park Systems, Korea) operating in intermittent contact mode.

The height/depth of features was analyzed as grains using height threshold
detection in Gwyddion or SPIP 6.2.8 software package (Image Metrology, Harsholm,
Denmark). The background level, defined as the base area surrounding holes/pillars,
was corrected with a 2" degree polynomial plane fit. Each of the 256 line profiles was
then fitted individually with a linear curve (excluding the data above/below the
threshold level). This method was the most reliable to produce a zero-level flat
background. The minimum/maximum height value of each grain (hole/pillar) was
recorded and used to quantify the degree of replication.

2.2.7 Surface modification of molds

The molds were coated with a monolayer of 1H,1H,2H,2H-
perfluorodecyltrichlorosilane (FDTS) using molecular vapor deposition (MVD, MVD
100, Applied Microsystems Inc., San Jose, USA). The process parameters are
summarized in Table A-1. Prior to coating, the empty MVD chamber was conditioned
using oxygen plasma, and the FDTS lines were purged. Ni shims were loaded into the
MVD chamber with the structured side facing upwards (up to five shims loaded per
run), and coated using a multilayer recipe, consisting of oxygen plasma, followed by
four cycles of FDTS and water vapor injection, which were allowed to react for 15 min
each.

To improve the quality of FDTS-coatings on Ni shims, thin film coatings of
SiO;, were deposited on substrates using: (1) radio frequency sputter-coating (1825 s,
157 W, 670 V, 3.5 mTorr Ar), or (2) a two-layer coating process, using atomic layer
deposition (ALD) to deposit 5 nm Al,O3 from AI(CH3); and H,O precursors and
chemical vapor deposition (CVD) to deposit 5 nm SiO, from SiCl, and H,O precursors
(PICOSUN R-150, Picosun Oy, Espoo, Finland). Initial deposition of Al,O3 was used
since it was believed to improve SiO, adhesion to the substrate. Deposition of ALD-
coatings was performed by the Danish Technological Institute (Kenneth Haugshgj).
The shims were compared against FDTS-coated Ni shims, with a 50-100 nm nickel-
vanadium alloy (7% w/w vanadium) seed layer, bought commercially from DVD
Norden (Sakskebing, Denmark).

Advancing and receding contact angles of water were measured optically using
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an OCA 20 system (dataphysics, Germany), by the dynamic sessile drop method,
through adding/removing liquid at 0.1 pL/s and calculating the average equilibrium
angle while the length of the contact line increased/decreased.

The polar and dispersive components of the surface energy was calculated for
FDTS coatings on NiV and NiV coated with Al,O3 and SiO,, by using the Owens-
Wendt method [68]. Details of this method can be found in Section 0. The contact
angles of water, diiodomethane and benzyl alcohol, which has different polar and
dispersive components of the surface tension as listed in Table 2-1, was measured with
the sessile drop method, using a Kriuss DSA100 drop shape analyzer (Kruss,
Germany). Values are reported as average * standard deviation, of at least 5 droplets of
each liquid on each sample.

Table 2-1. Dispersive and polar components of the surface tension of probe liquids used
to measure the surface energy of FDTS-coated samples [69], [70]. ¥ and y? are the
dispersive and the polar components, respectively, of the surface tension, y;.

Surface tension (mN/m)

Liquid YL Yi YL
Water 21.8 51.0 72.8
Diiodomethane 50.8 2.3 48.5
Benzyl alcohol 30.3 8.7 39.0

2.3 Fabrication of Si masters

Full wafer-scale nanopatterning was achieved by the DUV stepper, as shown in
the photograph of a 6” Si wafer with resist after exposure and development (Figure
2-1). During the initial work using the “9stripes” reticle, it was quickly discovered that
different types of structures required exposure doses ranging from 270 — 1020 J/m?, in
order to get well-defined patterns. The optimal doses, defined as the dose that gave a
width (diameter) closest to the nominal values on the reticle after a 5x reduction, are
listed in Table 2-2. In general, fields on the reticle with the smallest width and largest
spacing between features required a larger exposure dose. In addition, the features
appeared as circular holes in the resist, even though they were defined as squares on
the reticle. Therefore, the “width” of features on the reticle will be referred to as
“diameter” in the resist and subsequent replication by electroplating and injection
molding. SEM micrographs of resist patterns exposed with the optimal doses are
displayed in Figure A-6.
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Figure 2-1. Photograph of a 6” silicon wafer with resist patterned by the DUV stepper,
using motifs from the reticle “9stripes”.

Table 2-2. Optimal exposure doses, determined for each type of structure contained on
the reticle “9stripes”. The nominal dimensions after 5x reduction by the projection
system are listed next to the dimensions of holes in resist after development measured by
SEM, given as the average value + standard deviation. In general, the fields with small
width and/or large spacing required a higher exposure dose.

Nominal dimensions I\_/Ieasu_red
dimensions Exposure
Field Width Spacing | Pitch Width Spacing dose
[nm] [nm] [nm] [nm] [nm] [J/cm2]

1/9 160 320 480 179+15 301 1020
2 160 160 320 190+14 130 800
3 240 140 380 239+11 141 270
4 240 240 480 242+7 238 300
5 240 480 720 239+11 481 410
6 200 140 340 201+12 139 400
7 200 200 400 199+10 201 440

8 160 140 300 - - -

Part of the motivation behind using the “9stripes” reticle was to establish a
resolution limit for the lowest hole diameter and spacing that could be achieved with
the DUV stepper. Figure 2-2 shows SEM micrographs of some of the smallest features
on the mask that could be achieved after exposure and development. Field 8, with a
nominal diameter of 160 nm and a spacing of 140 nm, could not be defined for any
exposure dose (a). For structures with a nominal diameter of 160 nm and a spacing of
160 nm and 320 nm (Fields 2 and 1/9, b and c), it was possible to get well-defined
patterns in the resist only if they were overexposed, giving a minimum hole diameter
of about 180 nm and 190 nm, respectively. In addition, underexposure of field 6 with a
nominal diameter of 200 nm, gave a diameter of about 180 nm (d). Finally, the spacing
between larger features could be reduced down to about 80 nm by overexposure (Field
3, ). In general, the resist pattern for the smallest features was more sensitive to
variations in the exposure dose, making the process window very narrow. In addition,
it was also observed that the diameter had a spatial variation across the exposed chips.
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Field 8 Field 2

Measured: Structures ﬁot defined
Nominal: d=160nm,s= 140 nm

Measured: d= 190 nm, s =130 nm
MNominal: d =160 nm, s= 160 nm

Field 1/9 Field 6

Measured: d =290 nm, s =90 nm
Nominal: d=240nm, s =140 nm

Measured: d = 180 nm, s = 300 nm
Nominal: d=160nm,s= 320 nm MNominal: d =200 nm, s= 140 nm

Figure 2-2. SEM micrographs of patterns in DUV resist after development with feature
size below 200 nm. (a) Holes using reticle field 8 (160/300 nm) could not be clearly
defined. (b, c) Holes in field 2 and 1/9 (nominal dimensions: 160/320 nm and 160/480
nm) could only be defined by overexposure (dose: 800 J/m? and 1020 J/m?), leading to
holes with a diameter down to 180 nm and a minimal spacing of 130 nm could be
defined. (d) With underexposure (380 J/m?) of field 6 (200/340 nm), holes with a
diameter and spacing of 180 nm and 160 nm respectively, could be defined. (e) By
overexposure (320 J/m?) of field 3 (240/380 nm), the spacing between holes could be
pushed down to about 80 nm. Error bars are 250 nm.

An AFM topography micrograph of holes in the DUV resist on Si after
exposure and development (240/720, field 5) is shown in Figure 2-3. On average, the
depth was measured to be 330 nm, slightly lower than the expected resist thickness
after spin-coating of 360 nm.
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Figure 2-3. AFM topography micrograph of holes in DUV resist (240/720, field 5) after
exposure and development. The average hole depth was measured to be 330 nm.

In order to pattern large nanopatterned continuous areas, it was desirable to
expose the individual parts of the reticle independently, since it was discovered that the
different structures required widely different exposure doses. This was achieved by
using shutter blades, to block certain parts of the reticle from being exposed. However,
it was discovered that the position of the blades had an inaccuracy of about + 100 pm,
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as well as having a certain edge roughness. Therefore, it was decided to make a second
design, ““16Box’’, which contained 16 different types of structures separated by a
chromium frame of 1000 um width. To be able to increase the density of features,
while maintaining the minimum spacing of 700 nm required by the mask writing
process, the features were defined as hexagons instead of squares, and placed in a
hexagonal array.

The flexibility of patterning nm-scale features over cm® areas was
demonstrated as shown in Figure 2-4, where patterns from the resist were transferred
to a 6” Si wafer by dry etching. The center of the wafer contains four rectangular areas
that each consist of a 2x10 array of chips from fields 9, 10, 11, 13, with average hole
diameters after etching of 251 nm, 249 nm, 255 nm, and 268 nm respectively as
measured by SEM, as well as test structures (field 16), stitched together.

240/380 (9) 240/480 (10)

Etched 6" wafer

3)

Figure 2-4. Left: SEM micrographs of homogeneous 240 nm patterns from the “16Box”
reticle, etched into silicon by reactive-ion etching. Scale bars are 1 um. Right: A
photograph of the etched Si wafer with rectangular fields (10.5x52.5 mm?), comprised of
2x10 arrays of chips stitched together, patterned with structures from different parts of
the reticle. The stipulated line indicates the position of the mold inlay that was later cut
out from the electroplated shim.

The depth of holes etched into silicon from the 240/380 nm pattern (field 9)
was 474 nm as measured by AFM (Figure 2-5). The depth of holes from the other
patterns was also measured, although it was not possible to reach the bottom due to
convolution of the cantilever tip.
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Figure 2-5. AFM topography micrograph and line profile of 240/380 nm pattern after
silicon etching. The average hole depth was measured to be 474 nm. The scale bar is 500
nm and the vertical color scale is 520 nm.

For the development of large, continuous nanoscale patterns for cell
cultureware, it was important to achieve a high positioning accuracy of individual
chips. The interface of two neighboring exposure fields stitched together is marked by
the stipulated line in Figure 2-6 (image is from the electroplated Ni shim). The
diameter of features at the interface were larger compared to the rest, due to a higher
total exposure dose by the overlapping fields. The stitching error was determined as
the offset in the center to center distance, measured from line profiles drawn across
features in a direction perpendicular to the interface. A minimal stitching error of about
41 nm was found, although this varied from wafer to wafer.
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Figure 2-6. SEM micrograph of two neighboring chips stitched together at a position
approximately where the dashed line is drawn. The stitching error, determined as the
offset in vertical pitch (center to center distance) was on average 41 nm.

While the exposure was homogeneous across large areas for features with a
nominal diameter of 240 nm and larger, spatial inhomogeneity in the pattern was
observed for features with a diameter of 200 nm and a spacing of 140 nm (200/340,
field 3, Figure 2-7). Along the indicated line, the diameter increased gradually from
195 nm to 230 nm. This patterned was periodic with a frequency of 65 um across the
exposed area. The same phenomenon was also observed for 240 nm features
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underexposed to give a sub-200 nm diameter, as well as features with a nominal
diameter of 180 nm and the same spacing (180/320 nm, field 1), where the pattern was
even more inhomogeneous due to the narrow process window.

2

Figure 2-7. SEM micrographs of 200/340 nm patterns in DUV exposed resist (field 3,
*“16Box” reticle). The measured diameter of holes varied gradually between 195 nm and
230 nm, and was repeated with a spatial frequency of 65 um. This inhomogeneity was
also observed for the 180/320 nm pattern (field 1). Images provided by NIL Technology.

2.4 Electroplating of Ni shims

Fabrication of the first Ni shims was done by electroplating from NiV sputter-
coated on DUV resist after development. After plating, the shim easily separated from
the Si wafer due to thermal stress occurring when the shim, still warm from the
electroplating bath, was rinsed with cold water. Some of the resist was transferred to
the Ni shim after separation, and was subsequently removed by plasma ashing,
although some parts of the patterned areas were damaged during the mechanical
separation (Figure A-7).

SEM micrographs of some of the nanostructures transferred to Ni are shown in
Figure 2-8. Hollow nanopillars were observed on several of the plated shims, with a
slightly smaller diameter compared to those pillars with a flat top. In some areas the
pillars were either partially or completely removed from the surface (d). The non-
uniformity of pillars was in general worse for the smallest structures (f, field 7). This
structure had on average a lower protrusion height (197 nm) as measured by AFM
(Figure A-8) compared to the other structures, which had an average height of around
275 nm (fields 2 and 6), 290 nm (field 3), and 327 nm (field 5), which was close to the
depth of holes measured in the resist (Figure 2-3). On certain occasions, NiV
delaminated from the resist during the plating process causing large holes in the shim,
while when it was electroplated from NiV on etched Si, some large patches of the
nanostructured areas was gone after the Si wafer had been etched away (Figure A-9).
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Figure 2-8. SEM micrographs of hollow nanopillars (a-f) on Ni shims electroplated
from resist sputter coated with a layer of 130 nm NiV. Some of the protruding pillars had
a flat top with a larger diameter than the hollow ones (300 vs. 270 nm) (b, €), while some
pillars reveal a hollow structure beneath the flat top (c, diameter larger than nominal
value due to overexposure of resist). In some areas, the pillars had been partially or
completely delaminated from the surface of the shim (d). Ni pillars electroplated from
resist patterns with smaller hole diameter, were lower and with a narrow top. The scale
bars are 250 nm.

Due to the problems with delamination and hollow nanopillars, the material for
the seed layer was instead changed to Cr (~10 nm) and Au (~60 nm). After this, the
plating of Ni shims was significantly improved. Figure 2-9 shows a photograph of a
laser-cut shim plated from a similar master to that shown in Figure 2-4. SEM
micrographs in Figure 2-10 show the protruding Ni pillars with an average diameter of
263 nm, 257 nm, 275, and 291 nm for field 9, 10, 11, and 13 respectively. The height
of pillars in field 10, 11, and 13 was 484 nm, 483 nm, and 472 nm as measured by
AFM, which was essentially the same as the depth of holes in the etched silicon master
(474 nm, Figure 2-5), corresponding to an aspect ratio of around 1.8. The results of
replication by injection molding using this shim are presented in Section 0.
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Figure 2-9. Photograph of a laser-cut Ni shim for molding polymer replicas in microtiter
plate, plated from the Si master shown in Figure 2-4. The nanostructures are numbered
according to the different areas on the reticle in Figure A-2. The indicated scale bar is
20 mm.
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Figure 2-10. SEM micrographs of nanostructures (top-view and 45° stage tilt) on Ni
shim electroplated from Cr/Au seed layer sputter-coated on etched Si. The structures are
annotated by nominal values of diameter/pitch defined after 5x reduction in the reticle
design (Figure A-2). A line profile drawn across Ni protrusions from an AFM scan is
included in the bottom right.

2.5 Patterning of HSQ films on steel molds

Figure 2-11 shows the electroplated Ni mold (a) that was plated from etched Si
patterned by the DUV stepper using a different reticle provided by InMold
Biosystems, and the imprinted HSQ film on a stainless steel substrate (b). The
presented pattern consists of squares in a checkerboard pattern with a nominal width of
500 nm and with a periodicity of 1000 nm. The equivalent square side length from
grain analysis of the SEM images gave an average hole width in Ni and HSQ of 334
nm and 394 nm respectively. The structures in HSQ had more rounded edges due to
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the different fabrication processes between the two molds. Charging effects were
observed during SEM imaging of the HSQ film due to its low electrical conductivity
leading to reduced image contrast. The average HSQ film thickness in the patterned
area was ~500 nm as measured by optical reflectometry.

Figure 2-11. SEM micrographs of hole arrays in (a) the Ni shim and (b) the HSQ/steel
mold insert.

Figure 2-12 shows AFM topography micrographs of the Ni mold (a), the
elastomeric stamp obtained by casting (b), and the imprinted HSQ surface (c). The
color scale was inverted for the elastomeric stamp respective to the Ni and HSQ
molds, as it contains protruding pillars instead of holes. The average hole depth in Ni
was measured to be 397 nm, while the average pillar height on the elastomeric stamp
was measured to be 367 nm, a reduction of about 8% from the nominal height
expected for full replication. Furthermore, the depth of holes in HSQ was measured to
be 325 nm, which was a reduction of about 11% relative to the height of elastomeric
pillars, and 18% relative to the hole depth in Ni. Similarly, the pitch distance of the
patterns on the stamp was measured to be 956 nm, which is a reduction of about 4%
relative to Ni. The pitch distance in HSQ was 953 nm, which is almost the same as for
the stamp.
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Figure 2-12. AFM topography micrograph of holes in the Ni mold, pillars on the
elastomeric stamp, and imprinted holes in the HSQ mold. The color scale for the
elastomeric stamp micrograph was inverted with respect to the Ni and HSQ molds. The
average step height for holes/pillars was measured to be 397 nm, 367 nm, and 325 nm
for the Ni mold, elastomeric stamp, and HSQ mold respectively.

2.6 Anti-stiction coating on mold surfaces

Water contact angles were used to compare the quality of FDTS-coatings on
native NiV (n = 7) and NiV coated with Al,O3 and SiO, by ALD (n = 3) (Figure
2-13). The static contact angle was slightly higher for FDTS on the dual-layer coating,
compared to native NiV (111.7° vs. 97.1°). However a large variation of the FDTS
quality was observed on NiV, with contact angles ranging from 75° to 105°. The
advancing contact angle was comparable, while the largest difference was observed for
the receding angle, which was 65.9° for FDTS on native NiV compared to 96.2° for
the dual-layer coating. Thus, there was a contact angle hysteresis of 50.0° and 14.6° for
the two surfaces respectively.

Furthermore, contact angles measured with three probe liquids having different
polarity and surface tension (Table 2-1), was measured on FDTS applied on native
NiV, NiV- Al,03-SiO,, a Si wafer, and HSQ after thermal curing (Table 2-3). In
addition, contact angles on native TOPAS 8007 and PS was measured for comparison.
Contact angles of dilodomethane (~99°) and benzyl alcohol (~86°) were similar for all
surfaces with FDTS. With water, however, the contact angle on NiV-FDTS was only
77.3°, while the contact angle on FDTS on Si, HSQ, and silica-coated NiV shim were
notably higher. This could be related to the varying FDTS quality on NiV as
previously mentioned.
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Figure 2-13. Static, advancing, receding, and contact angle hysteresis of water measured
on native NiV and NiV coated with Al,03 and SiO, by ALD. Error bars indicate the
standard deviation (n=7 and n=3 respectively).

The lowest estimated surface energy was found on FDTS-coated Si and FDTS-
coated NiV-Al,03-SiO, (Table 2-4). Due to the low water contact angle measured on
NiV-FDTS, the surface energy was estimated to be almost three times larger, with a
dominating polar component. Furthermore, the surface energies of TOPAS and PS
were noticeably higher, even though they also had a high water contact angle.

Contact angle measurements revealed no substantial difference between Ni
coated with SiO2 using the Lesker system followed by MVD, or Ni coated with the
Al;03-SiO,-FDTS trilayer using ALD and CVD (data not shown). However, ALD-
coating was the preferred choice due its ability to achieve a very homogeneous film
thickness on shim nanostructures.

Table 2-3. Static contact angles of water, dilodomethane, and benzyl alcohol on
different substrates with FDTS-coating. In addition, contact angles on TOPAS 8007 and
PS are shown for comparison (benzyl alcohol contact angle was too low to be
measured).

Contact angle, 6 (°)

Material Water Diiodomethane  Benzyl alcohol
NiV-FDTS 77.3+2.6 99.7+2.6 85.2+1.2
NiV-Al,03-SiO,-FDTS  115.2+0.9 98.5+1.8 85.9+1.1
Si-FDTS 109.0+0.9 98.0+1.1 85.4+0.4
Steel - HSQ - FDTS 115.4+1.8 102.2£1.5 90.4+3.2
TOPAS 8007 95.7+3.8 37.9+3.1 -

PS 92.5+1.8 27.9+3.1 -
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Table 2-4. Surface energy with polar and dispersive components calculated by Owens-
Wendt method, using contact angles from Table 2-3, together with the coefficient of
determination, R?, for the linear regression fit (Section 0). R? values for TOPAS and PS
are not included since only contact angles for two liquids were fitted.

Surface energy (mJ/m2)

Material 2 vy R?
NiV-FDTS 2.2 264 286 0.98
NiV-Al,O3-SiO,-FDTS 9.4 0.9 10.3 091
Si-FDTS 8.3 2.5 10.7 0.99
Steel - HSQ — FDTS 8.3 1.1 9.4 0.99
TOPAS 8007 415 0.1 41.6 -
PS 459 0.2 46.1 -

2.7 Discussion

The spatial resolution of optical lithography exposure systems is often linked to
the Rayleigh criterion [71], which is defined as the minimum distance d between two
point sources in the object plane that can be distinguished in the image plane for light
with a wavelength A and numerical aperture NA

A
For the DUV stepper system with A = 248 nm and NA = 0.6, the Rayleigh

resolution is therefore about 250 nm. The overlapping intensity profiles of the
Fraunhofer diffraction patterns (far field) for light from a point source through two
neighboring circular apertures, separated by this distance are shown in Figure 2-14.
However, the resolution of the exposed reticle image is also dependent on the resist
contrast, i.e. its ability to distinguish between light and dark portions of the mask.
From the producer of the DUV resist, it was informed that the exposure latitude, i.e.
the range of exposure dose between overexposure and underexposure relative to the
optimal dose, was 14% for lines with 130 nm width and spacing (260 nm pitch), while
it was 7% for lines with 110 nm width and spacing (220 nm pitch) [72]. For two
objects separated by the distance corresponding to the Rayleigh resolution limit, the
summed intensity profile has a local minimum with a 25% lower intensity than the two
maxima. This means that features in theory could be resolved even if they are spaced
closer together than what the Rayleigh resolution predicts, as long as the relative
intensity difference between maxima and minima of the overlapping intensity profiles
are larger than the exposure latitude of the resist.
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Figure 2-14. The overlapping intensity profiles from Fraunhofer diffraction patterns for
two circular apertures separated by a distance corresponding to the Rayleigh resolution
criterion.

In practice, however, the optical resolution is worse than the theoretical limit
due to several factors such as having a finite size of the illumination source, meaning
that the light striking the mask will not be plane waves (spatial coherence), non-
uniformity in the illumination intensity, as well as imperfections in the lens system
(aberrations). In addition, the resolution will be affected by several process conditions
such as wafer roughness and tilt, resist bake temperature, and resist development. SEM
micrographs of the smallest features in resist (Figure 2-2) shows a partial exposure of
the area between holes with a pitch of 320 nm on the resist, because of too much
overlap between intensity profiles of adjacent features. By increasing the pitch to 340
nm, the contrast was sufficient to obtain well-defined holes arranged in a square array.
Generally, exposure of smaller features resulted in larger variations in the diameter,
likely due to the narrower process window of the resist When 1000 nm features were
arranged in a hexagonal array with a pitch of 1700 nm on the reticle, producing 200
nm holes on a 340 nm pitch, a systematic variation in the diameter was observed after
exposure (Figure 2-7). After discussion with the reticle manufacturer
(Compugraphics), it was believed that this effect could be due to the mask writing
process using a multi-beam brush, which produces a small spatial variation to the
critical dimensions. Due to the narrow process window, this variation became more
apparent as the feature size approach the resolution limit. Since the DUV resist was
positive tone, overexposure led to a widening of holes and therefore spacing down to
about 80 nm could be achieved, before overlapping of the intensity profiles of adjacent
features on the mask occurred.

As was seen in Figure 2-8, electroplating from DUV resist metallized with
NiV, led to the formation of hollow and inhomogeneous nanopillars. The quality of
replication of the resist pattern is likely highly dependent on the sputter coating
process, since the thickness of the seed layer was comparable to the hole diameter in
the master. Target atoms arrive at the substrates in a wide range of angles. Due to
geometry of the structures, more material will be deposited at convex corners since a
wider range of arrival angles are possible leading to cusping, while only those atoms
that have a close to vertical direction will reach the bottom of holes (Figure 2-15) [73].
As the layer thickness at the edge of the holes grows disproportionally, the opening of
the holes becomes smaller, which further reduces the amount of material deposited at
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the bottom of holes. At some point, the growing edges may close off the hole and form
an empty void, which in the case of the Ni shim leads to hollow pillars. This effect is
expectedly worse for structures with smaller diameter (higher aspect ratio). Since the
thickness of the deposited NiV seed layer was estimated to be 130 nm on a horizontal
surface, this is a likely explanation. It should be noted, however, that measurements of
sputter deposition rates were performed on flat silicon wafers. The deposition rate
might be lower on the DUV resist, especially if some of the target atoms have energy
high enough to sputter etch the substrate. After the seed material was changed to Cr
and Au, hollow nanopillars on the shims were no longer observed, neither for holes in
resist nor for holes in silicon with an aspect ratio of up to 1.8. As the total thickness of
the sputtered layer was changed from about 130 nm to 70 nm at the same time, it is not
possible to derive whether one seed material were better than the other, although a
thinner seed layer would be expected to reduce the effect of cusping. The uniformity of
the seed layer may be further improved by applying a DC bias to the wafer chuck, in
order to allow plasma etching of the substrate, preferably reducing material overhang
and allow re-deposition of material on vertical sidewalls.

Arrival angle on substrate Cusping

270° 180°

A

90°

N

Figure 2-15. Left: The range of possible arrival angles of atoms deposited by sputter
coating are generally higher at convex and lower at concave corners compared to a
horizontal surface. Right: Because sputter coating leads to a wide distribution of arrival
angles, the film thickness at sidewalls (A) and at bottom (B) of holes are lower than on a
horizontal surface (H), leading to cusping. Reproduced from [73].

Some of the failed productions of Ni shims shown in Figure A-9 were likely
caused by delamination of the NiV seed layer due to poor adhesion to resist. In
addition, removal of some of the structured areas during separation from one of the
etched silicon master may suggest a poor adhesion between NiV and electroplated Ni,
possibly caused by surface contamination between sputter coating and plating. After
the seed material was changed, no delamination was observed on shims was observed,
possibly because gold has a high electrical conductivity and a high resistance against
oxidation, which is beneficial for the electroplating process.

In Section 2.5 it was observed that DUV-defined patterns were transferred to
the HSQ film through imprinting by an intermediate elastomeric stamp. However,
holes in HSQ had slightly different dimensions compared to the Ni mold, with the
depth being 18% smaller and the width being 18% larger. The change in dimensions
could be attributed to the two extra replication steps that were employed in order to
make HSQ molds with similar patterns as the electroplated Ni shims. Shrinkage of the
elastomer stamp was observed during thermal crosslinking, leading to a reduction of
7.6% of the protrusion height on the stamp relative to the depth of holes on the Ni
mold. In addition, a 7% shrinkage for HSQ films shrink curing at 450 °C has been
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reported [74]. This gives in total a shrinkage of 15%, which is similar to the 18% that
was observed.

Another reason for why the imprint depth in the HSQ might be lower than the
height of pillars in the stamp could be the compressive forces required to displace the
HSQ monomer. Elastomers are often considered incompressible, having a Poisson’s
ratio of ~ 0.5 [75]. This means that a compressive force acting perpendicular to the top
plane of pillars on the stamp during imprinting, leading to a height reduction of 5%,
should be accompanied by an increase in the lateral width by 2.5% due to conservation
of volume. However, the width of holes in HSQ was 18% larger than for Ni, which
means that the increase in lateral size cannot be explained by compression during
imprinting alone. In addition, the imprinted squares appeared more rounded in HSQ
compared to Ni, suggesting that some re-flow of the monomer could be occurring
between removal of the stamp and thermal curing, which contributes to the increased
hole width. It should, however, be noted that the lateral dimensions that was measured
by SEM could be influenced by charging, due to the much lower HSQ film
conductivity compared to Ni shims.

Finally, it was demonstrated that coating Ni molds with SiO, improved the
density of FDTS, demonstrated by a lower surface energy and a low contact angle
hysteresis. When FDTS was applied directly to a nickel mold with a NiV seed layer,
static water contact angles varied between 75° and 105° and was generally lower
compared to that of FDTS on silicon wafers or NiV coated with SiO,. The large
variations on NiV may be due to different levels of contaminations on the shim as they
were bought from a commercial supplier, even though all shims were protected by a
laminar film, and cleaned with water and oxygen plasma before FDTS-coating. The
low receding contact angle and correspondingly large hysteresis on NiV suggests that
water was pinned at defects in the FDTS monolayer coating, suggesting that the
density was relatively low. This was not surprising as Ni does not readily react with
silane chemistry. Deposition of SiO, onto Ni molds led to a more dense FDTS
monolayer, which were able to shield most of the polar interactions from the
underlying substrate.

Other chemical coupling agents than silanes might be suitable for surface
modifications on Ni or NiV, such as phosphates, which has been used to demonstrate
dense monolayers of a fluorinated alkyl phosphoric acid derivative by wet chemical
deposition [76]. Another route might be to use hydridosilane coupling, which have
been used to deposit fluorinated monolayers on oxide-free metal substrates [77].
However, this method has not been demonstrated so far on Ni.

2.8 Conclusion

In this chapter, it was shown that large areas on silicon (~100 cm?) could be
patterned with 240 nm holes, and transferred to a Ni shim by electroplating. Hole
diameters down to 180 nm in diameter and 340 nm in pitch was reached, although with
a large spatial variation in feature size. Holes in the resist metallized with 130 nm NiV
by sputter coating, led to hollow pillars during separation of shim and master, but not
when holes in etched silicon was metallized with 70 nm of Cr and Au. Furthermore,
imprinted HSQ films on stainless steel substrates were fabricated from an elastomeric
stamp, although with some loss in lateral and vertical resolution with respect to the
master. Finally, it was demonstrated that NiV coated with Al,O3 and SiO, by ALD and
CVD prior to FDTS deposition, led to shielding of polar interactions and a lower
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surface energy, compared to FDTS on bare NiV. This might be advantageous for the
release of polymer replicas with large-area nanoscale topography, as well as and
protein transfer from mold to replica, which will be discussed in the next chapters.
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3.1 Introduction

Injection molding has been the preferred industrial process for polymer shaping
for decades due to low cycle times and the multitude of technologies established for
full process automation [78], [79]. Considerable know-how and experience is
established on replication on the macroscopic scale using this technique. During the
last two decades this knowledge base has been extended to replication of micro- and
nanoscale features. A wide range of applications has been explored including
microfluidic devices [22], [80], diffractive optical elements [48], anti-reflective
surfaces [64], superhydrophobic surfaces [81]-[83], and functional cell culture
substrates [35]-[37], [84]. Commercial injection molding is routinely used to replicate
features with details down to 150 nm in the case of Blu-Ray discs, while replication
demonstrating lateral resolution as low as 5 nm has been demonstrated in research
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[47], [62], [63], [85]-[87]. This suggests that the lower limit of replication is
determined by the structural detail of the mold surface.

Replication of nanoscale features is more challenging when targeting height-to-
width aspect ratios above 1. A limiting factor in the replication of higher aspect ratio
structures is the rapid formation of a solidified skin layer after the hot polymer melt
contacts the cold mold surface [49], resulting in a significant increase in the flow
resistance inside micro- and nano-scale cavities due to the high viscosity. A general
strategy for improving replication of high aspect-ratio features is to increase the melt
and mold temperature as well as the injection speed, which reduces the thickness of the
skin layer formed prior to filling of the cavity. Additionally, high injection pressures
also help to force the melt into cavities even after skin formation [62], [63], [88], [89]

The most important factor for achieving good replication appears to be the
mold temperature, Tmoa [63], [86], [88] that often needs to be above the glass-
transition temperature, Tq, of the polymer for replicating high aspect ratio structures
[90], [91]. This calls for the use of a variothermal process, i.e. active heating and
cooling of the mold with each replication cycle. The main disadvantage is longer
process cycle times: While conventional injection molding uses cycle times from 4-30
s, variothermal processes may require 100-300 s for each replication [90]. The
repeated thermal cycling can also lead to lower mold lifetime due to thermal stresses
[91], as well as higher energy consumption, which both contribute to overall higher
production costs.

Several authors have reported on methods to reduce the thermal cycling time
for variothermal processes. These involves heating of the stamper material itself by
electrical (Joule heating) [92]-[94] or induction heating [95], [96]. Other methods
involve external heating of the stamper surface, such as infrared heating [97], [98] or
steam heating [99]. Laser-heating of the mold has been used to achieve extremely
rapid mold heating (300 °C/s) [100], although the heated area was rather small and
inhomogeneous. Although several of these methods have demonstrated cycle times
comparable to conventional injection molding, they add complexity to the mold and
the machine, making it more expensive to set up and maintain a production line.

A simpler alternative to variothermal processes involves the use of heat
retardant materials to impede the heat transfer from the polymer melt to the cold mold.
Nickel shims formed by electroplating from a metallized silicon master have become
the standard insert material for micro- and nano-replication, due to its ease of
replication and good durability [22], [48]. Nickel has a high thermal conductivity like
most other metals, which leads to fast heat dissipation from the polymer melt during
mold filling and rapid formation of a solidified polymer skin layer. Adding a heat-
insulating plate on the backside of a nickel shim has been shown to slow the heat
transfer resulting in increased replication quality [101], [102]. Likewise, a polymer foil
covering one of the mold halves allowed fabrication of high-aspect ratio
microcantilevers through an isothermal process [103]. Furthermore, polymeric
stampers with imprinted micro- [104] and nano-structures [105] showed improved
filling at low mold temperatures compared to a nickel stamper. Although these
examples demonstrated impressive replication without the need for a variothermal
process, they are likely not suitable for high-volume production as the mold materials
used lack the mechanical durability that is required in an industrial setting.

In this chapter, nanoreplication in COC polymer using both Ni and HSQ/steel
mold inlays derived from DUV stepper lithography, will be demonstrated. It is shown
that an isothermal process with Tmeq = Tg — 10 °C of the polymer, results in holes with
an aspect ratio from 0.3 — 1.2, when the spacing between 260-290 nm wide protrusions
on the surface increase from 120 to 430 nm. With a variothermal mold cycling using
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Tmoia = Tg + 30 °C, full replication of structures with an aspect ratio of 1.8 was
achieved for all patterns. Finally, it will be shown that improved filling of nanoscale
holes was achieved using heat treated nanopatterned HSQ films under isothermal mold
conditions compared to an electroplated nickel shim with an outer chromium/gold
coating. Simulation of the heat transfer between polymer melt and mold shows that the
HSQ-layer significantly retards the cooling after thermal contact between the materials
was established, thus enabling improved nanoscale replication.

3.2 Experimental procedures

3.2.1 Injection molding

Polymer replicas in microtiter plate format (110x75x1 mm?, Figure 3-1a) were
injection molded with an Engel e-motion 55 injection molder (Engel, Austria) at the
facilities of InMold Biosystems in Hgje Taastrup, Denmark, using TOPAS 8007-S04
cyclic olefin copolymer (TOPAS Advanced Polymers, Germany) with T4 of 78 °C.
The parameters used for injection molding are summarized in Table 3-1. The mold
was heated by an external water supply, and the mold temperature (Tmoiq) Was kept
constant at 70 °C. A holding pressure (Phoq) of 700 bar was used, as this was the
highest value that could be employed without significant over-packing and creation of
flashes at the replica edges. A start-up cycle of at least 30 replicas was run before
samples were collected for analysis.

Table 3-1. Experimental parameters for isothermal injection molding using the
microtiter format tool.

Tmold Tmelt Vinject Pinject Phold I:clamp thold tcool tcycle
70°C 270°C 130cm®s 880bar 700bar 550kN 3s 30s 45s

Polymer replicas in microscope slide format (76.7x26.3x1 mm®, Figure 3-1b)
were injection molded with an Engel Victory 80/45 Tech injection molder (Engel,
Austria) at the facilities of DTU Danchip, using TOPAS 8007-S04 and TOPAS
5013L-10 cyclic olefin copolymer (TOPAS Advanced Polymers, Germany) with T4 of
78 °C and 134 °C respectively. The parameters used for variothermal injection
molding are summarized in Table 3-2. The mold parts were heated by heating
elements (resistive heating), which was controlled via a feedback loop using a
thermistor in each mold half. Cooling was achieved using an external water supply,
with the opening/closing of valves for the water supply being controlled by the
operating software. The mold temperature was cycled, using a temperature (Tmoig) Of
110 °C (T4 + 30 °C) and 150 °C (T4 + 15 °C) during injection, and a temperature
(Tdemola) Of 40 °C (T4 - 40 °C) and 100 °C (T4 - 35 °C) during ejection for the two
grades of COC respectively. Mold temperatures higher than 150 °C were not allowed
with the current machine configuration. Holding pressures (Pnoig) Of 900 bar and 600
bar for TOPAS 8007 and TOPAS 5013 respectively, were the maximum allowed
values while running the machine in automatic mode. A start-up cycle of at least 30
replicas was performed before samples were collected for analysis.
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Table 3-2. Parameters for variothermal injection molding with the microscope slide
format tool, with TOPAS 8007 (T8007) and TOPAS 5013 (T5013).

Polymer  Tioiw  Tdemold  Trmelt Vinject Piet  Prod  Feolamp  thoid  Teool  Teycle
(°C) _(°C) (°C) (cm’s) (bar) (bar) (KN) () () ()

T8007 110 40 250 43 1100 900 450 15 50 147
T5013 150 100 300 43 1500 600 450 10 30 140

Polymer replicas for the demonstration of heat retardation by HSQ/steel molds
compared to a Ni mold, were injection molded in TOPAS 8007-S04 in a circular disc
format (@ = 50 mm, t = 2 mm, Figure 3-2) using an Engel Victory 80/45 Tech
injection molder (Engel, Austria) at the facilities of DTU Danchip. The injection
molding parameters used are summarized in Table 3-3. The Ni shim was installed with
a 1.0 mm steel backplate, while the HSQ/steel insert was installed with a 0.33 mm Ni
backplate. Thus, both inlay assemblies had a total thickness of 1.33 mm. The mold
temperature was varied from 40 °C - 70 °C in a random sequential order. A start-up
cycle of at least 40 replicas was performed between each parameter change before
samples were collected for analysis.

Table 3-3. Parameters used for the demonstration of heat retardation of HSQ/steel molds
compared to Ni mold, under isothermal injection molding conditions.

Tmold Tmelt Vinject Pinject Phold thold tcool tcycle
(°C) (°C) (cm’s) (ba) (ba) (5) (5) (9
40-70 250 45 1300 800 10 29 60

3.2.2 Replica analysis

Polymer replicas were sputter coated with a 5 nm Au/Pd alloy (80/20 %) film,
using a Balzers SCD 004 sputter coater (50 mm working distance, 0.05 mbar argon, 15
mA, 60 s), before SEM imaging (Zeiss Supra 40 VP, Carl Zeiss, Oberkochen,
Germany). Surface topography micrographs were acquired by AFM and analyzed in
the same way as described in Section 2.2.6 (page 14). Unless otherwise noted,
topography values are reported as average + standard deviation.

3.2.3 Mold heat transfer simulations
Finite element modeling of the polymer melt cooling was performed with the

COMSOL Multiphysics 4.4 software package (COMSOL, Sweden) by numerically
solving the one-dimensional heat equation:

or 0T _ -

Frial i (3-1)

i (3-2)

a=— -
Py

where T is the temperature, o the thermal diffusivity, k the thermal conductivity, p the
mass density, and c, the specific heat capacity at constant pressure. The initial contact
temperature, T, between two semi-infinite bodies at temperature T; and Ty,
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respectively, can be calculated analytically from their thermal effusivities e:

T, —T))e
r= + 220 (3-3)
e; + e
1
e = (kpcy)? (3-4)

The material constants used for Cr, Au, Ni, HSQ, stainless steel, and COC are
shown in Table 3-4, together with the calculated thermal diffusivities and thermal
effusivities. All material constants used were values reported at room temperature
[106], except the thermal conductivity and heat capacity of COC where values for
TOPAS 5013 between 150 °C — 200 °C were used [107]. The outer layer of the mold
surface used for injection molding consisted of ~15 nm Cr and ~45 nm Au on top of
the bulk electroplated Ni. In the numerical simulations, the outermost two layers were
approximated by a single 100 nm thick Au layer, as the chromium layer is extremely
thin and has similar thermal transport properties as gold. A boundary probe for the
temporal development of the temperature was defined at a location inside the polymer
melt at a distance of 50 nm from the mold/melt interface. Perfect thermal contact
between the mold and the polymer melt was assumed, with Tyog = 70 °C and Tpee =
250 °C as initial temperatures. The initial mold temperature of 70 °C was maintained
within the mold at a distance of 500 um from the mold/melt interface, and a symmetry
plane was defined within the polymer melt at a distance of 500 pum from the mold/melt
interface. No movement of material was included in the simulations, thus heat
dissipation by viscous effects was not considered.

Table 3-4. Material constants used for numerical heat transfer analysis in COMSOL.

Thermal Heat Thermal Thermal
conductivity, capacity,c, Density,p diffusivity, effusivity, e
kWmiK?Y  @kg*Kh  (kgm?®) am®sh  (W-sYEmP=KD

Cr 93.7 448 7150 2.92:10° 1.73-10*
Au 317 129 19300 1.27-10* 2.81-10*
Ni 90.7 445 8900 2.29-10° 1.90-10%
HSQ 0.15 730 1400 1.46-107 3.92:10°
Sstteaéln'ess 16.2 500 8000 4.05-10° 8.05-103

cocC 0.21 2200 1003 9.51-10® 6.81-10°
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3.3 Results

Parts were injection molded in microtiter plate (Figure 3-1a), microscope slide
(Figure 3-1b), and round disc format (Figure 3-2). The different nanostructured areas
in the plastic can be seen by structural coloration, caused by interference effects when
light was shined upon the surface. Samples were for any given mold temperature
injection molded using the maximum injection speed, injection pressure, and holding
pressure allowed while running in automated mode. For replicas in microtiter plate
format at holding pressures higher than 700 bar using maximum injection velocity, the
polymer melt flowed outside the mold cavity. This resulted in flashes, even though the
maximum clamping force of the machine were used, which made the polymer replicas
stick to the stationary part of the mold and therefore preventing complete ejection.

The maximum injection velocity was also used for injection molding replicas
in the microscope slide and round disc format, which was almost 3 times slower than
for the microtiter plate replicas. This was due to the differences between the two
machines, with the one at InMold Biosystems having an electrical motor, while the
machine at DTU Danchip was hydraulic, thus displaying a slower movement of the
screw. At high injection and holding pressure, before the onset of flashes, the parts
tended to get stuck in the mold cavity around the inlet region, leading to the gate or the
sprue being broken when the two mold halves opened. A higher pressure was allowed
when using TOPAS 8007, since this grade led to a more elastic sprue part during
demolding compared to TOPAS 5013, which meant that this part of the replica was
mechanically deformed instead of breaking, thus allowing the machine to run in
automatic mode. The structured parts were not macroscopically deformed due to a
lower adhesion to the mold in this region of the cavity.

(a) Microtiter plate (b) Microscope slide

165 13 =1

Figure 3-1. Photographs of COC replicas in (a) microtiter plate and (b) microscope slide
format, with nanostructures injection molded from the shim in Figure 2-9 and Figure
A-10 respectively. The nanostructures are numbered according to the different areas on
the reticle in Figure A-2. The arrows show the direction of polymer melt being injected
into the mold cavity. The scale bars are 10 mm.



3.3 Results 37

Figure 3-2. Photograph of a COC replicas in circular disc format, used to demonstrate
heat retardation with HSQ. The scale bar is 10 mm.

3.3.1 Replication at isothermal injection molding

As mentioned in the introduction, injection molding at a constant mold
temperature can significantly shorten production cycle times compared to variothermal
processes, as well as being compatible with protein transfer if the temperature is kept
low, as will be discussed in further detail in Chapter 5. In addition, cycling of the
mold temperature was not possible for the microtiter plate format, since the tool could
only be heated with the current machine configuration at InMold Biosystems. To
achieve as high replication quality as possible, a constant mold temperature just below
the glass transition temperature of TOPAS 8007 was chosen (Tmoig = 70 °C, Tq = 78
°C).

Figure 3-3 shows SEM micrographs of nano-sized holes injection molded
against the Ni shim shown in Figure 2-10. Images were captured at 12 positions,
distributed across an area of (2.6x3.5 cm?), with origin defined as the geometrical
center of the replicas (Figure 3-1a). Three different positions evenly distributed along
the y-axis, defined as being perpendicular to the melt flow direction (negative x-
direction), are displayed for each structure. Replicated holes were very shallow when
molded against the area on the shim with the most densely packed features (field 9).
As the spacing between features increases, the hole depth appears to increase as seen
by the higher image contrast. In addition, holes in some of the images were deformed,
especially for field 11aty=0and y = 13.1 mm.
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240/380 (9) ~240/480 (10) 240/600 (11) 240/720 (13)

Melt flow direction

Figure 3-3. SEM micrographs of injection molded nanostructures produced from a Ni
shim (Figure 2-10) at the facilities of InMold Biosystems, using an isothermal process
with Trog= 70 °C. The different structures are annotated as diameter/pitch according to
the nominal values in the mask design, with the field number in parenthesis (Figure
A-2). Qualitatively, the hole depth increased as the spacing between features increased.
Severe deformation of the replicated structures was observed especially for field 11. The
indicated scale bars are 250 nm.

AFM topography micrographs were obtained for polymer replicas at three
positions, separated by at least 6 mm for each field for two individual replicas.
Representative scans are shown in Figure 3-4, and reveal the same trend as observed
with SEM: the replicated holes were deeper, visualized by a darker color, as the
spacing between features increased Also, it should be noted that the deformations in
these scans were not as severe as those observed in Figure 3-3.
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Figure 3-4. AFM topography micrographs of injection molded nanostructures produced
from a Ni shim (Figure 2-10) at the facilities of InMold Biosystems, using an isothermal
process with Tyog= 70 °C. The different structures are annotated as diameter/pitch
according to the nominal values in the mask design (Figure A-2). The hole depth
increased (darker color) as the spacing between features increased. The vertical color-
scale is 500 nm. The indicated scale bars are 500 nm.

The average hole depth for each field is shown in Figure 3-5, together with the
nominal height of the Ni shim (483 nm, Figure 2-10). For the most densely packed
structure (240/380 nm, field 9), which had a replication depth of 74 nm that is only
15% of the protrusion height on the shim, the degree of replication increased with
increased spacing. For structures with a pitch of 480 nm, 600 nm, and 720 nm, the
depth was 157 nm, 230 nm, and 349 nm, respectively, which corresponds to 33 %, 48
%, and 72 % filling. The corresponding aspect ratio of the holes was 0.3 — 1.2. The
error bars, which show the standard deviation of the measured depth, also increase as
the total replication depth increases.
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Figure 3-5. Average hole depth as measured by AFM in TOPAS 8007 replicas using an
isothermal process with Tpeg = 70 °C. The nominal height of pillars in the Ni mold (483
nm) is shown as dashed lines (Figure 2-10). The hole depth decreases as the spacing
between features of similar diameter decreases. The error bars indicate the standard
deviation (n=2).

Furthermore, the replication of gratings (300/600 nm, field 16), with axis
parallel with and perpendicular to the flow direction of the injected polymer melt was
characterized. The measured average step height was 166.0+1.2 nm and 102.0+18.5
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nm respectively, for three independent replicas.

3.3.2 Replication with variothermal mold cycling

Based on the results presented so far, it seems that full replication could be
achieved at isothermal injection molding, with Toi just below Tg of the polymer; only
if the spacing between protrusions on the mold inlay is larger than the diameter and the
aspect ratio is lower than 1. For structures with smaller spacing or higher aspect ratio,
variothermal processes seems to be required. The first indication of increased
replication by using higher mold temperatures, was the stronger interference effect
observed for field 9 and 10 (Figure 3-1b), compared to replicas injection molded at
Tmotd < Tq (Figure 3-1a).

Figure 3-6 shows SEM micrographs of nano-sized holes in TOPAS 8007
microscope slides injection molded against the same Ni inlay (Figure 2-10), using
Timotla =110 °C (Tg+ 30 °C) and Tgemoid = 40 °C (T4 - 40 °C). Images were captured at 12
positions, distributed across an area of (1.2x3.5 cm?) with origin in the geometrical
center of the microscope slide replicas (Figure 3-1). Filling was significantly
improved with the use of higher mold temperatures. The deformations earlier observed
for structures with a pitch of 600 and 720 nm (fields 11 and 13) were less severe.
However, features with 380 and 480 nm pitch (fields 9 and 10) appeared to be more
deformed than before. The area “behind” protruding pillars on the Ni shim, were not
completely filled for 240/480 nm structures at y = 6.6 mm, or for 240/380 nm. The
result was that the topography appeared to be holes with a superimposed ridge pattern,
which for the 240/380 nm structure had a width from 70 - 120 nm. Like before, the
deformations seemed to have an orientation parallel to the flow direction of polymer
melt during the injection phase.
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Figure 3-6. SEM micrographs of injection molded nanostructures replicated in TOPAS
8007 produced from a Ni shim (Figure 2-10), using a variothermal process with Ty =
110 °C. The different structures are annotated with diameter/pitch according to the
nominal values (Figure A-2). The position of each image is given relative to the center
of the microscope slide replica. The indicated scale bars are 250 nm.

AFM topography micrographs were obtained for polymer replicas fabricated in
the same injection molding series at the center of each field (y = 0), and are shown in
Figure 3-7. The average hole depth was measured to be 483 nm, 486 nm, 491 nm, and
492 nm, for structures with a pitch of 380 nm, 480 nm, 600 nm, and 720 nm,
respectively. An overview of the maximum depth/height of holes/pillars measured by
AFM for the Si master, the Ni shim, and TOPAS 8007 replicas injection molded using
isothermal and variothermal injection molding, is shown in Table 3-5.
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Figure 3-7. AFM topography micrographs of injection molded nanostructures produced
from a Ni shim (Figure 2-10), using a variothermal process with Tmoq= 110 °C. The
different structures are annotated as diameter/pitch according to the nominal values
(Figure A-2). The average hole depth was measured to be 483 nm, 486 nm, 491 nm, and
492 nm, for structures with a pitch distance of 380 nm, 480 nm, 600 nm, and 720 nm,
respectively. The vertical color-scale is 550 nm. The indicated scale bars are 500 nm.

Table 3-5. Overview of the maximum depth/height of holes/pillars in the etched Si
master, Ni shim, and TOPAS 8007 replicas injection molded at Troq= 70 °C and Tpoig =
110 °C, as measured by AFM. The correct height information could not be obtained for
all structures due to tip convolution.

Depth/height [nm]
Polarity | 240/380 | 240/480 | 240/600 | 240/720

Si master Holes 474 - - -

Ni shim Pillars - 484 483 472
TOPAS 8007

T 4= 70°C Holes 74 157 230 349
TOPAS 8007

T = 110 °C Holes 483 486 491 492

Furthermore, gratings (300/600 nm, field 16) with axis parallel with the flow
direction of the injected polymer melt was also fully replicated against the shim (474
nm average step height) (Figure 3-8a). However, for gratings with axis perpendicular
to the flow direction (Figure 3-8b), replication was incomplete and with a large
variation in the step height (228.1+92.6 nm, 4 scans). The average width for the
parallel and perpendicular ridges on the replica was measured to be 146 nm and 150
nm respectively, which was significantly smaller than the nominal width of 300 nm,
likely achieved by overexposure of the resist on the Si master. The pitch on the replica
was measured to be 591 and 593 nm, which is 1.5 % and 1.1 % from the nominal pitch
of 600 nm.
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Figure 3-8. SEM micrographs, AFM topography micrographs, and average line profiles
for gratings replicated in TOPAS 8007 (a) parallel with and (b) perpendicular to the melt
flow direction indicated by the arrow. The scale bars in the SEM micrographs are 1 pm.
The AFM topography scan size were 5x5 pm.

Figure 3-9 shows SEM micrographs of nano-sized holes in TOPAS 5013
microscope slides, using Tmoig = 150 °C (T + 15 °C) and Tgemoia = 100 °C (T4 -35 °C).
Images were captured at 12 positions, distributed across an area of (1.2x3.5 cm?) with
origin in the geometrical center of the microscope slide replicas (Figure 3-1). Full
replication with this COC grade was also achieved by a variothermal process.
However, the same type of deformations as mentioned before was also observed for
these replicas, with the deformation becoming increasingly more severe as the spacing
between features in the Ni mold was reduced. For the 240/380 nm structure, the width
of the protruding area between holes seems to be below 50 nm. Compared to
variothermal injection molding with TOPAS 8007 (Figure 3-6), the features in this
experimental series seemed to be more distorted.
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Figure 3-9. SEM micrographs of injection molded nanostructures replicated in TOPAS
5013 produced from a Ni shim (Figure 2-10), using a variothermal process with T =
150 °C. The different structures are annotated as diameter/pitch according to the nominal
values in the mask design (Figure A-2). The position of each image is given relative to
the center of the microscope slide replica. The scale bars are 250 nm.

3.3.3 HSQ improves replication by heat retardation of polymer melt

SEM micrographs of TOPAS 8007 replicas injection molded from the Ni shim
(a) and HSQ/steel mold (b), using a constant mold temperature of 70 °C, are shown in
Figure 3-10. Similarly to what was observed for the HSQ/steel mold nanopatterns, the
squares in these replica appear more rounded than the corresponding replica from the
Ni mold. The average width of pillars in the replica was measured to be 366 nm and
400 nm from the Ni and HSQ molds respectively.

The lower heat conductivity of HSQ was expected to retard the heat dissipation
between the polymer melt and the mold during the initial phase of the cavity filling,
and thus delay the formation of a solidified skin layer. Figure 3-11 shows AFM
micrographs of polymer replicas injection molded against the structured mold inserts
at different mold temperatures. The micrographs show that the mean pillar height
increases monotonically with increasing mold temperature and was generally higher
for HSQ than for a Ni shim. Injection molding with a Ni shim at mold temperatures <
60 °C leads to a spatially inhomogeneous distribution of pillar heights over the scan
area and with some features not being replicated at all. Replicas from the HSQ/steel
mold insert also show some pillar height variations but to a much smaller extent and
only at lower mold temperatures.
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Figure 3-10. SEM micrographs of injection molded nanostructures replicated in TOPAS
8007 produced from the Ni shim (a) and HSQ/steel mold (b) shown in Figure 2-11,
using a constant mold temperature (Tmoig) Of 70 °C.

muid

40 °C 50 °C 60 °C 70°C

350
um

Figure 3-11. AFM micrographs of TOPAS 8007 replicas injection molded on a Ni mold
insert (upper row) or a HSQ/steel mold insert (lower row) at different mold
temperatures. The displayed scan areas are 5x4 pm? and the height scale is 350 nm.

The replication was quantified and is plotted in Figure 3-12 for Ni and
HSQ/steel mold inserts based on height measurements of at least 300 replicated pillars
from 3 individual samples, at each mold temperature. These measurements confirm
that structured HSQ molds results in better replication than Ni molds at all mold
temperatures, as visually apparent in Figure 3-11. At mold temperatures of 40 °C and
50 °C, i.e. ~40 °C and ~30 °C lower than the polymer Tg, the mean replicated pillar
height was increased by 100% compared to the Ni mold, while the improvement at 70
°C, close to Tq, was 50%. Full replication was still not achieved at this temperature as
the HSQ hole structures (Figure 2-11) had a mean depth of 326 nm as determined by
AFM (Figure 2-12).
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Figure 3-12. Mean pillar height of polymer replicas from structured Ni and HSQ/steel
mold inserts at various mold temperatures. The mean depth of the mold structures are

398 nm and 326 nm for the Ni shim and the HSQ/steel mold insert, respectively. Error
bars show the standard error of the mean (n=3).

Table 3-6 shows the calculated coefficient of variation (CV) of the pillar
height, defined as the ratio of the standard deviation to the mean. These data confirm a
more homogeneous pillar replication with the HSQ/steel mold insert than with the Ni
shim at all mold temperatures and especially at the lower temperatures investigated.

A total cycle time (teycie) of 60 s was the shortest achievable at Tmeq = 70 °C.
With shorter cooling times, the sprue part of the replicas was still too soft for the
replica to be reliably picked up by the robot arm in automatic machine mode.
However, at Tog = 40 °C the cooling time could be significantly reduced resulting in
a minimum cycle time of 31.6 s. Despite this possibility to shorten the production time,
the total cycle time was kept constant at 60 s in this study to allow a direct comparison
between the different mold temperatures. The HSQ/steel mold inserts were used during
900 injection molding cycles, after which no damage to the surface could be observed
by SEM analysis (data not shown).

Table 3-6. Coefficient of variation (%) of the replicated pillar height at the different
mold temperatures.

Tmold
40°C 50°C 60°C 70°C
Ni shim insert 64% 53% 40% 22%

HSQ/steel mold insert  28%  30% 19%  17%

3.3.4 Heat transfer simulations confirm heat retardation by HSQ

The initial contact temperature between the COC polymer melt and the mold
surface can be calculated using Equation (3-3). The results for initial temperatures
Tmotd = 70 °C and Tpyeir = 250 °C were 77 °C for COC/Cr and 184 °C for COC/HSQ),
which gives a first indication that HSQ may support sustained polymer flow after
initial contact. The simulated cooling of a polymer melt at a position 50 nm from the
polymer/mold interface is shown in Figure 3-13 for a Ni mold and a stainless steel
mold insert with a 500 nm thick HSQ layer. The Ni mold was modeled as consisting of
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a 100 nm thick Au layer on a nickel support, thus disregarding the minute influences
expected from having a Cr/Au layer instead of pure gold on the actual mold used for
injection molding. Upon thermal contact with the Ni shim, the polymer melt cools
rapidly from an initial temperature of 250 °C and reaches Ty after only 10 ps. In
contrast, the polymer melt remains at temperatures above T4 for about 100 ms when
contacting the HSQ/steel mold surface, i.e. 4 orders of magnitude longer.
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Figure 3-13. Finite element modeling of polymer melt cooling at a position 50 nm from
the polymer melt/mold interface after the polymer melt at 250 °C is brought in thermal
contact with a Ni insert or a HSQ/steel mold insert at 70 °C.

Figure 3-14 shows the results of modeling the time-dependent spatial
temperature distribution across the polymer/mold interface. The Ni mold (Figure
3-14a) gives rise to a sharp transition in temperature across the polymer/mold interface
with the melt temperature reaching 100 °C (T4 + 20 °C) after 10 ps at a distance of 200
nm from the mold surface, i.e. about half the nanopillar diameter in Figure 3-11. The
temperature at the mold surface barely increases from 70 °C to 76 °C during this time
period. In contrast, the HSQ/steel mold insert (Figure 3-14b) causes much slower
cooling of the polymer melt with a polymer/HSQ interface temperature of 184 °C at
100 ns after initial contact and reaching 160 °C (T4 + 80 °C) after 10 ps at a distance of
200 nm from the mold surface. A temperature gradient arises across the HSQ film after
10 ps, with the outer surface being at 139 °C and the inner surface (towards stainless
steel) still being at 70 °C. After 1 ms, the steel surface reaches a temperature of 83 °C.
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Figure 3-14. Finite element modeling of the spatial temperature distribution across the
polymer/mold interface (x = 0) at different time points for (a) Ni insert and (b)
HSQ/steel mold insert. In (a), x <0 um: COC, 0 pm <x < 0.1 um: Au, 0.1 pm < x: Ni.
In (b), x <0 pum: COC, 0 um < x <0.5 pm: HSQ, 0.5 um < x: stainless steel.

The effect of heat retardation by HSQ coatings could likely be increased by
increasing the film thickness above 500 nm. Figure 3-15 shows the simulated cooling
of a polymer melt at a position of 50 nm from the polymer/mold interface, with HSQ
film thicknesses of 0.5, 1, 2, 5, and 10 pum. As expected, the time duration at which
polymer melt 50 nm from the mold surface remains at elevated temperatures increases
with the thickness. After 10 ms from initial contact, the temperature was 86 °C, 88 °C,
92 °C, 104 °C, and 120 °C for 0.5, 1, 2, 5, and 10 pum thick HSQ films respectively.
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Figure 3-15. Finite element modeling of polymer melt cooling at a position 50 nm from
the polymer melt/mold interface after the polymer melt at 250 °C is brought in thermal
contact with a Ni insert or a steel mold inserts with different HSQ film thicknesses at 70
°C.

3.4 Discussion

Injection molding using both Ni and HSQ molds at isothermal and
variothermal conditions was presented in this chapter. With a constant mold
temperature (Tq — 10 °C), replication of protruding pillars on the Ni shim increased
from 15 % to 72 % as the spacing was increased from 120 nm to 430 nm for TOPAS
8007. This was expected, due to the higher surface to volume ratio at low spacing,
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leading to a faster cooling of the polymer melt at the mold interface. Not surprisingly,
the replication was greatly improved by increasing the mold temperature to T4 + 30 °C,
leading to a full replication depth even for 240/380 nm structures due to the slower
cooling of the melt, allowing more time for the polymer to flow and replicate the mold
surface before the onset of a solid skin layer.

However, the increased depth of the replicated holes also led to a more
distorted surface topography, especially for the most densely packed features. The
deformations in Figure 3-3, Figure 3-6, and Figure 3-9 seem to have an orientation
along the flow direction of injected polymer, since the space “behind” Ni protrusions
with respect to the direction of the injected polymer melt was only partially filled.
Similarly, replication of linear gratings also revealed a dependence on the orientation
relative to the direction of the flow front (Figure 3-8). While ridges in the polymer
parallel to the direction of the flow front had a replication height of 166 nm and 474
nm at Troig = 70 °C and Tmeig = 110 °C respectively, ridges aligned perpendicular to
the flow direction had a replication height of 102 nm and 228 nm for the two different
mold temperatures. The same orientation-dependence on the replication quality has
previously been observed for replications of channels (on the mold) with a width
below 500 nm in one study [89], and with widths ranging from 0.3 pum to 4 um in
another study [108]. In the latter reference, the difference in replication for two
differently aligned gratings became stronger as the mold channel width became
smaller, with the vertical height of 300 nm polymer ridges perpendicular to the flow
direction being only 1/3 of the height of parallel ridges. An unstable filling flow has
previously been observed during replication of channels with a width below 30 um,
leading to creation of spherical features on top of incompletely replicated ridges in the
polymer [109]. The explanation was having a non-uniform elastic skin layer, which at
weaker points could be forced into the mold channels by the hydrostatic pressure from
the injection gate. This type of non-uniformity was also observed for ridges
perpendicular to the flow direction in Figure 3-8. It is likely that the deformations
observed for both holes and ridges in the polymer are related to the pressure gradients
that arise from the gate to the end of the mold cavity during packing.

These deformations could also be occurring during separation of the two mold
halves. This has previously been observed for the replication of microfluidic channels,
where the edge at one side of the channel had a “bump” with buildup of additional
material [110]. If the molds are not completely aligned to each other, they may move
by a small amount in the plane perpendicular to the withdrawal direction, thus
scratching the surface of the polymer replica. Alignment could be improved by using
mold tools with tie bars.

Finally, the observed deformations could be partially related to shrinkage of the
polymer melt during cooling from Tpyerr t0 Tgemois. Shrinkage was compensated by
applying a holding pressure after the mold was filled. However, once the melt at the
gate of the tool is frozen, the applied pressure inside the cavity drops to zero and any
subsequent cooling beyond this point leads to dimensional changes. For the
microscope slide format, replicas in Figure 3-6, and Figure 3-9 were mechanically
fixed by four ejector pins (close to the gate and inside field 13, Figure 3-1b). Thus, it
is expected that significant shrinkage should have an orientation relative to the pin
positions. However, this is not obvious from the presented results. Shrinkage is also
depending on the thermal and mechanical history of the melt at any particular point,
and no attempt to simulate this was made in this study.

By using an imprinted HSQ film on a stainless steel mold insert the replication
quality of nanoscale features was significantly improved compared to a nickel mold
insert fabricated by electroplating (Figure 3-11 and Figure 3-12). The replicated
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pillars were taller at all mold temperatures and with the difference being largest for
Tmola = 40 °C or 50 °C, i.e. well below Ty of the polymer. Due to the lower thermal
diffusivity of the HSQ film (Table 3-4), heat dissipation across the polymer/mold
surface was retarded. The melt was allowed to stay in a flowable state for a longer time
and could therefore penetrate longer into the nanostructured holes before it solidified.
This was exemplified by the modelling results presented in Figure 3-13 where a
difference in melt temperature of Ty + 20 °C vs Ty + 80 °C on the Ni mold vs
HSQ/steel mold after 10 ps corresponds to a reduction in melt flow viscosity by
several orders of magnitude [111].

These findings agree well with previous literature on other heat-retarding mold
materials. For instance, by using a nano-imprinted layer of SU-8 on a 740 um
polyimide (PI) sheet as a mold inlay, full replication of 100 nm holes in polycarbonate
(PC) with an aspect ratio of 1 was achieved at Tyog = 60 °C [105]. Injection molding
using a Ni mold with the same surface pattern resulted in replicated pillars with only
about 30% of the nominal height. Another study demonstrated replication of 1 pum
wide polymer gratings with an aspect ratio of 9 using a patterned polyurethane acrylate
(PUA) layer on a 40 um thick polyethylene terephthalate (PET) film, although the
replication quality was not uniform [104].

The non-uniform replication at low mold temperatures with a Ni shim (Figure
3-11 and Table 3-6) may be explained by thermally induced flow instabilities that
have previously been observed at low injection velocities and large differences
between Tmeir and Tmoig (high cooling rates) [112]. With the onset of flow instability,
the polymer solidifies before the cavity is completely filled, causing surface waviness
with a periodicity of several micrometers. Flow instability was not observed to the
same degree when using the HSQ-coated mold, and the surface topography was more
uniformly replicated.

Numerical simulation of the heat transfer showed that the polymer melt close to
the mold surface stayed above Ty significantly longer for HSQ/stainless steel compared
to Ni, due to the much lower thermal diffusivity (Figure 3-13). The initial
temperatures for the Ni/COC and the HSQ/COC as predicted by the simulations fit
perfectly with the analytical solution in Equation (3-3). It was also demonstrated that
by increasing the film thickness of HSQ, the effect of heat retardation could likely be
enhanced and therefore further improve replication at low mold temperatures (Figure
3-15). The effect of viscous heat dissipation was not included in these simulations,
although for replication of microstructures they have previously been assumed to be
negligible [107]. Also, a perfect thermal contact between the melt and the mold surface
has been assumed, which is a good approximation during the initial filling phase when
the viscosity is low [113]. The polymer contracts during cooling, which is
compensated by the holding pressure as long as polymer melt is allowed to move
through the gate. After the gate is frozen, the polymer may separate from the mold due
to continuous shrinking. Thus, a thermal contact resistance arises. However, as the
replication of nanoscale features happens at a much shorter timescale, this is likely of
less relevance for our study.

The materials used to demonstrate heat retardation in an injection molding
process have so far only been polymer-based. These materials may be suitable for
prototyping or small-volume productions. However, for high-volume productions that
could involve more than 100 000 cycles, they lack the wear-resistance offered by those
materials typically used in industry, such as tool steel. Thermally cured HSQ has
previously demonstrated a lifetime of at least 10 000 cycles in an injection molding
process [54] and has also shown to be mechanically stable during hot embossing [52].
Above 400 °C, the Si-H bonds in the monomer dissociates and a cross-linked silica
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network is formed resulting in an increase in hardness to 2-15 GPa depending on the
curing conditions [74]. This ceramic-like coating is highly scratch resistant and is a
robust candidate for mold coatings.

Another advantage of using HSQ as a heat-retardant mold coating is its ability
to reduce surface roughness of the mold due to its high flowability, an important factor
for the production of optically smooth polymer replica [54]. In addition, HSQ was
shown to be fully compatible with silane surface chemistry. Thus, an anti-stiction
coating like FDTS can be applied without any intermediate process steps. This is an
important finding as a strong adhesion between polymer and mold can lead to
incomplete replication or in worst case damage to the mold surface [63] [52].

3.5 Conclusion

In this chapter, it was demonstrated that large-area nanopatterns could be
transferred to polymer replicas by injection molding. By isothermal injection molding
with short cycle times, 250 nm features could be replicated in COC with an aspect
ratio above 1 using a large pitch distance. For more closely spaced features, the
replication quality fell significantly. By raising the mold temperature to 30 °C above
the glass-transition temperature of the polymer, features with a spacing down to 120
nm could be filled to an aspect ratio of 1.8, although with a significantly longer cycle
time (45 s vs. 2.5 min). In addition, nanoscale deformations of the hole structure was
observed, which were likely caused by rapid onset of an elastic skin layer or scratching
during demolding. Finally, replication was improved with a HSQ-coated steel mold
compared to a Ni mold formed by sputtering and electroplating, both in terms of a
larger mean height and more uniformly distributed height of pillars in the polymer. In
contrast to the rapid formation of skin layers caused by the high cooling rates during
isothermal molding, the HSQ film acted as an insulating layer that allowed more time
for the melt to flow before solidifying. In addition, the coated films have demonstrated
sufficient durability for high-volume fabrication processes. Thus, HSQ-coatings have
the potential to improve nanoscale replication in an industrially relevant setting, by
reducing the need for variothermal mold cycling.
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4.1 Introduction

Isolation of leukocyte subpopulations is important for a range of clinical
applications, such as the diagnosis of human immunodeficiency virus (HIV), malaria
and leukemia. Using microarrays of cell-specific ligands, such as antibodies for the
clusters of differentiation (CD), leukocyte subpopulations can be captured at distinct
spots on the same substrate [24]-[27]. After an incubation period where cells are
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allowed to bind specifically to the antibody-coated surface, loosely bound cells are
removed by washing with buffers. It is advantageous to perform cell sorting in a
microfluidic device, as well-defined mechanical shear stress can be applied to achieve
the optimal separation between specifically and non-specifically adhered cells. In a
parallel plate channel of width much longer than its height, the wall shear stress z that
cells experience may be calculated as:

6
WL}S (4-1)
where u is the dynamic viscosity of the liquid, Q is the flow rate, and h and w is the
chamber height and width respectively.

One of the most common and simplest methods to isolate monocytes for the
generation of mature DCs is by adherence to plastic substrates [41], since they have a
relatively higher adherence to tissue culture PS compared to other PBMCs, which are
more easily removed after several washing steps [114], [115]. A more sophisticated
method that results in a higher purity is elutriation, which is based on counterflow
centrifugation to separate cells based on both size and density [116]. With this method,
it has been demonstrated that monocytes can be sorted with a purity of 83%, which is
the total fraction of monocytes in the sample after sorting, and a recovery of 75%,
which is defined as the total number of monocytes after sorting relative to the initial
amount [116].

However, elutriation systems are expensive in capital investment as well as per
purification step. If anti-CD14 antibodies, with CD14 being a cell surface antigen
specific to monocytes, could be integrated on cell-culture substrates by methods
compatible with industrial mass production, the purity of DC-based cancer vaccines
could be improved while keeping costs low. In addition, microarrays open new
possibilities for a more defined cell-culture microenvironment, such as the co-culture
of T-cells and DCs in spatially different positions. This could be used for T-cell
activation ex vivo, thereby omitting some of the problems connected with the lack of
migration to the lymph nodes, which is often experienced by infused DCs [7].

The most common technique for producing microarrays are by spotting or ink-
jet printing [117], where droplets containing aqueous solutions of proteins are ejected
through a narrow nozzle by piezo-electric actuation. One of the advantages of this
method is the high degree of freedom for the spatial positioning of protein spots.
Furthermore, it involves no physical contact between the nozzle and the substrate to be
printed, thereby reducing contamination. In addition, low volumes can be deposited
(pL to nL), which is advantageous for applications where expensive reagents are
required.

One challenge with the fabrication of protein microarrays is the ring formation
of deposited material that occurs during drying of droplets, popularly known as the
coffee ring effect [118]. It is caused by contact-line pinning of the droplets, leading to
a radial flow outward from the center during faster evaporation at the droplet periphery
in order to compensate for the volume lost. The consequence of this phenomenon is
that most of the protein is deposited at the edge of the spot, while the center part has a
low coverage. This can decrease the sensitivity of spot readout when for instance the
amount of fluorescently bound material is low [119], or decrease the capture efficiency
for cellular microarrays.

Ring formation can be avoided by reducing the evaporation rate of droplets, in
order to allow sufficient protein adsorption to happen before droplets dry out
completely, so that excess amounts can be removed by a wash step. Due to the
increased surface-volume ratio of droplets as the diameter is reduced, evaporation
becomes increasingly problematic for pL droplets. Drying is significantly slowed when

T =
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the temperature is close to the dew point, which could be achieved by cooling the
printing substrate and/or printing inside a closed humidity chamber. In addition,
solvents with a low vapor pressure, such as dimethyl sulfoxide (DMSO) or glycerol
can be added to the spotting buffer [120]. Finally, the spot homogeneity can be
increased by printing on hydrophobic surfaces, which reduces the evaporation rate
locally at the contact line due to higher contact angles [121].

Previous work in the group has demonstrated direct entrapment of avidin,
fibronectin, and horseradish peroxidase (HRP) on the surface of PP and PMMA
replicas formed during injection molding, a process termed “InMold transfer” [33].
With this method, pre-adsorbed proteins on a mold surface are transferred to the
polymer replica during shaping, with some retained biochemical activity. One
advantage of this approach is that immobilization can be combined with replication of
micro- or nanostructures in a simultaneous process, making it a highly attractive
approach for microfluidic biochip fabrication. Moreover, with automated robot
replacement of mold inserts, a cycle time below 30 s per part is achievable in an in-line
process.

In this chapter, printing of < 100 um homogeneous avidin spots on FDTS-
coated Ni shims, with and without nanostructures, and subsequent transfer with
retained biofunctionality will be discussed. Furthermore, the capture of monocytes on
biotin-anti-CD14 patches immobilized on avidin deposited by passive adsorption or
transferred from mold inlay will be described by the adhesion under a range of shear
stresses in a parallel flow chamber. Finally, monocyte adhesion on injection molded
plastics with nanoscale topography, with the purpose of increasing the harvest
efficiency by restricting the effective surface area between the cell and the surface for
adhesion, will be briefly described.

4.2 Avidin spotting for InMold transfer

4.2.1 Experimental procedures

Proteins in buffer were spotted using a Nano-Plotter NP 2.1 operated by
NPC16 software (GeSiM, Germany). The instrument included a microscope slide
deck, a microplate sample holder, a washing station, a drying pad, and a robotic arm
with a four-channel pipette head. A micro-milled PMMA carrier was used to align Ni
shims to the slide deck.

Dispensing of droplets was performed using a piezoelectric micropipette (Nano
Tip A), consisting of a microstructured silicon channel bonded to a glass lid. Droplets
were ejected through a 20 um opening at a frequency of 30-100 Hz, using a
piezoelectric pulse width of 50 ps, and an amplitude of 80-150 V. The optimal
parameters for stable spotting of single droplets varied considerably with the viscosity
of the protein buffer and the “cleanliness” of the pipette. Therefore, the frequency and
the amplitude had to be adjusted for each experiment, for which a camera
(stroboscope) was used to monitor droplet formation (Figure 4-1).
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Drop dispenser

/

Ejected droplet

Figure 4-1. Stable, single-droplet ejection from a micropipette as verified by the
stroboscope.

Two different deposition programs were used — a high-precision protocol
where the movement of the pipette arm were stopped at each spot position, and a high-
speed protocol where droplets were deposited on-the-fly. Spotting close to the dew
point was achieved by controlling the humidity, using a humidifier and a humidity
sensor inside the covering hood, and by decreasing the temperature of the slide deck
using circulation of cooling liquid (50% v/v glycerol in water). The temperature at the
shim surface Ts and the surrounding air T was continuously measured by a digital
thermometer, and the relative humidity RH was adjusted to be just below the value
required for the dew point, using the formula [122]:

H 100 x < 17.62T, 17.62T ) w)
- P 24312+ T, 24312+T

For protein spotting, both avidin labelled with the fluorophore TexasRed (TR)
and unlabeled, deglycosylated avidin (ExtrAvidin), mixed in a 1:9 weight ratio, was
used. Droplets with protein solution were deposited on Ni shims first sputter-coated
with SiO, and subsequently FDTS-coated by MVD (Section 2.6). Afterwards, an
incubation period of 10 min was used to allow protein adsorption. The shims were
immersed in MilliQ water to remove unbound protein, before drying with an air gun.
For InMold transfer, the injection molder was kept running in automatic mode using a
“dummy” shim. After spotting, the shims were immediately installed in the tool casing
and protein on the mold surface was transferred to TOPAS 8007, using a mold
temperature (Tmo) Of 30 °C. Otherwise, the parameters for injection molding were
equal to those listed in Table 3-1. The polymer replica with transferred protein was
protected from light and stored in a refrigerator before analysis. To avoid non-specific
adsorption, bovine serum albumin (BSA) in PBS was added at 1 mg/mL at room
temperature for 30 min. Excess protein was removed by washing in MilliQ water and
the polymer replica was dried. Biotin-fluorescein conjugate in PBS was added at 1 uM
for 1 h, before the replica was again washed and dried. Detection of fluorescent avidin
and biotin was performed with a Zeiss LSM 5 confocal microscope (Carl Zeiss,
Oberkochen, Germany), using both a 488 nm Ar and a 543 nm HeNe excitation laser.
Image analysis was performed with the ImageJ software package.

Materials used:

Avidin-sulforhodamine 101 (avidin-Texas Red®) (#A2348), ExtrAvidin®
(#E2511), bovine serum albumin (#A2153), biotin (5-fluorescein) conjugate (#53608),
dimethyl sulfoxide (#D8418), and Dulbecco’s Phosphate Buffered Saline (#D8537)
purchased from Sigma-Aldrich.
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4.2.2 Optimization of avidin spotting

For some cell capture applications, such as the co-culture of two or more
different types of cells, printing over relatively large areas (cm?) within a short time is
attractive. By using on-the-fly spotting of droplets, the required time for a 330x30 spot
array was reduced from 2.5 h to 9 min, compared to the normal spotting program. To
determine the precision of the high-speed program, two arrays of PBS droplets were
deposited on a shim with a pitch of 150 um and 200 um (Figure 4-2). At 150 pm
spacing, the pattern of dried salt crystals was clearly distorted, showing merging of
droplets likely due to positioning inaccuracy. At 200 pm, the spacing was large enough
to allow small individual droplet displacements while maintaining individual spots.
pitch

150 um pitch 200 ym

Figure 4-2. Arrays of salt crystals from dried PBS droplets spotted on a Ni shim with the
high-speed program (18.5 spots/second) using different pitch. Left: A pitch of 150 um
leads to droplet merging. Right: A regular array of single droplets was achieved when
the pitch was increased to 200 pm.

Operating at the dew point was problematic as humidity fluctuations caused
condensation on the shim surface. Therefore, the humidity was set a bit lower than the
dew point. However, at these conditions the deposited droplets dried out within 1 min.
During spotting of avidin in PBS on a FDTS-coated Ni shim, the spot size was found
to increase with increasing concentration of protein in the range 10-300 pug/mL, while
at higher concentrations the spot size remained constant (Figure A-12). Furthermore,
it was found that each spot consisted of a larger ring with a low fluorescence intensity
and center part with a high intensity (Figure 4-3). By spotting on native PS, the size
was constant above 100 pg/mL, and decreasing for lower concentrations (Figure
A-13).

To achieve more homogeneous spots, DMSO was added to the protein buffer
(Figure 4-4). Combined with cooling of the substrate and using a high humidity,
deposited droplets remained in a liquid state for at least 10 min, before the shim was
immersed in MilliQ water. By using 10% v/v DMSO in PBS, the fluorescence
intensity was more evenly distributed than using PBS, although the coffee-ring effect
leads to a thin ring on the edge of the spot with a slightly higher intensity. For PBS, the
outer ring had a diameter 85 um and the inner part a diameter of 55 um, while the
average spot size with a 10% DMSO spotting buffer was 90 um. The spot size was
constant in the range of 80-500 pug/mL avidin with higher concentrations leading to
larger spot sizes (Figure A-14).
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30 pg/mL 65 pug/mL 165 pg/mL

Figure 4-3. Confocal microscope images of fluorescently labelled avidin. The spot size
on shim decreased as the avidin concentration in droplets decreased. For 65 and 165
pg/mL, a larger ring can be seen with a lower intensity, followed by a smaller center
spot with a higher signal.
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Figure 4-4. Confocal microscope images of fluorescently labelled avidin. Left: Spotting
on a FDTS-coated shim of 140 pg/mL avidin in PBS leads to an outer low-intensity ring
indicated by the arrows and a center high-intensity part. Right: Spotting at the same
concentration in PBS + 10% DMSO buffer leads to improved spot homogeneity by
delaying evaporation.

4.2.3 Avidin spotting on nanostructured shim

Droplets were also spotted on a nanostructured SiO,+FDTS-coated Ni shim.
The diameter d and spacing s of the different structures are summarized in Table 4-1,
along with a filling factor f defined as the percentage of the projected area consisting
of protrusions, and a roughness factor r defined as the real area relative to the projected
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area. A protrusion height of 330 nm was assumed, which was the depth of photoresist
after development (Figure 2-3). A droplet array with a pitch of 300 um was spotted
across unstructured and structured fields (fields 3-7). While deposition of avidin was
achieved for some of the structures (fields 3, 5, and 6), no proteins were found on
others (fields 4 and 7). During spotting, no droplets were placed on these fields in
contrast to the neighboring fields. In addition, these two fields did not become
hydrophilic after 30 min of incubation with 1 mg/mL BSA. Advancing and receding
contact angles for the different fields were measured. All the structured fields had a
higher water contact angle relative to the unstructured area. In addition, field 4, 6 and 7
displayed a higher contact angle and a lower hysteresis than field 3 and 5.

Table 4-1. Static (), advancing (0a4v), receding (6rec), and contact angle hysteresis (A0)
of SiO2+FDTS-coated Ni nanostructures, with different diameter d, spacing s, filling
factor f, defined as the projected area comprising of protrusions, and roughness factor r,
defined as the real area relative to the projected area. *Structures were holes instead of
protruding pillars.

Field d[nm] s[hm] f[%] r 0 [°] Oaav [°] Orec[(] A6 [°]

Flat - - - 111.7#1.4 110.8+1.1 96.2+1.8 14.6
3* 210 170 76 25 136.9+3.0 143109 92.9+2.7 50.2
264 216 24 2.2 149.8+1.7 159.5+0.9 125.3+3.7 34.2
243 477 9 15 1452+35 149.6+0.8 95.2+18.8 544
151 189 15 24 153.1+1.4 159.240.7 138.8+45 20.4
128 272 8 18 157.4+3.1 160.5+0.1 142.9+0.8 17.6

~N o o~

To increase the wetting of the most hydrophobic structures, 0.001-0.01% of
Triton X-100 was added to the spotting buffer. During spotting, all fields were wetted,
except 4 and 6. In addition, no adsorbed protein was found during inspection of the
wetted fields by confocal microscopy, suggesting that the surfactant may have blocked
adsorption on FDTS (not shown).

By addition of 10% v/v DMSO to PBS, protein spots could be deposited on all
types of structures, as verified in Figure 4-5. The average spot size depends on the
surface topography with droplets on especially field 4 and 6 having a small diameter.
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Figure 4-5. Confocal microscope images of fluorescently labelled avidin on a
nanostructured Ni shim. Addition of 10% DMSO enables deposition of protein spots on
nanostructures that were otherwise not wetted by PBS. On each image, the average
diameter of five droplets on the same structure is annotated. The scale bars are 50 pm.

4.2.4 Functional InMold transfer of avidin

The retained biotin-binding affinity of avidin after InMold transfer is
demonstrated in Figure 4-6. In this experiment, 100 pg/mL of ExtrAvidin (unlabeled)
in 10% v/v DMSO was spotted with a pitch of 200 um on the mold surface. Then, an
array of 50 pg/mL avidin-TexasRed (TR) was superimposed with a pitch of 400 um.
After injection molding, the polymer replica was labelled with 1 uM biotin-FITC.
Biotin was observed to bind to all spots, while fluorescently labelled avidin was only
found on one out of four positions as expected. These spots were naturally larger as the
volume of liquid was twice as large. The fluorescent signal of avidin was lower in the
middle of the droplet, likely due to adsorption of ExtrAvidin prior to deposition of
avidin-TR.
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Figure 4-6. Confocal microscope image of InMold transferred unlabeled and
fluorescently labelled avidin, as well as fluorescently labelled biotin added after transfer,
demonstrates retained biofunctionality after transfer. First, ExtrAvidin was spotted with
a pitch of 200 um. Then, avidin-TR was spotted with a pitch of 400 um on the mold
surface in register with the ExtrAvidin spots. The intensity profile (graph on the right)
drawn across spots in the microscope image shows co-localization of fluorescent biotin
and avidin at every second spot.

4.3 Cell capture and adhesion in flow chamber

As mentioned in the introduction, integration of phenotypic-specific antibodies
on plastic cultureware for cell capture using low-cost production methods, which in the
case of DC vaccines would be anti-CD14 specific against monocytes, could be an
alternative to more sophisticated and expensive sorting systems such as elutriation. For
monocyte isolation, both a high purity and recovery are desired, defined as the total
fraction of monocytes in the sample after sorting and the total number of monocytes
after sorting relative to the initial amount respectively. In addition, control of adhesion
is important for the harvest of captured cells at the end of culture. In this section,
PBMC and monocyte adhesion to different protein patches and nanoscale topography
integrated in a parallel plate flow chamber will be described.

4.3.1 Experimental procedures

4.3.1.1 Protein patches on TOPAS slides

Casted PDMS wells or 12 well silicone sticky slides (ibidi, Munich, Germany)
were attached to injection molded TOPAS slides to create different protein patches.
Prior to all experiments using biotinylated antibodies, all wells were incubated with 1
mg/mL ExtrAvidin in PBS overnight at 4 °C. Wells were washed three times with
dPBS + 0.05% Tween-20 (PBS-T) between each incubation step to remove excess
protein. Recombinant human serum albumin (HSA) (#A9731, Sigma-Aldrich) was
used to block remaining adsorption sites by 30-60 min incubation at room temperature.
Biotinylated mouse anti-human CD14 (#C1496) or mouse 1gG2a isotype control (#1-
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129), both from Leinco Technologies (St. Louis, USA), were incubated for 1 h at room
temperature. Finally, wells were washed before the silicone chamber was detached and
the flow chamber assembled.

4.3.1.2 InMold transfer of avidin

ExtrAvidin was InMold transferred using the procedure shown in Figure 4-7.
Droplets with 50 pg/mL in PBS were deposited on the shim surface (step 1). Due to
the high surface hydrophobicity, a TOPAS microscope slide was laid on top to spread
the liquid out (step 2). After 10 min of incubation at room temperature, the slide was
removed and the shim was washed with MilliQ water to remove unbound protein (step
3). Polymer replicas were molded as described in Section 4.2.1.

Figure 4-7. Protein deposition on SiO,+FDTS-coated Ni mold. Step 1: Droplets of
protein in PBS were deposited on the shim by pipetting. Step 2: A TOPAS microscope
slide was laid on top to facilitate wetting of the hydrophobic surface. Step 3: After
protein adsorption, the shim was washed with MilliQ water and dried.

4.3.1.3 Cell adhesion studies in parallel plate flow chamber

The experimental procedure was based on the work of two previous master
students in the group [123]. The adherence of PBMCs and monocytes were examined
using a rectangular flow chamber kit for microscope slides (GlycoTech, Gaithersburg,
USA). A silicone rubber gasket with a thickness of 127 pm (0.005 inch) was
sandwiched between injection molded TOPAS slides and a PMMA flow deck (Figure
4-8). The flow chamber was sealed by applying vacuum (V) to the tubings. A Y-
splitter was attached to the inlet, to allow injection of PBS wash buffer (W) and cell
suspension (I) separately.

To avoid bubbles inside the flow chamber, the level of dissolved gas in the
PBS buffer was reduced overnight inside a desiccator. Before cells were injected, the
chamber was primed with buffer. Bubbles were removed using pressure from a syringe
attached to (I), by pulling back and forth. Frozen PBMCs and monocytes from Herlev
Hospital were thawed and washed according to the protocol in Section A.4. PBMCs
from donor #1 were used for the adhesion studies, and the fraction of CD14"
monocytes was determined to be 19.8% (data not shown). In some experiments, cell
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suspensions containing around 90% monocytes (obtained from separation by
elutriation) were used instead. Cells were resuspended in either 500 uL PBS or
Dulbecco’s Modified Eagle Medium (DMEM, D5030) + 10% fetal bovine serum
(FBS, F2442) (both from Sigma-Aldrich) at a concentration of 2x10’ cells/mL,
injected into the flow chamber, and allowed to adhere for 30-60 min before the
chamber was flushed with wash buffer by a Masterflex L/S peristaltic pump (Cole-
Parmer). Cells were observed in a Zeiss Axiovert S100 phase contrast microscope
(Carl Zeiss, Oberkochen, Germany), using a 20x 0.4 NA objective. The microscope
was operated using software developed by David Selmeczi, a previous group member,
using the LabView platform. Images were captured at pre-defined stage positions
between each flow step, using an ANDOR iXon camera. The cell count for each image
was recorded using a macro written in ImageJ. With the employed seeding density,
300-500 cells were counted before flow was initiated. Flow rates between 0.05-12.8
mL/min, corresponding to a shear stress of 0.03-8.0 Pa, were used. Each flow step
lasted for 2-5 min.

Figure 4-8. The parallel plate flow chamber used for measuring cell adherence.
W: Tube for wash buffer. I: Tube for cell injection. V: Tube for vacuum sealing. O:
Outlet tubing.

4.3.2 PBMC adhesion to HSA blocked TOPAS

To demonstrate sorting by the specific capture of monocytes from a PBMC
population on anti-CD14 spots, a low non-specific adhesion to TOPAS was required.
The adhesion was measured on patches blocked with HSA at different concentrations

. First, thawed cells were re-suspended and seeded in PBS (Figure 4-9a).
Unexpectedly, the majority of cells adhered to the surface for all blocking
concentrations. Even at 2.0 Pa, 85-90% of all the seeded cells remained inside the flow
chamber. The situation was clearly different when cells were suspended in
DMEM+10% fetal bovine serum (FBS) (Figure 4-9b). Here, about 50% of all cells
were removed at the lowest shear stress when using a blocking concentration above 1
mg/mL, while for lower blocking concentrations, the fraction of adherent cells were
below 10%. At high shear stress, less than 10% of all cells remained for all blocking
concentrations. For the following experiments cells were only seeded in serum-
containing medium.
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Figure 4-9. Adhesion of PBMCs on patches pre-blocked with different concentrations of
HSA (0-100 mg/mL) when seeded in (a) PBS (n=2) and (b) DMEM+10% FBS (n=1).
By suspending cells in serum-containing medium, cells were only loosely bound to
patches blocked with more than 1 mg/mL of HSA, and non-adherent to patches with
lower blocking concentrations.
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Figure 4-10. Monocyte adhesion to patches coated with (a) and without (b) avidin. All
patches were blocked with the specified concentration of HSA, followed by coating with
100 pg/mL biotin mouse anti-human CD14 for 1 h. Plot shows average values of two
independent experiments (n=2).

Figure 4-10 shows adhesion of elutriation-separated monocytes (~90% purity)
to TOPAS slides with (a), or without (b) avidin, blocked with HSA at different
concentrations and incubated with 100 pg/mL biotin-anti-CD14. Monocytes bound
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loosely to avidin-biotin-anti-CD14 irrespective of the blocking concentration (a).
When no avidin was present on the surface (b), the monocyte adhesion was below
10% at low shear stress for all blocking concentrations, and was further reduced by
increasing the flow rate.

Images of monocytes adhered to biotin-anti-CD14 antibody, biotin-isotype
control antibody, and avidin after 0, 0.03 and 8.0 Pa shear stress, are shown in Figure
4-11. No HSA blocking or wash step was employed between avidin and biotinylated
antibody incubation in this experiment. Before sorting, cells adhering to the anti-CD14
patches appeared larger than other cells, indicating that they were spread out (cells
with a bright periphery and a dark center). This was seen to some degree also for the
isotype control. By applying a low level of shear stress, most of cells on the avidin
patch were removed. In contrast, most cells remain on anti-CD14 even at high shear
stress. Monocytes also adhere to the isotype control, although with a lower strength.

Anti-CD14

Isotype
control

Avidin

Figure 4-11. Monocyte adhesion on anti-CD14, isotype control, and avidin patches on
native TOPAS, under low (0.03 Pa) and high (8.0 Pa) stress. Monocytes adhered firmly
to anti-CD14 and spread out as seen the by the larger cell size before flow was initiated.
The majority of cells remained attached even at high flow rates, while around 50% of
those attached to the isotype control were washed out. Monocytes were mostly non-
adherent to avidin patches even at low shear stress.

Figure 4-12 shows monocyte adhesion to patches with bound (a) anti-CD14
and (b) isotype IgG control through the avidin-biotin link from the same experiment as
presented in Figure 4-11. Monocytes bound strongly to anti-CD14 at concentrations
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above 10 pg/mL; at 0.5 Pa, more than 90% of cells were remaining. In (b), more than
60% of monocytes adhered non-specifically to the isotype control antibody after
washing with 0.5 Pa. At 1 pg/mL antibody concentration the adhesion of anti-CD14
and isotype control was similar to that of avidin (0 pug/mL).
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Figure 4-12. Monocyte adhesion to patches coated with (a) biotin-anti-CD14 and (b)
biotin-isotype IgG at the indicated concentrations. All patches were incubated overnight
with avidin prior to antibody-coating for 1 h. Plots show average values of two
independent experiments (n=2).

4.3.4 InMold transferred avidin for monocyte capture
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Figure 4-13. Monocyte adhesion to biotin-anti-CD14 on slides with InMold transferred
avidin (n=1) was slightly higher on than avidin.

Figure 4-13 shows monocyte adhesion to patches with different concentrations of
biotin-anti-CD14 on InMold transferred avidin. The highest difference in adhesion was
observed between 10 and 0 pg/mL, where the fraction of adhered monocytes was 62%
and 36% at 0.03 Pa, and 32% and 10% at 8.0 Pa respectively. However, the adhesion
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to antibodies was not as strong compared to when avidin was immobilized directly on
the polymer surface by passive adsorption (Figure 4-12). In addition, the difference
between coated and non-coated anti-CD14 areas was smaller than what was observed
for passive adsorption.

4.3.5 Monocyte-adhesion on nanostructures

The adhesion of monocytes to a microscope slide with nanoscale topography
injection molded with the same conditions as for the sample shown in Figure 3-1b and
Figure 3-6, were studied using the parallel plate flow chamber. The microscope slide
was treated with air plasma (50 W, 10 min) immediately before the experiment. No
protein coating was applied to the surface prior to cell seeding. The nanostructured
areas could easily be distinguished in the microscope due to the interference pattern
generated when illuminated.

Figure 4-14 shows the relative number of monocytes adhering to the different
fields patterned with 240 nm holes, with respect to the initial cell count before any
shear stress was applied. At a shear level of 0.03 Pa, the relative density was only
slightly lower for 240/380 nm and 240/720 nm structures. However, at 8.0 Pa, the cell
density was greatly reduced for the 240/380 nm structure relative to the unstructured
field (36 % vs. 96 %), while for the other nanopatterned fields there was almost no
change.

Flat
240-720
240-600
100 1 240-480
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Figure 4-14. Monocyte adhesion to the different nanostructured areas, annotated by
nominal hole diameter and center to center pitch, under different shear stress levels. The
lowest cell adhesion was observed for the 240-380 nm structure, where 36% remained
after a shear stress of 8 Pa was applied.

Figure 4-15 shows adherent cells on different topographies after 1 h incubation
inside the flow chamber. Compared to the unstructured area, cells appeared slightly
more elongated on the field with 240 nm wide holes on a pitch of 380 nm. A strong
orientation-specific elongation was observed for cells adhering to the linear gratings,
where several cells were elongated along the axis of the gratings.
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Unstructured 240/380 (field 9)
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Figure 4-15. Phase contrast micrographs of adherent monocytes after 1 h incubation in
serum-containing cell medium at room temperature, before shear stress was applied.
Cells appear more elongated when adhering to the 240/380 nm (diameter/pitch)
structure, compared to an unstructured part of the surface. In addition, it appears as if
cells align along the axis of 300/600 nm parallel and perpendicular gratings, indicated by
the white arrows. The scale bars are 100 um.

4.4 Discussion

4.4.1 Avidin patterning and InMold transfer of protein

The first experiments using PBS as spotting buffer produced irregular spots on
FDTS with a diameter decreasing with the concentration (Figure 4-3). In contrast to
the coffee-ring effect where most of the material is deposited along the drop perimeter,
spots at a concentration above 65 pg/mL displayed an outer ring with a fluorescence
intensity barely above the background level, while the center part had a high intensity,
suggesting that most of the material was deposited there. This is often referred to as
spiking [124]. Due to the fast evaporation of the droplets (< 1 min), it could be
suggested that the amount of initially adsorbed protein was not sufficient to pin the
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contact line. As the droplet evaporates, the contact line retracts with a constant
receding angle (Table 4-1). Due to the rapidly shrinking volume and the low amount
of adsorbed protein, the protein concentration in solution increases until a point where
the droplet becomes self-pinned. From this point on, the droplet evaporates with
decreasing contact angle and a constant contact area. The idea that a threshold
concentration for droplet pinning exists is supported by Figure A-12, which shows a
constant spot size on FDTS above 300 pg/mL, suggesting that droplets in this
concentration range were initially self-pinned. At lower initial protein concentrations,
pinning only occurred after a certain amount of liquid had evaporated, when the
threshold concentration was reached. A similar behavior was seen when spotting on
PS, only that the threshold concentration for self-pinning was lower (< 100 pg/mL).

Choi and Kim [125] studied the contact angle over time for evaporating
droplets on Teflon-coated surfaces. Water droplets initially maintained a constant
contact area with a contact angle decreasing from 116° to 110°, before switching over
to a constant receding angle with a continuously decreasing contact area. For droplets
of DMEM containing 10% FBS (corresponding to about 4 mg/mL protein [126]), the
contact line was pinned throughout the entire evaporation process, with the contact
angle continuously decreasing from 111° to 0°. This study does not describe pinning at
lower protein concentrations however.

The fact that the droplets were not completely dried out likely explains the
homogeneous spot in Figure 4-4. Addition of 10% v/v DMSO (mole fraction Xpmso =
0.027) to the spotting buffer significantly reduced the evaporation rate of the droplets.
Since DMSO has a lower vapor pressure compared to water (Pypuso = 0.051 kPa,
Pv.water = 2.372 kPa at 20 °C), the addition of 17% v/v DMSO (Xpmso = 0.049) has
been reported to reduce the vapor pressure to 2.145 kPa [127]. At the conditions inside
the cover of the Nanospotter (25 °C and 70% relative humidity), the partial pressure of
water vapor is 2.226 kPa [128]. It is therefore likely that the vapor pressure of droplets
of 10% v/v DMSO in PBS, sitting on the shim at 20 °C, is very close to being
saturated. In addition, DMSO and water mixtures does not form azeotropes, which
means that Xpmso Will increase during evaporation due to the higher vapor pressure of
water [127], which means that at some point evaporation from protein-containing
droplets will stop. It should be added that due to the large surface to volume ratio of
the droplets, the evaporation is likely highly sensitive to small fluctuations in the
surrounding atmosphere, so parameters like temperature and humidity must be
carefully controlled.

As mentioned, deposition of PBS was not possible on field 4 and 7 for the
nanostructured shim, which were two of the structures with the highest contact angle
and a low hysteresis (Table 4-1). On the other hand, droplets could be deposited on
field 6, which also had a high contact angle and a low hysteresis. Table 4-2 shows the
measured static contact angles 6 of the different structures together with theoretical
contact angles 6y, and 6., according to a wetting (Wenzel) [129] and non-wetting state
(Cassie-Baxter) [130], which can be calculated by the two formulas:

cos By, =rcos @ (4-3)

cosO; =f(cosf+1)—1 (4-4)

where r is the roughness factor and f is the fraction of the projected surface area that is
wetted. In the calculations for the Cassie-Baxter state, it was assumed that the droplet
only touches the top of the pillars, which was assumed to be flat and smooth. The
contact angles measured on field 4 and 7 was close to the predicted angle for the non-
wetted state. A Cassie-Baxter state for these structures is also supported by the low
contact angle hysteresis (Table 4-1). Field 6 had a contact angle close to both 6y and
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Oc, while field 3 and 5 might be in a partially wetted state as the measured angle was
somewhere in between the two states.

Table 4-2. Static contact angle together with contact angles according to the Wenzel
(Aw) and Cassie-Baxter model (6¢c) for SiO,+FDTS-coated Ni nanostructures, with
different diameter d, spacing s, filling factor f of protrusions, and roughness factor r.
*Structures were holes instead of protruding pillars.

Field d[nm] s[nm] f r 0] ow ] 0c[]
Flat - - - 111.7£1.4 -

3* 210 170 0.76 2.5 136.9+3.0 158 121
264 216 0.24 2.2 149.8+1.7 144 148
243 477 0.09 15 1452+35 124 161
151 189 0.15 24 153.1+1.4 153 155
128 272 0.08 18 157.4+3.1 132 162

~N o 01 b~

Droplets of radius ~ 1 mm used for measuring contact angles were in the
Cassie-Baxter state, but smaller droplets might not be in the same state. The Laplace
pressure due to the curved air-liquid interface is given by

AP = %y (4-5)
where v is the surface tension and R is the droplet radius. For droplets with a radius of
1 mm, the pressure difference across the liquid-air interface is 146 Pa, while it is 2.9
kPa for a radius of 50 um. It is known that transition from the non-wetting to the
wetting state can be induced by an external pressure [131], which might be caused by
the increased Laplace pressure as the droplet size decreases [132]. Therefore, it is more
likely that pL droplets printed on the shim exist in a fully wetted or partially wetted
state, than what is predicted by macroscopic contact angle measurements.

By addition of 10% v/v DMSO, which lowers the surface tension slightly from
72.8 mN/m to 67.5 mN/m [133], it was possible to spot on all nanostructures. As the
DMSO content increases during evaporation, the surface tension is also approaching
the surface tension of pure DMSO, which is 43.5 mN/m. This could explain why the
avidin spot size on a flat surface was slightly larger compared to when PBS was used
as the spotting buffer (Figure 4-4). Since the size was constant for 50-500 pg/mL
protein (Figure A-14), it could be suggested that the contact line was pinned
throughout the incubation period.

Finally, it was demonstrated that InMold transfer of homogeneous avidin spots
with retained biotin-recognition could be reproduced from earlier work. In an earlier
PhD project in the group, areas on the shim with a high density of proteins caused by
drying of the liquid solution were poorly replicated [134]. Therefore, the addition of
DMSO to the spotting buffer could also be beneficial for the InMold transfer process.
InMold transfer of functional capture antibodies will be further described in Chapter 5.

4.4.2 Cell capture on injection molded thermoplastics

PBMCs were observed to be highly adherent to untreated TOPAS with and
without pre-adsorbed HAS when cells were seeded in PBS, while they were non-
adherent to the same surface when re-suspended in serum-containing medium. This
was in line with previous observations of leukocytes adhering equally well to tissue
culture grade and native PS in serum-free medium [135]. In that study, cells became
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highly adherent to PS containing hydroxyl surface groups and non-adherent to native
PS when serum proteins were added. It might therefore be possible that metabolically
active cells secrete their own adhesion-promoting proteins that proteins adsorbs
effectively to hydrophobic PS without competition from serum, or that proteins on the
membrane adsorb directly to the polymer. In addition, serum proteins likely adsorb at
different amount and with a different orientation on hydrophobic and hydrophilic
culture dishes. In another study, fibronectin, albumin, alpha-1-antitrypsin and alpha-2-
macroglobulin, but not transferrin, pre-adsorbed to untreated PS decreased leukocyte
adhesion in serum-free media, while for tissue-culture grade PS no change was
observed [136].

It is not clear why HSA blocking of hydrophobic TOPAS did not reduce cell
adhesion in PBS, although it might be explained by cell binding to proteins that
denature during drying of the slides. Indeed, it has previously been found that
monocytes adhere better to denatured BSA compared to native BSA [137].

Monocytes did not adhere to native TOPAS pre-coated with 100 pug/mL biotin-
anti-CD14 when avidin was not present (Figure 4-10), which could suggest that either
a too low amount of physisorbed antibody was present after the washing steps, or that
the orientation was not ideal for cell capture. When avidin was adsorbed prior to the
antibody, monocytes was efficiently captured on the polymer surface. Furthermore, by
omitting the wash step between avidin and biotin-anti-CD14 incubations, an even
higher fraction of monocytes could be captured (Figure 4-12). A concentration of 10
pg/mL seemed optimal, while at 1 pg/mL there was no improved cell adhesion.
However, the adhesion through CD14 recognition was not very specific, as a large
fraction of cells also adhered to the isotype control. This could be explained by the
binding to adsorbed IgG molecules through monocyte Fc receptors [138]. Although
this is not a disadvantage for monocyte isolation, 1gG recognition through the Fc
fragment should be reduced for co-culture applications where monocyte capture
together with other cells on distinct spots is targeted. A way to avoid this could be to
block the Fc receptors prior to seeding by human AB serum [24], which contains a
higher amount of 1gG than FBS. The largest separation between monocytes adhering
specifically and non-specifically occurred at the highest shear rate, indicating that cells
had a higher avidity to anti-CD14 antibodies than the isotype control.

Monocyte adhesion was also increased when anti-CD14 antibody was
incubated on slides with InMold transferred avidin. However, the difference between
coated and non-coated areas was smaller than for passive adsorption of avidin, even
though biotin-recognition was demonstrated in Figure 4-6. The reason could be both
due to a lower amount of avidin adsorbed on the surface (50 pg/mL for 10 min at 25
°C on the shim, versus 1 mg/mL overnight at 4 °C on the plastic), and/or that a lower
fraction of avidin was able to recognize biotin after injection molding. However, time
did not permit optimization of the concentration or incubation time for InMold
transferred avidin with the purpose of achieving cell capture. Also, one should also be
careful to draw conclusion between different experimental series, as the applied shear
rate is highly dependent on changes in the chamber height, which might be caused by
small folds in the silicone gasket made during assembly of the flow chamber.

Previously, Sekine et al. demonstrated panning of multiple leukocyte subsets
on spots with anti-CD4, anti-CD8, anti-CD36, and anti-CD16b antibodies physisorbed
on polyethylene glycol (PEG) coated glass slides [27]. A purity of 97.2% of CD14"
monocytes re-suspended in PBS from red blood cell (RBC)-lysed whole blood was
achieved on anti-CD36 spots, after applying a shear stress of 0.16 Pa. However, the
yield was not mentioned in this study. The high specificity is likely due to the high
resistance of PEG against non-specific leukocyte adhesion, which was demonstrated
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by a cell density after washing of only 0.07% relative to cell-adhesive poly-L-lysine.
PEG-coated glass slides with antibody spots have also been used for efficient CD4 and
CD8 T-cell separation [139], [140]. In another study, monocytes from RBC-lysed
whole blood were efficiently captured at shear stresses below 0.05 Pa, using 75 pg/mL
anti-CD14 on glass slides, although the purity was not described [141]. To anchor the
antibodies, the glass slides were surface functionalized in a two-step process with a
silane and a coupling agent containing an amine-reactive group. Although several
devices has demonstrated selective capture of leukocyte subpopulations, the
fabrication processes are rather cumbersome, involving several process steps in order
to achieve the high specificity. Instead of using glass, it would be advantageous to use
injection molded thermoplastics for disposable devices. In the next chapter, functional
transfer of polyclonal antibodies by injection molding will be discussed.

Finally, monocyte adhesion on plasma oxidized TOPAS with nanoscale
topography was briefly described. Cell adherence to 240 nm holes with 380 nm pitch
was noticeably reduced, while for structures with increased spacing between holes, the
adhesion was not much different from an unstructured surface. The lower cell adhesion
might be explained by the reduced surface area available for cell adhesion, when holes
on the surface were brought closer together. In addition, the replicated features
appeared more as parallel ridges having a width of only 70-120 nm, with the hole
pattern buried deeper into the surface (Figure 3-6), which could explain why this
pattern led to a noticeable lower adhesion. This could also explain why the cells
appeared more elongated in the horizontal direction, as cells are known to align along
linear gratings below a certain size [142], [143]. A summary of some literature
reporting on cell adhesion on nanostructured surfaces is shown in Table 4-3. Most
studies report a reduced adhesion, although the largest difference appears for hole
diameter below a certain limit. Similarly, it has been observed that with small
protrusions on the surface having a large separation distance, the cell membrane is able
to conform to the topography, while for pillars more closely spaced, the cell-substrate
contact area is reduced [144]. For the 240 nm hole structures which was fully
replicated in this thesis, it may be that the hole diameter was too large to reduce the
surface area available for cell adhesion.
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Table 4-3. Summary of selected literature on cell adhesion on different nanostructured
polymer surfaces. A reduced adhesion is denoted by “+*, no difference by “0”, and
increased adhesion by “+”.*Topography was disordered and with a wide distribution in
feature size. PLGA = poly(lactic-co-glycolic acid); PCL = polycaprolactone; HUVEC =
human umbilical vein endothelial cell; CPAE = calf pulmonary artery endothelial cell.

. Depth/ .
Cell type | Material Feature | Width height Pitch Adh. | Ref
type [nm] [nm] [nm]
Osteoblasts | PC Holes 120 100 300 + | [145]
Osteoblasts | PS :;?S'GS/ P | 900 500 500 + | [146]*
. PCL, 100- .| [147]
Fibroblasts PMMA Holes 35-120 | 50-100 300 : [148]
Fibroblasts | PCL Holes 150 80 300 + | [149]
Astrocytes | PS Grooves | 10.000 | 3.000 20.000 + | [142]
350- 750- .
HUVECs | PLGA Grooves 1750 500 2100 + | [143]
350- 750-
CPAEs PLGA Grooves 1750 500 2100 0 |[143]

4.5 Conclusion

Avidin spots with a diameter lower than 100 um and a pitch of 200 um can be
printed on an FDTS-coated Ni shim at a speed greater than 18 spots/s. When proteins
were spotted in PBS, the resulting pattern was inhomogeneous, with a higher intensity
at the center of the spot. The spot diameter changed with protein concentration,
indicating that a threshold level for droplet pinning exists. By addition of 10% DMSO,
the spot homogeneity was improved, likely due to a reduced evaporation rate of the
droplets. This also enabled spotting on nanostructured Ni structures displaying
superhydrophobicity. Finally, the transfer of avidin spots by injection molding was
achieved with retained biotin recognition.

By shear stress studies of PBMCs in a parallel plate flow showed that cells
were highly adherent to native TOPAS without serum proteins, while they became
non-adherent when serum was added. Blocking of the surface with HSA did not appear
to have any effect in either case. Furthermore, capture of monocytes to anti-CD14
spots were achieved, although with a low level of specificity. Biotinylated anti-CD14
bound to InMold transferred avidin also demonstrated the ability to capture monocytes,
although for further optimization of the transfer process is needed to reach the same
capture efficiency as antibodies bound to avidin passively adsorbed on plastic. Finally,
reduced monocyte adhesion was shown on one of the injection molded nanostructures,
although more experiments are needed before any conclusion can be made.
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5.1 Introduction

Immobilization of antibodies to solid substrates is of great importance for
various applications, such as protein microarrays for proteomics [29], development of
personalized drugs [30] and point-of-care diagnostics [31], immunoassays such as the
enzyme-linked immunosorbent assay (ELISA) [150], in addition to cell capture
through surface antigen-recognition as previously discussed. Most biochips employing
covalent protein immobilization are made from materials such as glass or silicon [151],
[152]. However, it is advantageous to use thermoplastic polymers instead due to lower
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production cost, which is especially important for disposable devices.

Thermoplastic substrates popularly used in life science applications such as PS,
PC, COC, PP and PMMA are inert in their native form and therefore need to be
chemically activated prior to protein binding [32]. This can be done by introducing
functional groups on the surface like epoxy or amines by photoactivation [153]-[155],
by forming functionalized polymer adlayers [156], [157] prior to protein linkage, or by
direct photoimmobilization of proteins using a photoiniator [158]. However, these
methods inevitably add extra steps to a production line, increasing both time and cost.

It would be advantageous if the protein deposition could be readily integrated
in the injection molding process (Figure 5-1). The direct entrapment of avidin,
fibronectin, and HRP on the surface of PP and PMMA replicas formed during injection
molding, with some retained biofunctionality, and the transfer of fluorescently labelled
IgG has previously been reported [33], [134], [159]. In addition, transfer of avidin
micro-patterns deposited by spotting was also demonstrated in the previous chapter.
Through the avidin-biotin link, it is therefore possible to immobilize antibodies to the
polymer surface. This route, however, still adds extra process steps. Therefore it would
be advantageous to integrate antibodies directly in the polymer surface through InMold
transfer.

IgG adsorbed on mold
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InMold transferred IgG
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Figure 5-1. Schematic overview of the transfer of 1gG by injection molding. 1gG is
adsorbed to the mold surface, before the inlay is installed and melted polymer is injected
into the cavity. After de-molding, the IgG molecules are transferred to the polymer
surface.
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In this chapter, the transfer of functionally active antibodies, specifically anti-
mouse IgG, from the mold surface to a COC replica by injection molding is
demonstrated. The high transfer efficiency procedure mediated by the anti-stiction
coating on the mold surface is characterized using AFM, x-ray photoelectron
spectroscopy (XPS) and contact angle measurements. Furthermore, the retained
antigen-binding affinity of the transferred antibody is at a level that is comparable to
that of antibodies deposited on the polymer surface by conventional passive
adsorption, as demonstrated by ELISA.
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5.2 Experimental procedures

5.2.1 Materials

dPBS (D8537), DMEM (D5030), IgG from mouse serum (15381), anti-mouse
IgG (whole molecule) antibody produced in rabbit (M7023), anti-mouse 1gG (whole
molecule)-peroxidase antibody produced in goat (A4416), BSA (<25 ng IgG/mg BSA,
A9085), FBS (F2442), penicillin/streptomycin  (P/S, P4333), 3,3’,5,5-
Tetramethylbenzidine liquid substrate system for ELISA (TMB, T0440), and 2,2'-
Azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS, A3219) liquid substrate
system for ELISA were purchased from Sigma Aldrich (St. Louis, MO). Rabbit anti-
mouse IgG antibody conjugated with HRP (P0260) was purchased from Dako
(Glostrup, Denmark). All water used was purified with a Millipore MilliQ system
(Boston, MA). The blocking buffer consisted of 0.05% v/v Tween 20 (Merck-
Schuchardt, Hohenbrunn, Germany) and 0.1% w/v BSA in 1x dPBS. The wash buffer
consisted of 0.05% v/v Tween 20 in 1x dPBS. The colorimetric reaction was stopped
by addition of 0.5 M H,SO, in MilliQ water. Protein stability tests used an incubation
buffer of 10% v/v FBS and 100 U/mL P/S in DMEM. All incubation steps were done
at room temperature (25 °C) unless otherwise stated. 12-well removable silicone
chambers (81201) and 8-well sticky-slide chambers (80828) was purchased from ibidi
(Martinsried, Germany). Nunc 96-well polystyrene plates (260860) were acquired
from Fischer Scientific (Roskilde, Denmark). For injection molding, TOPAS ® 8007-
S04 (COC) was purchased from Topas Advanced Polymers (Frankfurt-Hochst,
Germany) and shims of electroplated nickel were obtained from DVD Norden
(Sakskegbing, Denmark).

5.2.2 InMold transfer of antigen

IgG from mouse serum was deposited by passive adsorption on the FDTS-
coated mold inlays, by dispensing protein solutions in a titration series (0-100 pg/mL)
in dPBS for 10 min, using the 12-well chamber attached to the mold (Figure A-15).
Excess protein and salts from the buffer were removed by immersing the molds in 30
mL MilliQ water for 1 min, before the inlay surfaces were dried with a pressurized air
gun. The protein-coated mold inlays were immediately installed and TOPAS 8007 was
injected into the mold, which was kept at a temperature (Tmoig) Of 20 °C. Otherwise,
similar parameters as those described in Table 3-1 were used. The replicas with
transferred protein were kept in a sealed zip-lock bag in a refrigerator at 4 °C until
analysis. After each transfer cycle, the mold inlay was treated with oxygen plasma to
remove any residual proteins, and a new FDTS layer was deposited by MVD.

The functionality of immobilized protein was assessed using indirect ELISA.
The patches with transferred proteins were identified by wetting the replica surface
with PBS, and the 12-well silicone chamber was mounted by manual alignment to the
hydrophilic areas. Blocking buffer was added to each well (300 puL) and incubated for
1 h. After blocking, each well was washed 6 x 3 min with washing buffer, and 100 puL
0.5 pg/mL goat anti-mouse 1gG-HRP (detection antibody) in blocking buffer was
added and incubated for 1 h. Afterwards, the same washing procedure was repeated
followed by addition of 100 pL ABTS substrate. The enzymatic conversion by the
peroxidase enzyme was measured by continuously recording the absorbance during 10
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min in the silicone wells at 405 nm using a Victor3 plate reader (Perkin Elmer, Santa
Clara, USA). The change in absorbance values over time were fitted by linear
regression and the slope was correlated to the amount of antigen present on the
surface.

5.2.3 InMold transfer of capture antibodies

Rabbit anti-mouse 1gG was deposited by passive adsorption on the FDTS-
coated mold inlays by dispensing a solution of 10 pg/mL protein in dPBS for 10 or 60
min. A microscope slide was used to spread liquid over the shim area (Figure 4-7).
The transfer procedure of capture antibody was otherwise performed similarly to
antigen transfer. For the experimental series studying the ability to re-use the same
mold without plasma treatment and FDTS-coating, new protein solution was added
after each transfer without cleaning the mold surface.

The functionality of the immobilized antibody was assessed using a sandwich
ELISA. The silicone chamber was mounted on the polymer replica slides with
transferred antibody, before adding 300 pL of blocking buffer to each well and
incubating for 1 h. After blocking, the excess solution was tapped out and 100 pL
mouse IgG (antigen) in blocking buffer was added and incubated for 16 h at 4 °C.
Each well was washed 6 x 3 min with washing buffer, and 100 puL 0.5 pg/mL rabbit
anti-mouse 1gG-HRP (detection antibody) in blocking buffer was added and incubated
for 1 h. Afterwards, the same washing procedure was repeated followed by adding 100
puL TMB substrate and incubating for 10 min on a shaking table. 100 uL 0.5 M
aqueous H,SO, was added to stop the enzymatic reaction, and 100 pL supernatant was
transferred from each well on the polymer replicas to a transparent 96 well PS plate,
where the absorbance was read at 450 nm. For comparison, capture antibody was
deposited on uncoated polymer replica slides by passive adsorption from solution,
using the same coating procedure and concentrations as for the mold inlays, before
washing with MilliQ water, drying and mounting the silicone well chambers.

For the protein stability tests, a bottomless 8-well slide was attached to the
polymer replicas by adhesive tape and 500 uL of DMEM with 10% v/v FBS and 100
U/mL P/S was added. The slides were incubated in a sealed bag in the refrigerator at 4
°C for 9 days, before performing a sandwich ELISA as described. It should be noted
that the slides with transferred proteins were stored in the dried state for 3 weeks at 4
°C before the stability tests were initiated.

5.2.4 Characterization of the transfer efficiency

The mold inlay surface before protein deposition, after protein deposition, and
after protein transfer by injection molding, as well as the surface of the polymer
replicas with and without transferred proteins was characterized by AFM (XE-100,
Park Systems, South Korea) using BudgetSensor-300 cantilevers operated in
intermittent contact mode. The recorded micrographs were adjusted with a plane fit at
an average zero height. XPS was performed with a K-Alpha spectrometer (Thermo
Scientific, U.K.) using a 400 um wide monochromatized Al K, X-ray beam spot and
pass energies of 50 and 200 eV for high resolution and survey spectra respectively.
Elemental composition analysis and deconvolution of C1s spectra were performed
using the instrument manufacturer’s Avantage software package. Advancing and
receding contact angles of water were measured optically using an OCA 20 system
(dataphysics, Germany), by the dynamic sessile drop method, through
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adding/removing liquid at 0.1 pL/s and calculating the average angle while the length
of the contact line increased/decreased. Static contact angles of water, diiodomethane,
and benzyl alcohol were measured using a Drop Shape Analyzer DSA100S (Kruss,
Germany) inside cleanroom-facilities. The surface energy with dispersive and polar
components was calculated using the Owens-Wendt method [68]. At least 5 drops on
different positions on each sample were measured.

5.2.5 Data Analysis and Curve Fitting

Quantitative data are reported as mean = standard error of the mean (SE) unless
otherwise stated. Statistical significance was evaluated using Welch’s t-test for two
samples having possibly unequal variances [160]. The antigen standard curves were
quantified using a Four Parameter Logistic (4PL) curve fit, A = Ay + (Amax — 40)/

a
(1 + (ECC ) ) where A is the measured absorbance, A, the absorbance at zero analyte
50

concentration, Amax the saturation absorbance from the analyte, ¢ the analyte
concentration, ECs, the half maximum effective concentration, and « is the Hill curve
steepness [161]. A limit of detection (LoD) for each assay was defined as the mean
value + 3x the standard deviation of the zero antigen well [162].

5.3 Results

5.3.1 1gG transfer efficiency from mold to replica

Efficient transfer of antibodies during the injection molding process is essential
to produce replicas with biofunctionally highly active surfaces and to establish an
automatable process sequence. Earlier experiments in the group compared IgG transfer
from mold inlays of native hydrophilic nickel to inlays of nickel with FDTS at the
surface. Native nickel inlays resulted in markedly poorer transfer efficiency (data not
shown). Thus, only FDTS-coated mold inlays were considered in the further work.

The transfer efficiency of rabbit anti-mouse IgG was evaluated qualitatively by
AFM and contact angle analysis, and quantitatively by XPS on both the mold inlay and
replica surfaces. Figure 5-2 (a-c) compares the topography of the mold inlay surface
before and after protein transfer. Freshly prepared FDTS-coating on a Ni mold had a
certain surface roughness (Figure 5-2a). Proteins adsorbed on the inlay surface
(Figure 5-2b) appear as surface protrusions (bright dots and lines) of an apparent
width <50 nm, superimposed on the FDTS-layer. The mold inlay surface after transfer
(Figure 5-2¢) shows again a similar topography to a clean Ni mold, with lower surface
roughness and on a longer lateral length scale, indicating that most of the proteins were
removed during transfer. Figure 5-2 (d + e) compares the topographies of polymer
replicas molded against inlays with or without adsorbed protein. The surface roughness
was higher and dominated by features on a shorter length scale for the replica surface
molded against an IgG-coated inlay (Figure 5-2e) than the replica from an uncoated
inlay (Figure 5-2d). The topography of the replica with molded protein (Figure 5-2¢)
was similar in appearance to proteins adsorbed on the mold surface (Figure 5-2b);
although the peak-to-valley heights on the associated line profiles appear to be smaller
on the replica. Five line profiles were measured across proteins on both mold inlay and
polymer replica (Figure A-16), and the average peak height against a flat background
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was 5.3 nm and 3.6 nm respectively, suggesting partial embedding of the protein in the
polymer surface.

0.0

5
OP_\’/\\
-54 | -5+

0.0 0.5 1.0 0.0 05 1.0
x (i) x (3m)

Figure 5-2. Adsorbed protein molecules were efficiently transferred to polymer replicas
during injection molding. AFM topography micrographs of the mold inlay surface and
polymer replica surface with or without protein (IgG) coating. The height profiles were
extracted along the stipulated lines in the micrographs. (a) A clean FDTS-coated mold
inlay surface, (b) 19G coated mold inlay surface prior to injection molding, and (c) after
injection molding. (d) Polymer replica injection molded from an inlay without 1gG
coating and (e) with 1gG coating. The height scale of the topography images is 15 nm.
Scale bars are 200 nm.

XPS analysis was employed to obtain quantitative information on the amount
of proteins transferred, the elemental composition of the mold surface before and after
deposition of IgG, and after injection molding, as well as the polymer replicas with and
without InMold transferred IgG (Table 5-1). The analysis showed a distinct increase in
carbon and nitrogen surface concentrations after IgG adsorption on the mold, as
expected from the polyamide backbone of the proteins. After injection molding, the
chemical composition was close to the initial values, with no detectable nitrogen (<0.3
atom %), and only a small increase in the surface concentrations of carbon and
fluorine, and a small decrease in the amount of oxygen. The signals from oxygen,
fluorine, and silicon originate presumably from the FDTS monolayer and the
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underlying SiO, adhesion promoter layer on the mold inlay surface. Correspondingly,
nitrogen and oxygen signals were detected on a COC polymer replica molded against
an lgG-coated inlay but not on a COC (hydrocarbon) replica against an uncoated
replica. The amount of adsorbed or transferred protein can be semi-quantitated by the
nitrogen surface concentration. Similar concentrations were detected on the IgG-coated
mold inlay (2.8 atom %) and on the polymer replica (3.6 atom %), which is in
agreement with highly efficient transfer from the FDTS-coated inlay.

Table 5-1. Elemental composition as determined by XPS of mold and replica surfaces
with or without protein (1gG) coating before or after injection molding. The values are
the average of two measurement points on each sample. The detection limit is estimated
to be 0.3 atom%.

Elemental composition (atom %)
C N O F Si

Mold inlay surface (FDTS on SiOy) 114 - 395 244 248
IgG-coated mold inlay 214 28 342 212 210
1gG-coated mold inlay after injection molding 119 - 386 247 248
Polymer replica from uncoated mold inlay 100 - - - -

Polymer replica from IgG-coated mold inlay 90.7 36 53 - -

High resolution XPS analysis of the carbon signals from the mold inlay
surfaces supported the results of the elemental analysis (Figure 5-3). Peak
contributions from the mold inlay surface components and from the adsorbed protein
were extracted by curve fitting, and subsequently fitted in combination to Cs spectra
from the mold inlay in different process stages. More details on the peak
deconvolution can be found in Section A.3. In brief, mold inlay peak contributions to
the carbon spectra were from the fluorocarbon part of the FDTS monolayer at 294.2
eV (C'Fs-) and 291.9 eV (-C’F-) and from the two methylene units closest to the SiO,
layer at 286.3 (-CH,-C H,-CF»-) and 285.6 eV (-Si-C H,-CH,-). Adsorbed proteins
were assigned to peaks at 288.4 eV, 286.6 eV, and 285.2 eV originating from the
amide carbon (-NH-CR-C*(=0)-) in the protein backbone, the nitrogen-bound a-
carbon (-NH-C*R-C(=0)-) in the backbone as well as oxygen- and nitrogen-bonded
carbon in the side groups, and carbon-carbon bonds in the side groups, respectively. A
strong increase in the protein-associated peaks was evident after protein deposition,
while contributions from these peaks were hardly detectable for the mold inlay surface
after protein transfer.
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Figure 5-3. C1s high-resolution XPS spectra support complete transfer of protein from
the mold inlay during injection molding. (a) Mold inlay surface (FDTS on SiO,) without
proteins, (b) after protein deposition, and (c) after protein transfer to the polymer replica
by injection molding. The photoelectron contributions from the mold inlay FDTS layer
and the protein coating were fitted by the dashed and dash-dotted curves, respectively.

The transfer efficiency was additionally evaluated by contact angle
measurements of water droplets on the mold inlays (Figure 5-4). The bare surface, i.e.
FDTS-coated SiO,, exhibited mean advancing and receding water contact angles of
110.8 £ 0.6° and 96.2 + 1.0° respectively. The total surface energy from contact angle
measurement of water, diiodomethane, and benzyl alcohol was calculated to be 10.3 £
0.1 mJ/m?, with a polar component of 0.9 + 0.1 mJ/m?and a dispersive component of
9.4 + 0.2 mI/m? (
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). Protein adsorption and transfer to a replica did not give rise to a significant
change in the advancing angle on the mold inlay, while the receding contact angle was
significantly reduced to 87.7 = 1.0° (p < 0.002,). After plasma treatment and re-coating
of the inlay surface with FDTS, both the advancing and receding contact angles
returned to their original values. In addition, the static contact angle for water,
diiodomethane and benzyl alcohol after re-coating was measured to be 114.2 + 0.9°,
98.0 =+ 0.6°, and 85.8 + 1.0° respectively, which was similar to what was measured
before protein deposition (Table 2-3).

Before 1gG adsorption
After IgG transfer
Silane re-coated

115+

1104

105+

DA

® 1004
o
=
w
5 954 7
=
S
O 90- /
-
851 /
80 /
Advancing Receding

Figure 5-4. Advancing and receding contact angles of water on mold inlay surfaces
(FDTS-coated SiO,) before adsorption of 1gG, after 1gG transfer to a polymer replica
during injection molding, and after a new FDTS-coating was applied. Error bars show
the SE (n=3).

Although low surface energies were measured on Ni after applying ALD-
coatings, delamination of the SiO, layer during protein transfer was observed for a few
of the mold inlays as shown in Figure 5-5. Through measurements by XPS inside and
outside the delaminated patches, removal of silicon accompanied by detection of
aluminum and a small amount of nickel, together with an increased signal of oxygen,
was observed. Furthermore, fluorine from the FDTS-coating was greatly reduced.
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Atom %
O F Si  C Al Ni
Inside patch 53.3 6.8 - 115 26.7 1.3

Outside patch 41.5 21.8 25.3 11.0

Figure 5-5. Delamination of SiO, deposited by CVD. After a few protein transfer
cycles, brighter patches within the mold area started appearing. After XPS
characterization, it was found that the SiO, layer was completely removed together with
most of the FDTS, accompanied by a clear signal from the underlying Al,Os-layer.

5.3.2 Functionality of InMold transferred 1gG

5.3.2.1 InMold transfer of antigen

Antibodies were efficiently transferred from the mold surface to the polymer
replica. However, for applications relying on biomolecular recognition such as
immunoassays and cell panning, it is crucial to know how well the antibody retains its
antigen-binding affinity after the injection molding process. For the first experiments,
an indirect ELISA was used to measure the amount of transferred IgG from mouse
serum that could be recognized by a detection antibody. Patches incubated with 11, 33
and 100 pg/mL protein in PBS for 10 min were hydrophilic; both on the mold and the
replica, while surface areas incubated at lower concentrations remained non-wettable
(Figure A-15). The conversion rate of ABTS substrate measured by the rate of change
in optical density, which is proportional to the amount of bound detection antibody, is
shown in Figure 5-6. A more rapid color development occurred at higher antigen
concentrations, and the data show a close to logarithmic correlation between antigen in
solution and transferred antigen recognized by the detection antibody. However, there
was a relatively large spread between each replication, as seen by the error bars. It was
believed that some of this spread was due to differences in the optical transmission of
the polymer between each injection molded replica. Therefore, for the next
experiments, the substrate conversion was stopped after 10 min and the liquid was
transferred to standard 96 well PS plates.
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Figure 5-6. Detection curve of InMold transferred mouse IgG at different
concentrations. The signal was recorded as the rate of increase in optical density at 405
nm in a continuous enzymatic reaction. Error bars show the SE (n=3).

5.3.2.2 InMold transfer of capture antibody

To evaluate the specific antigen-avidity of transferred IgG, a sandwich ELISA
was employed. Initially, transferred goat anti-mouse was used as a capture antibody.
However, a low sensitivity was observed due to cross-reaction between the capture and
detection antibody without the presence of antigen (data not shown). Therefore, the
detection antibody was changed to rabbit anti-mouse (same as capture antibody),
which resulted in no detectable assay interference. ELISA analysis was performed on
polymer replica slides with molded antibodies and compared to replica slides with
antibodies deposited by passive adsorption from PBS. To increase sensitivity, TMB
substrate was used instead of ABTS and the reaction was stopped by addition of
H,SO,.

The antigen response curves, fitted with 4PL curves in Figure 5-7, show no
significant difference between the two methods of capture antibody immobilization for
antigen concentrations below 100 ng/mL. The linear range was from 10-75 ng/mL, and
the LoD was 0.30 ng/mL antigen for both immobilization methods. The ECs, obtained
from the curve fits were 27 and 21 ng/mL antigen for passive adsorption and transfer
from mold inlay respectively.
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Figure 5-7. ELISA assays using antibodies immobilized during injection molding or by
passive adsorption show equal sensitivity and response range. Standard curves for mouse
IgG as antigen, comparing the antigen-binding capacity of capture antibodies adsorbed
passively to a blank polymer replica surface to antibodies transferred from a mold inlay.
The data points were fitted to a 4PL curve. Error bars show the SE (n=3 for passive
adsorption; n=4 for transfer from mold inlay).

5.3.2.3 Transfer comparing long and short and incubation times

Robot replacement of a number of insertable mold parts during production is a
standard process technology, but long mold inlay incubation times would be a major
challenge for viable automation and industrial application of the proposed technology,
as the required number of inlays would be large to sustain low process cycle times. An
injection molding cycle time of 30 s using 20 replaceable mold inlays was targeted,
thus calling for an individual inlay incubation time of 10 min in comparison to 60 min
incubation used for the results presented in Figure 5-7. Antigen response curves using
transferred antibodies with the two incubation times prior to injection molding are
displayed in Figure 5-8. Replicas only showed significant differences in the response
curves between the two incubation times for antigen concentrations >75 ng/mL (p <
0.04).
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Figure 5-8. Highly sensitive ELSA assays can be produced by short incubation times
prior to injection molding. Standard curves for mouse IgG comparing the effect of
incubating the capture antibody on the mold inlay surface for 10 min and 60 min prior to
transfer by injection molding. The data points were fitted by 4PL curves. Error bars
shows the SE (n=5 for 10 min; n=4 for 60 min).

5.3.2.4 Repetitive InMold transfer from the same shim

In the experiments presented so far, the mold inlays was treated with oxygen
plasma and re-application of the FDTS-coating between each injection mold cycle.
However, for the process to be industrially relevant, it is important to evaluate the
transfer efficiency and the biofunctionality of IgG that is transferred from re-used
molds. Figure 5-9a shows a standard curve for antigen bound to transferred capture
antibodies after 1, 3, and 6 consecutive cycles. After the third cycle, the amount of
antigen captured by the transferred IgG was slightly lower both at low and high
concentrations. There was no noticeable difference between the third and the sixth
cycle. Figure 5-9b shows the water contact angles on the mold inlay before transfer
and after 6 cycles. The advancing contact angle was reduced slightly from 111.8° to
102.5°, while the receding angle was reduced from 97.2° to 74.2°. Correspondingly,
the contact angle hysteresis was increased from 14.6° to 28.4°.
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Figure 5-9. Repetitive InMold transfers from the same shim. (a): Standard curves
generated for mouse 1gG with InMold transfers after 1, 3, and 6 cycles, without
plasma cleaning and re-deposition of FDTS between each cycle. (b): Advancing,
receding, and contact angle hysteresis of the mold surface before, and after six
consecutive transfer cycles (n=1).

5.3.2.5 Stability of immobilized 1gG in cell culture medium

The stability of transferred antibodies over time was investigated by incubating
the wells in DMEM with 10% v/v FBS and 1% v/v P/S for 9 days at 4 °C. The reduced
temperature was chosen to minimize the risk of bacterial growth. Subsequently, the
wells were washed and a sandwich ELISA performed as described in Section 5.2.
Figure 5-10 shows that capture IgG transferred from mold inlays had a similar
response as passively adsorbed capture IgG at antigen concentrations below 10 ng/mL.
However, at higher antigen concentrations the response was significantly lower (p <
0.05). It should be noted that the polymer slides with transferred capture IgG were
stored in a dried state at 4 °C for 3 weeks before addition of medium, while slides with
passively adsorbed capture 1gG were analyzed immediately after protein deposition.
The extended storage time of the transferred 1gG may have reduced the protein
activity.
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Figure 5-10. Antibodies transferred during injection molding retain their function in cell
culture medium for >1 week. Standard curves for mouse 1gG bound to capture antibody
immobilized by passive adsorption or molded in the plastic, and stored for 9 days in
DMEM + 10% v/v FBS + 1% v/v P/S at 4 °C. Error bars show the SE (n=3).

5.4 Discussion

AFM and XPS revealed a change in topography and elemental composition
associated with the presence of proteins on the surface of the InMold polymer replica.
In, addition there was no detectable difference, neither in terms of surface topography,
nor elemental composition, between the mold inlay before and after transfer.

The reason behind the efficient transfer process is presumably that the proteins
interact more strongly with the polymer than with the mold inlay surface. Due to the
fact that dispersive contributions are dominating the surface energy of the fluorinated
mold inlay (Table 2-3 and Table 2-4, page 25), it is assumed that adsorbed proteins
interact mainly by weak van der Waals forces. The olefinic COC polymer is also
dominated by dispersive surface energy components in its native form. However the
measured contact angle of water was lower (95.7°) and the surface energy was four
times higher than for FDTS (41.5 mJ/cm?). In the field of microcontact-printing (CP)
of proteins, successful pattern transfer depends on a lower wettability of the printing
stamp surface than on the printed substrate [163]. Although the difference in water
contact angle was small between the mold and the polymer compared to what is
usually reported between stamp and substrate for LCP, the transfer of antibodies might
be facilitated by the significantly lower surface energy of the FDTS-coated mold.

Another explanation for the efficient transfer could be partial embedding of the
proteins into the polymer during injection molding, as suggested by the line scans of
IgG on a FDTS-coated mold and after transfer to a polymer replica, where a reduction
in the average peak height of about 30% was observed (Figure A-16). This partial
embedding would increase the protein-polymer interface area and therefore also the
total interaction energy, facilitating transfer of proteins from the low-binding mold
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inlay surface.

Although no residual protein after transfer was detected by AFM and XPS
probing of the mold surface, a small, but significant decrease in the receding contact
angle, and a corresponding increase in the contact angle hysteresis on the mold after
protein transfer was observed (Figure 5-4). It is well known that heterogeneity in
either topography or surface energy may cause hysteresis, where the hydrophilic
groups on a surface dictates the receding angle [164]. Introduction of hydrophilic
groups by adsorbed proteins could therefore explain the apparent increase in contact
angle hysteresis [165]. Furthermore, after six repetitive cycles, the contact angle was
reduced from 87.7° to 74.2° compared to after a single cycle (Figure 5-9). This could
suggest that there was a small amount of residual protein left on the mold inlay after
transfer. In addition, a slightly lower response in the antigen standard curve was
observed after three repetitive cycles, which could be related to a lower amount of
transferred 1gG, caused by residual adherent proteins occupying adsorption sites on the
surface.

Wiseman and Frank [166] studied the orientation of 1gG adsorbed on a
hydrophobic CHs-terminated surface. Their results suggested that initially adsorbed
antibodies were rigidly mechanically coupled to the surface with a horizontal
orientation (flat-on), while later adsorption occurred by filling of the interstitial spaces
with more vertically oriented and loosely bound protein. For the InMold transfer
process, it is therefore reasonable to believe that the orientation of any residual
proteins is preferentially horizontal, since they are likely the most adherent.

However, the lower receding contact angle could also be related to other types
of surface inhomogeneities, such as residual COC-polymer on the mold surface or the
partial delamination of the SiO, layer + FDTS layer. As Al,O3 has a similar reactivity
with silanes as SiO;, [65] and apparently a higher adhesion to NiV, a better mold
functionalization strategy could be to deposit FDTS directly on Al,Os. In either case,
the surface properties could be completely restored by plasma oxidation and
subsequent vapor phase deposition of FDTS.

In this study, no optimization of the 1gG concentration (10 pug/mL) on the mold
inlay was performed. It has been shown that 10 min adsorption time on a hydrophobic
surface followed by subsequent rinsing led to a constant coverage density (monolayer)
when the concentration was 5-100 pg/mL, while lower concentrations led to a sharp
decrease in coverage, down to 20% of a full monolayer at 1 pg/mL [166]. For InMold
transfer, the slightly higher antigen-response when incubating for 60 min compared to
10 min could therefore be due to structural re-arrangement over time [167], rather than
a higher amount of adsorbed protein. Additionally, the uncertainty in the antigen-
response was higher for the shorter incubation time, most notably seen most in the
upper part of the sigmoidal curve, suggesting that the density of capture antibodies was
less homogeneous. However, for applications where a lower detection range is
targeted, the shorter incubation time does not seem to affect the assay performance.

The results presented so far suggest that there was no apparent reduction of the
antigen-affinity of the transferred capture antibodies related to the injection molding
process. This might seem surprising as the proteins on the mold inlay are brought in
contact with a polymer melt initially at 250 °C. Earlier differential scanning
calorimetry (DSC) studies showed irreversible denaturation of the Fy-domain of 1gG
above 61 °C at a heating rate of 0.5 °C/min, while a higher heating rate of 5 °C/min
increased the denaturation temperature to 65 °C [168]. Thus, denaturation Kinetics is
clearly limiting the extent of irreversible function loss. The cooling rates of polymer
melt in the immediate vicinity of the mold inlay metal surfaces may exceed 10* °C/s
[107] due to the high thermal conductivity of nickel, thereby only exposing the
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adsorbed protein to high temperatures for extremely short time periods. Indeed,
modelling has predicted that the first nanometers of polymer melt at 270 °C brought in
thermal contact with a metal mold surface maintained at 30 °C was cooled to 50 °C
within 100 ns [33]. Molecular dynamics simulations predicted that the unfolding of a
61-residue a-helical protein at 225 °C is on the order of tens of nanoseconds [169],
although generally the protein folding speed limit increases with increasing number of
residues in the polypeptide chain [170]. Similarly, prior experimental work
demonstrated that peak temperatures of 290 °C are required to decrease the activity of
horseradish peroxidase by 50% using multiple nanosecond laser pulses [171].
Antibodies transferred from the mold inlay during injection molding may therefore
avoid irreversible loss of function, due to heating by the polymer melt and subsequent
cooling by the mold being on a sufficiently short timescale to avoid denaturation.

5.5 Conclusion

Antibodies passively adsorbed on a surface functionalized mold inlay can be
transferred with a high efficiency to a COC replica slide by injection molding.
Insignificant amounts of protein residuals remain on the mold surface after transfer, as
verified by AFM and XPS, thus making multiple subsequent protein transfers using the
same mold possible. The antigen-binding affinity of the transferred capture antibody
was similar to that of antibodies adsorbed by passive adsorption directly on polymer
surfaces, as verified by sandwich ELISA. In addition, short incubation times (10 min)
of antibody solution on the mold surface prior to transfer results in fully satisfactory
antigen response curves on replicas with transferred antibody. Also, it was possible to
re-use the same mold for at least six consecutive protein transfers, while retaining
antigen-binding affinity. However, it would be advantageous to extend this study to
determine the “lifetime” of a mold before FDTS-coating has to be re-applied. Finally,
antibodies transferred during injection molding retained their functionality after 3
weeks of dry storage followed by 9 days of immersion in standard serum-containing
cell culture medium. Thus, direct immobilization of antibodies at polymer surface
during injection molding is a promising approach for high-volume production of
protein functionalized disposable polymer biochips for immunoassay or cell capture
applications.
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6.1 Introduction

There are several advantages to culturing cells on chip as compared to a static
culture dish, as mentioned in Section 1.1.2. The higher degree of control over the local
microenvironment allows a closer approximation to in vivo conditions. Most
importantly, using laminar flow allows a well-defined mechanical shear stress, mass
transport of soluble factors and the creation of concentration gradients. Some cell
types, such as epithelial cells lining the veins, hepatocytes, or renal cells, experience a
high level of perfusion in the body [18], which is difficult to mimic in a static system.
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Moreover, the application of shear stress caused by laminar flow can affect the cell
phenotype [172], which opens up new possibilities in research and therapy.

Cell cultures in closed microfluidic devices impose different requirements to
mass transport of nutrients than what is experienced in static cultures. Due to the small
volumes involved and relatively high cell concentrations, it is critical to develop an
optimal perfusion strategy in order to avoid depletion of nutrients or accumulation of
waste products above toxic limits. At the same time, cell proliferation and
differentiation are in many cases dependent on the secretion of autocrine and paracrine
factors. Removing these factors by continuous perfusion may affect the culture. In this
chapter, a perfusion strategy for culture of DCs on chip will be discussed based on
numerical simulations of oxygen consumption in a closed microfluidic system.

Maintaining a pH of the culture medium in the physiological range is also a
requirement. Using a closed microfluidic system gives the possibility of moving the
culture outside the environment of a CO, incubator. However, this requires a careful
selection of materials and design of the culture system especially concerning gas
permeability, which will be further discussed in this chapter. Finally, the fabrication of
thermoplastic polymer chips by injection molding and ultrasonic welding will be
demonstrated.

6.1.1 Mass transport of soluble factors

By laminar flow, the delivery of soluble factors can be controlled by tuning the
flow rate. At constant unidirectional flow in a microfluidic channel, the soluble factors
enters from one side and exit on the other (Figure 6-1). The time scales for reaction z,
diffusion z4, and convection z. can be given as

h
7, = O (6-1)
Rp
hZ
Tag = ? (6-2)
To=— (6-3)
Un

where c,is the initial concentration, h is the height of the microfluidic channel, R is the
cellular uptake rate, p is the cell density, D is the diffusivity of the substrate, L is the
length of the channel from inlet to outlet, and U,,is the flow velocity [16]. For
microfluidic culture system, the diffusion timescale is relatively short due to small
channel heights, meaning that the substrate concentration is uniform between the top
and the bottom of the channel.

A small channel height can lead to rapid depletion of soluble factors if the flow
rate is too low. From the inlet to the outlet, the concentration varies linearly with L at
the bottom of the channel, if the uptake rate R is constant [16]. A dimensionless
parameter x has been used to compare the ratio of the convective timescale to the
reactive timescale:

= 7. LRp

1, Upcoh (6-4)
If x > 1, for instance at low flow rates, nutrients are depleted before they reach the end
of the channel. Similarly, a large x may lead to insufficient removal of waste products
such as CO, and lactate, which may inhibit normal cell functions at high
concentrations [173].
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L
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Figure 6-1. Schematic of a microfluidic channel in cross-section with cultured cells
shown in blue and soluble factors in red. In a microfluidic cell culture with continuous
perfusion, the perfusion rate Un,,, must be large enough to ensure that the soluble factors
are not depleted at the end of the channel. Reproduced from [16].

A suitable perfusion strategy for mass transport of nutrients and waste products
is one of the greatest challenges for high-density cell cultures [174]. The optimal
perfusion rate depends on the sum of the metabolic activity for all cells, and is
therefore individual for each culture system. For instance, different cells require
different level of dissolved oxygen in the culture medium: hepatocytes require high
levels (21%) [175], while embryonic stem cells require low levels (3-5%) [176]. The
uptake rate R of oxygen by cells may be predicted by Michaelis-Menten saturation
kinetics [177]:

R _ Vmax C02

0z — Co, + K

where Vi, and K, are kinetic constants, co, is the oxygen concentration, and p is the
surface density of cells.

Gradients of soluble factors such as certain cytokines may be deliberately
created to study cell migration [178]. However, for long-term culture this may lead to
different cell behavior upstream and downstream in the culture channel. A high flow
rate can be used to reduce gradients of soluble factors, but may lead to depletion of
autocrine factors secreted locally by cells, which may lead to culture failure as was
demonstrated for embryonic stem cells (ESC) [179]. An alternative perfusion strategy
compared to continuous flow is that of periodic, short-pulsed medium exchange, which
was shown to result in a more homogeneous long-term culture of shear-sensitive cells
such as ESC [20], [180], [181]. With this method, relatively high flow rates are applied
for a short amount of time to exchange the culture medium, followed by a long
incubation period where secreted signaling factors are allowed to accumulate locally.

(6-5)

6.1.2 Maintaining physiological pH of culture media

Mammalian cell cultures are conventionally maintained at 37 °C and pH 7.4 by
using media containing sodium bicarbonate buffer (NaHCO3) in a 5% CO, incubator
[182]. For most microfluidic cultures, the whole culture system (including pumps,
tubes, chip, reservoir etc.) is placed inside the incubator. However, this adds extra
experimental constraints, and the principle of “lab on a chip” becomes “chip in a lab”
instead. Exposing the culture medium to normal atmospheric conditions, which
contains only 0.04% CO,, will rapidly increase the pH. Atmospheric CO; dissolves in
an amount that is proportional to the partial pressure according to Henry’s law:

p = kyc (6-6)
Dissolved CO, forms carbonic acid, which in turn dissociates to form bicarbonate
according to the reaction:
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H,00) + €O, gy ¢ HyCO3 (ag) © Hiygy + HCO3Z (4 (6-7)
By lowering the amount of CO,, the equilibrium of the bicarbonate system is shifted to
the left in the equation above. Alternatively, addition of HEPES buffer can be used to
maintain physiological pH without the need for CO,-supply [183], as it has a pKa of
7.3 at 37 °C[184]. However, there are indications that cells in culture require CO, as an
essential nutrient for growth [185]. In addition, HEPES may be toxic for some cell
types at concentrations above 40 mM [186], and is known to generate reactive oxygen
species (ROS) when exposed to light [187].

Alternatively, a closed microfluidic system can be used to retain appropriate
levels of dissolved CO; in normal atmosphere. However, all polymer materials are gas
permeable, which needs to be taken into account especially for long-term cultures with
low flow-rates. From equation (6-6), the equilibrium concentration of dissolved CO, at
Pco,= 0.05 atm and T=37 °C is 1.2 mM. However, in normal atmosphere, the
equilibrium is only 0.013 mM. Thus, there is a driving force for permeation, for which
the rate can be defined as a permeability coefficient P for different materials [188]:

Md

P = At dp (6-8)
where M is the amount of permeated gas, d is the membrane thickness, A is the
membrane area, t is time, and 4p is the pressure gradient across the membrane. The
permeability for O, and CO; for selected types of polymers used in microfabrication
are listed in Table 6-1. PDMS is markedly more permeable than the thermoplastic
materials (PMMA, COC, PC, PS), which may be beneficial in systems where a rapid
gas diffusion is desired [189], for instance for high-density cultures of hepatocytes.
However, if operation in normal atmosphere while maintaining a constant pH over
time is desired, thermoplastic materials are the best choice. The effect of gas
permeability for tubing materials will be discussed later.

Table 6-1. Gas permeability for selected polymers at 23 °C used for microfabrication of
cell culture devices. *Permeability values are for T = 35 °C.

Gas permeability (cm*® mm / m? day atm)

O, CO;
PMMA [188] 6 43
COC [190]* 47 128
PC [188] 01 609
PS [188] 129 597
PDMS [188] 40,700 212,000

6.1.3 Additional material considerations

In addition to gas permeability, it is also important to consider permeation of
water vapor, especially for microscale systems that have a high surface to volume
ratio. Evaporation will lead to increased concentrations and osmolality of the medium,
which could significantly affect the culture [191]. PDMS shows a high evaporation
loss (18 g mm m™ day™) [64] , which is three order of magnitudes higher than COC
[60].

Furthermore, the high compliance of PDMS (~ 1 MPa) compared to common
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thermoplastic materials (~2-3 GPa) becomes a limitation when fabricating low aspect
ratio channels [193]. Due to sagging of the ceiling under its own weight, the local flow
resistance and therefore the medium exchange rate becomes inhomogeneous across the
width of the channel.

Curing of PMDS never leads to 100% crosslinking [23]. Remains of low-
molecular weight oligomers of uncrosslinked siloxanes may have several adverse
effects on cell cultures. Due to a high mobility, these chains tend to migrate from bulk
to the surface. After 24 h of incubation with water, uncrosslinked chains were found to
leach out into solution [23]. It is suspected that these chains may interfere with cellular
signaling by incorporating into the cell membrane or bind to hydrophobic compounds
[23], [194]. The high mobility of uncrosslinked chains also makes it challenging to
achieve stable surface modification, such as surface hydrophilization by plasma
oxidation due to hydrophobic recovery [195]. Additionally, in contrast to thermoplastic
materials that only experience surface adsorption, PDMS also tends to absorb small,
hydrophobic molecules such as hormones [23] or drugs [196] into the bulk.

Even though PDMS has been extensively used for many microfluidic cell-
based devices, it has several potentially critical drawbacks that make it unsuitable to be
integrated in a clinical treatment. In contrast, COC polymers (e.g. TOPAS 8007) have
in addition to a high optical transparency a low gas and water vapor permeability
[197], low water uptake, allow long-term stable surface modifications [198], and
present a high biological inertness (USP Class VI approved), which are all important
requirements for long-term cell cultures. Therefore, chips for DC cell culture were
injection molded using this material.

6.2 Chip fabrication using mass production technigques

6.2.1 Ultrasonic welding

Ultrasonic welding is a commonly used industrial bonding method of injection
molded macroscale parts, such as automotive parts, battery housing and wrist watches
[199]. During the last 5 years, it has been increasingly used for bonding of
thermoplastic microfluidic parts [200]-[206]. One of the strongest advantages
associated with ultrasonic welding is high productivity due to low cycle times (less
than 1 second). Additionally, it is based on localized heating, which allows bonding of
parts with immobilized heat-sensitive proteins, if the weld seams are located far away
from the functionalized sites.

The two parts to be bonded are clamped together as electrical energy is
converted into mechanical vibrations at ultrasonic frequencies (Figure 6-2a). The
vibrational energy induces friction and thereby heating of the parts in contact, causing
entanglement of polymer chains at the interface. Low-temperature ultrasonic bonding
requires the integration of sharp contact points, also called energy directors (EDs), to
focus the vibrational energy in a small area. EDs are most commonly designed as
triangular shaped ridges with a sharp apex running alongside the weld seam (Figure
6-2b). As vibrational energy is applied together with compression, the EDs collapse
and leaves a thin residual layer covering the width of the welded seam (Figure 6-2c)
[199]. For the sealing of microfluidic channels, EDs with a height of 100-200 um has
been fabricated by milling or etching of the mold [205], [207].

Critical parameters in ultrasonic welding include the welding energy, which is
the product of the weld time and power, the amplitude of the vibrations and the weld
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pressure, which is applied to the polymer parts by the welding horn (also called
sonotrode). The quality of the weld is usually improved by increasing the weld energy
and the amplitude. However, if excessive energy is applied the polymer may be
degraded, causing leaky seams.

T T
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a) | b) c)
Microprocessor _\/\_\/\_ r\ A
|—| —Bench press
structure 0.25T —
Transducer —» 0.015T —
o \/ v
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Welding horn 0.22T
Plastic cap
Plastic body —g=—n g }-{— Holding fixture
Air eject )wg_
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Size reduction

60" Energy director ;
for hermetic seal afterwelding

Figure 6-2. a) The basic components of an ultrasonic welder. b) Design of triangular-
shaped EDs, with recommended geometrical dimensions for a seam of width T. ¢) A
residual polymer layer remains after simultaneous melting and compression of the EDs.
Reproduced from [199].

6.2.2 Experimental procedure

The mold used for injection molding of the culture chip was milled from a 3
mm thick plate of aluminum grade 2017. An AutoCAD drawing of the mold design
(Figure 6-3) was exported to Cimatron E 10.0, used to make the milling job. A CNC
micro-miller was used with a 3 mm end mill to make structures for the inlet and outlet
through-holes (elevated by 1 mm) and the culture chamber (elevated by 0.25 mm). The
EDs was milled with a 60° engraving tool (DIXI 7024), to a depth of 250 um. To
facilitate demolding, all sidewalls were trimmed to have a positively tapered angle of
30°. The center part of the plate was milled out to have a diameter of 85 mm, including
flats for alignment in the injection molder. Finally, a metal polish (Autosol) was
applied to the chamber part to achieve a smoother finish.

The aluminum mold insert was installed in the injection molder, and chips were
replicated in TOPAS 8007-S04 using a constant mold temperature of 40 °C. To
interface with fluidic tubings, 50 mm chips integrated with 12 Luer-lock connectors
and EDs were injection molded using a different tool (Figure A-17). Afterwards, each
connector was milled out directly using a 1 mm end mill tool.

Ultrasonic welding of the polymer chips was done by a Telsonic Ultrasonics
USP-3000 welding press, capable of delivering a maximal amplitude of 60 um with 20
kHz frequency (a 14 pm amplitude from the transducer was amplified 2.0x by a
booster and further 2.1x by a sonotrode). Welding was performed in two separate
steps: first the chamber was sealed by bonding to a flat microscope slide, then two luer
lock connectors with integrated EDs were welded on the assembly. To align the chips
with the ultrasonic welder, two separate aluminum holders were made (Figure A-18).
The optimized parameters listed in Table 6-2 were used for chip welding.
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Table 6-2. Welding parameters for microfluidic chamber (two microscope slides) and
connectors on the final assembly.

Trigger Weld
force Energy Holdtime Amplitude pressure
[N] [Ws] [s] [%0] [bar]
Chamber 300 75 0.5 80 2
Connectors 300 75 0.5 85 2

The cross-section of a bonded microfluidic chamber was imaged in an optical
microscope (Zeiss Axioscope 40), by cutting out a small piece of the plastic with a
scissor and tilting 90° by fixing to a metal object by double-sided tape.

The height of a liquid-filled fluidic chamber can be measured with a confocal
microscope, due to reflections created at the interface between the polymer (n = 1.53)
and water (n = 1.33). The distance required to move the stage between the two
reflection maxima can be converted to the real chamber height by correcting for the
refractive index and the numerical aperture of the objective [208]. Fifteen positions
evenly distributed in a 3x5 array across the chamber area (Ax = 11.875 mm, Ay = 5.0
mm) were mapped, using a LSM 700 confocal microscope (Carl Zeiss, Oberkochen,
Germany) with a 20x / 0.5 NA objective, and the homogeneity was characterized as
the coefficient of variation (CV), which is the ratio of the standard deviation to the
mean.

6.2.3 Design of the culture chip

The microfluidic cell culture chip was designed to have the footprint of a
standard microscope slide, with a single inlet and outlet on each end and a large
chamber in the center, enclosed by the red curve in Figure 6-3. An inlet and outlet
width of 1 mm was chosen to give mechanical support during bonding of luer-lock
fluidic connectors. All corners were rounded with a radius of curvature of 3 mm, in
order to avoid sharp transitions in flow rate and possible nucleation sites for bubbles.
A large culture chamber was designed for the purpose of containing as many cells as
possible within the slide area. The nominal depth of the culture chamber was 250 pum,
the total culture area 10.8 cm?and the total volume 270 pL. Two parallel EDs, marked
by the blue curves, were placed with an offset distance of 0.625 mm and 1.95 mm
from the chamber wall. Based on the ED height (250 pm) and weld design
recommendations [199], each weld seam was expected to have a total width of about
1.1 mm.
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Figure 6-3. Design and dimensions of the microfluidic culture chamber (red) and the
EDs for ultrasonic bonding (blue) to be injection molded in COC in a microscope slide
format.

6.2.4 Results and discussion

The micro-milled aluminum mold and the injection molded chip half
containing the culture chamber is shown in Figure 6-4. The first version of the mold
(not shown) did not have tapered sidewalls for the 1 mm tall pillars, which led to the
lower end of the replicated polymer chip consistently breaking into pieces during de-
molding. After incorporating a 30° wall-angle, this was no longer a problem.

Figure 6-4. Left: Micro-milled aluminum mold for the molding of culture chamber,
EDs and through holes to make fluidic connectors. Right: Injection molded replica.

A cross-section of the innermost ED and the culture chamber wall in the
molded replica can be seen in Figure 6-5. The replica dimensions corresponded well
to the mold dimensions. The height of the chamber and EDs was 235 um and 245 pm
respectively. Due to the 60° engraving tool having a finite width at the tip, the top of
the EDs was flat, having a width of 155 pum.
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155 pum
<>

Figure 6-5. Optical micrograph of the injection molded ED and the chamber sidewall
seen in cross-section. The EDs to the left were 155 pum wide at the top and 500 pm at the
bottom, with a height of 245 um and a side-angle of 60°. The culture chamber to the
right was 235 pum deep, with a wall-angle also of 60°.

A bonded chip with optimal weld parameters is shown in Figure 6-6. The weld
seam was completely sealed as seen in Figure 6-7. The weld was widest halfway
between the two connectors (left image), and the two parallel EDs were completely
welded together in several places, making the total width about 2.5 mm. The weld
seam was narrower at the rounded corners, where a 100-200 pum wide air gap was
present. Welding led to polymer being pushed about 200 pum into the culture chamber;
however, this can be neglected due to the large chamber width (20 mm).

Figure 6-6. A welded cell culture chip with fluidic connectors, in this case filled with a
blue color dye for visualization.
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Figure 6-7. Chip after ultrasonic welding. The culture chamber was filled with a blue
food color for better contrast. Left: The two parallel EDs were almost completely melted
together at the middle of the long side of the chip. Right: At corners, the weld seam was
narrower, leaving a small air gap between the parallel EDs.

The chamber height as measured by confocal scanning at 15 different positions
is presented in Figure 6-8. The average height was 289 um and the CV was 7%. The
chamber was lower in the center part and one of the long sides was consistently lower
than the other.

Chamber height after welding
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Ax=11.8mm % CV: 7%

Figure 6-8. Mapping of chamber height after ultrasonic welding as measured by
confocal microscopy. The average height was 289 um, with a CV of 7%.

Generally, increasing the energy and/or the amplitude improved the quality of
the weld seam. However, excessive energy led to mechanical deformation (sagging) of
the free-hanging chamber ceiling, as seen in Figure 6-9.

Chamber height after welding
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Figure 6-9. Mapping of the chamber height after ultrasonic welding with excessive
energy, as measured by confocal microscopy. The average height was 202 um, with a
CV of 21%.

The hydrodynamic resistance Ry in a rectangular channel is for h << w equal to
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12uL
HE (6-9)
where [ is the dynamic viscosity, L is the length, w is the width, and h is the height of
the channel. Therefore, a height variation of £7% leads to a variation of the hydraulic
resistance of £22.5%. For a height variation of +21% however, the resistance in the
channel varies by £77%. This will again significantly affect the local flow velocity
inside the chip, and therefore the mass transport and shear stress applied to cells during
culture. The consequence of high flow velocity variations was demonstrated by
injecting a blue food color dye into a chip that was previously filled with water
(Figure 6-10). Close to the inlet and outlet and along the sidewalls of the chamber, the
color turned blue due to liquid exchange, while in the center part of the chamber,
where the flow velocity was relatively low due to the lower height, the color did not
change to the same degree.

% .

Figure 6-10 An excessive weld energy led to stress and deformation in the polymer,
gave a lower chamber height in the center and therefore an increased local hydraulic
resistance. This affected the flow velocity, demonstrated by a slower replacement of
water inside the microfluidic chamber when a blue colored liquid was injected.

It is believed that the inhomogeneous channel height was due to the energy
dissipated during welding not being equally distributed along the EDs. The relatively
wider seams along the long sides of the chamber suggest more deformation of the EDs
and therefore a smaller distance between the two bonded plates. Close to the four
corners of the chamber the weld seam was not as wide, so the separation distance was
likely higher here. Additionally, the chip might not have been perfectly parallel with
the sonotrode during welding, leading to more energy being dissipated at one side than
the other. Furthermore, sagging might be due to residual stress in the two polymer
plates arising from non-uniform thermal cooling during the injection molding process,
known as warpage [80]. It might also be induced by mechanical deformation during
de-molding when the polymer is still soft [209]. Indeed, warpage is especially critical
to the fabrication of microfluidic devices with low height-to-width aspect ratio
channels, which for the presented system is 1:60.

Possible solutions to avoid sagging might be to reduce the weld energy
required to make hermetical seals. This might be achieved by increasing the sharpness
of the ED apex, for instance by using laser milling of the mold instead of mechanical
milling. A few tests of milling sharp grooves in a Ni inlay were performed, where a
width at the bottom of only 8 um was achieved (Figure A-19). However, due to lack
of time it was not possible to compare ultrasonic welding using polymer replicas from
this mold. Additionally, the size of the EDs might be reduced and several parallel lines
included to keep the width of the weld seam constant [204]. Alternatively, support
structures with the same height as the channel wall might be incorporated in the center
part, to reduce the bending. It should be noted that it is also possible to omit EDs
entirely if the plastic parts are pre-heated to a temperature 20-30 °C lower than Ty.
[201], [202]. However, heating is not compatible with surfaces that are
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biofunctionalized with for instance antibodies.

Finally, infrared (IR) laser welding is another industrial compatible bonding
technique based on localized heating that might be considered instead of ultrasonic
welding to bond the microfluidic chip [210]. With this method, an IR-transparent layer
is bonded to an opaque IR-adsorbing layer by local heating from a focused laser.
However, efficient bonding requires addition of infrared-absorbing pigments in the
polymer, such as carbon black [211]. For long-term cell culture applications, this is
unwanted since pigments may leak out into the cell medium over time, which may
have adverse biological effects.

6.3 Simulation of oxygen uptake during perfusion

culture

In this section, the transport of oxygen by perfusion of culture medium and the
oxygen uptake by cells in a microfluidic chamber will be discussed. In a gas
impermeable system, such as a COC chip, convection of medium is the only source of
oxygen. Thus, to sustain a long-term cell culture it is important to estimate the oxygen
consumption, in order to determine a flow rate through the chip sufficiently high of
preventing depletion at the end of the culture chamber. Simulations of the oxygen
uptake by PBMCs during constant perfusion and periods with no convection will be
presented in this section.

COMSOL 4.4 software was used to solve the convection-diffusion equation
and the Navier-Stokes equation for laminar incompressible flow. The oxygen uptake
by a 2D monolayer of cells was simulated using Michaelis-Menten kinetics. The
oxygen uptake rate (OUR) has previously been measured for primary bone marrow
mononuclear cells (BM MNCs) [212], which include the hematopoietic stem cell
lineage (HSC) that give rise to lymphocytes and monocytes [7], [213]. At the
beginning of the culture the rate was 0.0075+ 0.0025 umol/10° cells/h, and increased
to 0.038 + 0.006 umol/10° cells/h after 8 to 10 days. Although monocytes from donor
blood might be in a different metabolic state than BM MNCS, these parameters were
used in the following simulations for the oxygen uptake through the chip (Table 6-3).
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Table 6-3. Parameters used for simulations of oxygen uptake rate during culture. V ax
and K,,, are kinetic constants, p..y; is the surface density of cells, [0, ], is the initial
oxygen concentration, and D, is the diffusion coefficient of oxygen in water at 37 °C.

Vinax (Mol cell™  peey (cell  [03]g (Mol K, (Mol Do, (M’
s7) m?) m*) m™) )

Before ) 428x10%  1.7x10%

sorting

After ) 1 ogx10%  1.0x10° 21x107  50x10°  3.3x10?
sorting

End of g9 100x10%  3.4x10°

culture

6.3.1 Constant perfusion

As discussed in Section 6.1.1, a reactive and convective time scale for the
presented system can be defined at different flow rates (Equation (6-1) and (6-3), page
94). These time scales are plotted in Figure 6-11 for a range of flow rates using the
dimensions of the chip in Section 6.2 (h = 0.3 mm, L = 50 mm, w = 20 mm), V;,0x =
2.1x10™ mol cell* s, p.o;; = 1.0x10" cell m?, and ¢, = 2.1x10™ mol m™ (a maximal
uptake rate of oxygen R,, = 2.1x10"* mol m?s™). The cross-over point where the two
time scales are equally contributing is at 6 pL/min (x = 1) (Figure 6-11). For flow
rates below this value, 1 is longer than 1, (k > 1), which means that oxygen is depleted
before reaching the end of the channel. Oppositely, above 6 pL/min, the flow rate is
sufficiently high to supply oxygen to the cells (k < 1).
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Figure 6-11. Reactive and convective time scales for the chip system at different
medium flow rates, using a channel width, length, and height of 20 mm, 50 mm and 0.3
mm respectively, V4, = 2.1x10™® mol cell* s and p oy = 1x10™ cell m™.

Due to the low channel height, diffusion is expected to be fast. This can be
predicted by the ratio between diffusion (t;) and reaction (z,.) time scales, also known
as the Damkohler number Da [16]:

Da = t4/1, (6-10)

Being Da ~ 0.01 for the presented system, a homogeneous oxygen distribution
along the height of the microfluidic culture chamber was predicted. The steady-state
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solutions for different flow rates close to the cross-over point were solved. The inlet
was placed on the left side of the channel, with a fixed boundary concentration at
[05],. The flux at the top surface was assumed zero, as TOPAS has a very low
permeability coefficient (Table 6-1). A boundary flux following Michaelis-Menten
kinetics was added to the bottom surface (equation (6-5), page 95). Cells were
simulated as being present at a density of 1.0x10' cells m™ with an uptake rate of
2.1x10® mol cell* s,

The color plot in Figure 6-12 shows the spatial distribution of oxygen along
the length of the channel (x), for 1, 6 and 36 pL/min. The simulations correspond well
to what was expected based on comparison of the characteristic time scales in Figure
6-11. At 36 puL/min, the level of dissolved oxygen at the channel end was 17%, while
it was only 1% at 6 pL/min. At 1 uL/min, the concentration drops to zero after 10 mm
from the inlet (Figure A-20). Also, the relatively homogeneous distribution of oxygen
along the vertical height (y) of the channel corresponds well to that predicted by a low
Damkohler number.

0.2
36 uL/min 0.18
0.16
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Figure 6-12. Finite element modeling of the oxygen concentration in a microfluidic
channel shown in cross-section. Steady-state solutions of the concentration of dissolved
oxygen throughout the channel, at three different flow rates. These cases corresponds to
long (1 pL/min), medium (6 uL/min) and short (36 pL/min) convective time scales
relative to the reaction time scale. The channel height (300 um) has been scaled by a
factor of 30 compared to the channel length (50 mm) for a more clear visualization.

6.3.2 Temporal oxygen uptake without convection

Based on the simulations, it is evident that high flow rates are necessary to
provide a homogeneous oxygen distribution across the length of the channel. However,
as discussed in Section 6.1.1, high flow rates could lead to high shear stress and vital
signaling factors being depleted. Thus, periodic, pulsating flow may be a promising
perfusion strategy leading to a more spatially homogeneous cell culture. In this section,
the simulations of oxygen levels over time when there is no convection inside the chip
are presented. The goal of these simulations was to establish some guidelines for how
long incubation time was allowed between each medium exchange for DCs culture on
chip, while maintaining the level of dissolved oxygen above or equal to the
physiological relevant range.

At the start of the culture, a high cell density and a relatively low metabolic rate
are expected. Figure 6-13 shows the decrease in oxygen level at different cell densities
and oxygen uptake rates. The cell densities after sorting are reported as the relative
fraction of the cell seeding density, which was assumed to be 1.7x10 cells m™. Due
to the uncertainty in the reported oxygen uptake rate, two curves are plotted for each
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density, to indicate the upper and lower limits. The physiological levels of dissolved
oxygen are different for different types of tissue [214]. For venous blood, where
PBMCs circulate, the normal physiological level is 0.05 mM. With the kinetic
parameters expected at the beginning of the culture, the level of dissolved oxygen fell
below this value after 25-50 min at 60% density, and 40-75 min at 40% density.
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Figure 6-13. Time-dependence of the dissolved oxygen concentration at the channel
bottom with no convection, during the beginning of the culture. There are two curves for
each cell density relative to the seeding density, showing the upper and lower limits.
Note that the upper limit for 40% density (red) and the lower limit for 20% density
(black) overlap.

Furthermore, Figure 6-14 predicts the oxygen consumption close to the end of
the culture. The metabolic activity is expected to be higher for the matured DCs, but at
the same time the cell density is expectedly lower since loosely adherent cells may be
removed by flow. For dermal skin, where certain types of DCs reside (Langerhans
DCs [7]), the physiological level is 0.03 mM. From the numerical simulations the level
of dissolved oxygen fell below this value after about 20-25 min.
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Figure 6-14. Time-dependence of the upper and lower limits of dissolved oxygen
concentration at stationary conditions, calculated for the bottom cell chamber surface
during the end of the culture. The simulation assumes a cell density 20% of the initial
seeding density.

Based on these results, it was decided to use 25 min incubation time between
each medium exchange, to prevent the oxygen level to fall below the normal
physiological range. By using a flow-pulse of 80 pL/min for 5 min after each
incubation period, a volume of 400 pL was exchanged every 30 min, which gives an
average flow rate of 13 pL/min. With this configuration, k < 1, and convective
transport of oxygen is expected to be sufficient to avoid depletion as discussed in
Section 6.1.1. It should be stressed that these simulations only discuss the metabolic
consumption of oxygen. The uptake rates for other factors may be faster or slower, and
thus the optimal perfusion strategy is likely a compromise between ensuring sufficient
replenishment of nutrients, allowing accumulation of cellular signaling factors, and
removal of waste products.

6.4 Continuous pH measurements with perfusion

As discussed in Section 6.1.2, maintaining an optimal pH during perfusion
culture outside a CO2 incubator requires that the system has low gas permeability, in
order to prevent equilibration with normal atmosphere. Since it is difficult to predict
how low permeability is required, the pH was continuously measured during a
“dummy” culture. In most culture media, phenol red acts as a visual pH indicator.
Accurate pH-values can be determined by the relative absorbance values at two
distinct peaks (436 nm and 560 nm), measured inside an optical cell [215].

6.4.1 Experimental procedures

An optical cell was connected to the fluidic system as shown in Figure 6-15.
The absorbance of medium flowing through the cell was measured by an AvaSpec-
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3648 spectrometer and an AvalLight-DH-S-BAL deuterium halogen light source (both
from Avantes, Netherlands). A 100 mL glass bottle containing 15 mL X-vivo 15
culture medium (Lonza, Switzerland) was heated to 37 °C in a water bath. A mixture
of 95% air and 5% CO2 was supplied by an external gas source with silicone tubing
inserted through a milled hole in the bottle cap. To avoid evaporation of the medium,
the gas passed through a humidifying chamber, consisting of a 250 mL glass bottle
filled with MilliQ water, before entering the medium reservoir. Furthermore, a 0.22
pum sterile filter was attached to the end of the gas tube to prevent bacteria from
entering the reservoir. Medium was pumped from the reservoir through the optical cell
by a Masterflex L/S peristaltic pump before being re-circulated as shown by the arrows
in the figure.

Humidifier
95% Air  'Medium -
5% CO,  |reservoir
P T=37°C
- -b»‘ Peristalticg : )
= pump

% ‘ﬁ“\- -\

: Optical [
o cell

Figure 6-15. Experimental setup for the absorbance measurement of phenol red in cell
medium during flow used to calculate the pH. The arrows show the direction of the
circulating medium.

The permeability coefficients for the two different tubing materials that were
tested are listed in Table 6-4.

Table 6-4. Gas permeability coefficients for two different peristaltic tubing materials
[216].

Gas permeability (cm® mm / m” day atm)

N> O, CO;
Pharmed® BPT 530 1300 7900
Tygon® E-3603 260 530 2400

6.4.2 Results

Pharmed® BPT peristaltic pump tubing from Saint-Gobain has met USP Class
VI and FDA requirements [217], and was therefore initially considered an ideal
candidate for DC production. However, the steady-state pH of medium after flowing
through a 80 cm segment at 60, 150 and 500 pL/h, was measured to be 7.8, 7.6 and 7.5
respectively (Figure A-21), which was considered too high for cell culture. Therefore,
it was decided to repeat the experiment with the less permeable tubing.

Tygon E-3603 tubing are based on polyvinyl chloride (PVC) and use a non-
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phthalate plasticizer [218]. For this tubing, the inner diameter (ID) was 1.6 mm, and
the outer diameter (OD) was 4.8 mm, with a total internal volume of 1.6 mL. The flow
was pulsating, consisting of one 5 min period with a flow rate of 80 pL/min followed
by a 25 min stationary period (no flow). The average flow rate was 800 pL/h, which
means that the medium residence time from the reservoir to the optical cell was 2 h.
With these parameters, a constant pH could be maintained within an acceptable range
(pH = 7.2-7.4) for at least 66 h (Figure 6-16). However, the absolute absorbance
values for both peaks started to increase after 30 h (Figure A-22). After flushing with
medium at high flow rates, the absorbance returned to the initial values. Therefore, the
hypothesis is that the increased absorbance was due to formation of bubbles inside the
optical cell, created by gas permeation through the tubing. This phenomenon will be
discussed further in the next chapter.
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Figure 6-16. Calculated pH over time for pulsating flow of culture medium through a
Tygon E-3603 tubing.

6.5 Conclusion

In this chapter, the fabrication of a COC microfluidic culture device, using
micro-milling of an aluminum mold, injection molding, and ultrasonic welding, was
presented. With an optimization of welding parameters, the chamber height variation
over an area of 10 cm? could be reduced from 21% to 7% CV, leading to an expected
variation in flow rate of 20%. In addition, the oxygen uptake by monocytes/DCs in a
gas impermeable chip was predicted for both different flow rates and stationary
conditions, which were used to give guidelines for further cell experiments. It was
found that in order to maintain a normal physiological range of oxygen along the entire
channel, the flow rate has to be higher than 6 puL/min at constant flow, or that the
medium inside the chamber has to be exchanged every 25 min by pulsating flow. To
achieve homogeneous oxygen levels, pulsating flow was chosen as the perfusion
strategy for DC culture on chip. Finally, it was demonstrated that Tygon peristaltic
tubings had a sufficiently low CO,-permeation to maintain acceptable pH during
periodic flow at an average rate of 800 pL/h.
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7.1 Introduction

The requirement of DC-based vaccines to conform with current good
manufacturing practice (GMP), calls for the use of closed systems to reduce the risk of
pathogen infections, which also enables handling to be performed in lower class
cleanroom environment [116], [219]. In addition to being safer, closed systems can
also be made easier to handle, thus reducing the manual workload. For DC vaccines,
up to 5x10° PBMCs may be required [43]. Due to the large culture area needed, a total
of 20 traditional culture dishes (& = 140 mm, 1.7x10° cells/cm®) may be required.
Considering that washing, medium exchange and harvest needs to be done manually, it
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imposes an immense workload that prohibits upscaling of DC-based cancer vaccines.

Isolation of monocytes from the patient normally starts with leukapheresis,
where whole blood passes through a centrifugation apparatus that continuously
depletes the white blood cells (WBCs), while RBCs and plasma are re-infused into the
bloodstream. A typical leukapheresis product may consist of about 1x10'° WBCs and
1x10™ RBCs [219]. One of the most common and simplest methods to isolate
monocytes for the generation of mature DCs is by density gradient centrifugation
followed by adherence to plastic substrates [41]. Density gradient centrifugation is
used to separate the leukapheresis product into three components: erythrocytes and
granulocytes (high density), mononuclear cells (medium density), and plasma (low
density). PBMCs are isolated by collecting the middle layer and added to a culture
dish. The monocyte fraction can then be further enriched due to the relatively higher
adherence to tissue culture PS compared to other PBMCs, which are more easily
removed after washing [114], [115].

It is well established that culture of CD14™ monocytes with GM-CSF and IL-4
leads to differentiation into immature DCs [12]. After 5-7 days of culture, the majority
of cells are reported to form loosely adherent clusters with a typical dendritic
morphology and an increased motility. Addition of the pro-inflammatory cytokines
tumor necrosis factor alpha (TNF-a), IL-1B and IL-6 has been shown to be important
for DC maturation and their ability to stimulate cytokine production by T-cells [9],
[13]. Addition of prostaglandin E2 (PGE2) to the medium further enhances the
stability, immunostimulatory and migratory activity of DCs. Surface expression of
CD83 is one of the known markers for mature DCs [220]. At the same time,
expression of CD14 is down-regulated during differentiation when IL-4 is added to the
culture medium [221].

In this chapter, DC generated both in conventional culture dishes and inside
injection molded microfluidic chips will be presented. Selective sorting of monocytes
by adhesion, as well as differentiation and maturation to DCs will be demonstrated for
both systems. Challenges encountered during set-up of the perfusion system, seeding
cells from different donors with a varying degree of lymphocyte and monocyte purity,
maintaining a long-term perfusion cell culture, and finally harvesting cells after 7 days,
will be discussed.

7.2 DC generation in culture dish

7.2.1 Experimental procedures

The experimental methods used to generate DCs from monocytes in dish were
based on previous work [9]. PBMCs from healthy donors were kindly provided from
Center for Cancer Immunotherapy (CCIT), Herlev Hospital, Denmark. Frozen cells at
a concentration of 6x10° cells/mL were transported in cryovials containing 90%
human AB-serum + 10% DMSO and were stored at -140 °C upon arrival.

At the start of each experiment, frozen cells were thawed by adding warm X-
VIVO 15 medium (Lonza, Switzerland) and washed twice by centrifugation at 400 g
for 10 min. The cells were counted manually using a hemocytometer (Blrker-Turk)
Finally, the cells were resuspended in X-VIVO 15 with 2% human AB-serum (Herlev
Hospital) and 2 mM L-alanyl-L-glutamine (GlutaMax Supplement, Life Technologies)
to a final concentration of 7x10° cells/mL, and added to a 50 mm tissue culture
polystyrene dish (Nunc, Roskilde, Denmark). A fraction of the cells were separated



7.2 DC generation in culture dish 113

and kept on ice for analysis by flow cytometry. After 1 h of incubation at 37 °C, non-
adherent cells were removed by washing the culture dish twice with X-VIVO 15.
Analyzing adherent cells in the dish was not possible without disrupting the culture.
Therefore, the fraction of CD14" cells remaining in the culture dish was estimated
indirectly from cell counting and flow cytometry data from samples taken before and
after sorting.

The medium was supplemented with 1000 U/mL GM-CSF and 250 U/mL IL-4
(both from CellGenix, Germany) and the adherent cells were cultured for 5 days at 37
°C, 5% CO,. On day 5, the medium was further supplemented by IL-18 (1000 U/mL),
IL-6 (1000 U/mL), TNF-o (1000 U/mL), and PGE2 (1 ug/mL) and cultured for 2 more
days. On day 7, adherent cells were harvested by adding cold 0.2% Na-EDTA in PBS
to the culture dish and incubating for 30 min at 4 °C, in order to chelate Ca®* ions.
Remaining adherent cells were removed mechanically using a cell scraper.

Cells were stained with PE Mouse Anti-Human CD14 (#555398), APC Mouse
Anti-Human CD83 (#551073), PE Mouse IgG isotype control (#555574), APC Mouse
IgG isotype control (#555751), as well as 7AAD for dead cell-staining (#559925),
from BD Pharmingen (BD Biosciences), before being analyzed with a Gallios flow
cytometer (Beckman Coulter, USA). A threshold level was set on the forward scatter
detector to exclude smaller cell fragments arising from lysed erythrocytes and
granulocytes. Therefore, all fractions presented here include only monocytes and
lymphocytes. The level of CD83-expression for cells gated as DCs was defined as the
median fluorescence intensity (MFI) of anti-CD83 PE-stained cells relative to cells
stained with the isotype control. For more detailed information on the experimental
procedures, refer to Section A.4 for the full protocol.

7.2.2 Cell sorting by adherence

Figure 7-1 and Table 7-1 show the CD14" fraction before and after sorting, as
well as a statistical comparison for three independent experiments from donor #2. The
fraction of CD14" cells were significantly lower for the non-adherent cells (6.2%),
compared to the total cell population before seeding (17.8%, p < 0.05). On average,
45.9% of the seeded cells were removed by sorting, and from these numbers it was
estimated that the recovery of CD14" monocytes after sorting, that is the fraction of
remaining cells relative to the initial number, was 84.6+5.1%. An estimated 27.6% of
adherent cells after sorting were CD14", corresponding to an increase in purity of 59%,
which was significantly higher than the initial fraction (p < 0.05). The density of
adherent cells was estimated to be 1.1x10° cells/cm? on average. It should be noted
that experiment #3 was done in a 35 mm dish. However, the seeding density and the
volume concentration was the same as for the two other experiments.
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Figure 7-1. Flow cytometry analysis of CD14-expressing cells before and after sorting
of adherent PBMC:s in a Petri dish. Cells were stained with anti-CD14 PE and an isotype
control. The fraction of CD14" monocytes adherent to the Petri dish increases from an
average of 18% to 28%. This percentage was estimated indirectly from cell counting and
flow cytometry data from samples taken before and after sorting. The error bars are the
SE (n=3) for cells from donor #2.

Table 7-1. Flow cytometry analysis and counting of cells from donor #2, before and
after sorting of PBMCs, as well as an estimate of the fraction of CD14" adherent cells
remaining in culture.

Experiment

1 2 3 AveragexSE
Before sorting
Seeding density (x 10%/cm?) 2.0 2.1 1.7 1.9
Viability (%) 99.1 991 995  99.2+0.1
CD14" (%) 221 173 141  17.8+23
Non-adherent cells
Fraction of cells seeded (%) 359 488 53.1 459452
Viable cells (%) 99.9 996 99.8  99.8+0.1
CD14" (%) 7.2 9.1 2.4 6.2+2.0
CD14" recovery (%) 883 746 909 84.6%5.1
Adherent cells (estimate)
Cell density (x 10%/cm?) 1.3 1.1 0.8 1.1
CD14" (%) 304 252 273  27.6%15
ACDI14" (%) 376 457 93,6  59.0+17.5

Table 7-2 shows the results for experiments performed with cells from three
individual donors. The values used for donor #2 were the average values from the
three experiments that were presented in Table 7-1. For donor #1 and #3, only one
experiment was performed. The data was similar to what was presented for donor #2,
except that the viability was slightly lower.
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Table 7-2. Flow cytometry analysis and counting of cells from donor #1, #2,and #3,
before and after sorting of PBMCs, as well as an estimate of the fraction of CD14"
adherent cells remaining in culture.

Donor

1 2 3 Average+SE
Before sorting
Seeding density (x 10%/cm?) 1.2 1.9 2.1 1.7
Viability (%) 97.3 99.2 95.0 97.2+1.2
CD14" (%) 20.7 178 16.8  18.4+1.2
Non-adherent cells
Fraction of cells seeded (%) 417 459 53,6  47.1+35
Viable cells (%) 985 99.8 98.0 98.8+0.5
CD14" (%) 29 6.2 9.3 6.1£1.8
CD14" recovery (%) 944 845 703 83.2+7.1
Adherent cells (estimate)
Cell density (x 10%/cm?) 0.7 1.0 1.0 0.9
CD14" (%) 326 276 250 28.6x2.1
ACD14" (%) 575 59.0 48.8 53.8+2.6

7.2.3 DC maturation in culture dish

The flow cytometry forward-scatter (cell-size) vs. side-scatter (cell granularity)
plot for PBMCs at day 0 show two populations - lymphocytes and monocytes (Figure
7-2a). After 7 days, lymphocytes were still present while a new population with larger
size and granularity appeared which was gated as being DCs (Figure 7-2b). The data
in Table 7-3 (donor #2) shows that 46.6% of all cells fall within the DC gate region.
Of those cells, 96.6% were CD83". The median fluorescence intensity (MFI) from
CD83 expression relative to the isotype control was on average 62.7. Similarly, an
absence of CD14 expression can be seen (MFI = 1.01). Due to signal overlap, the
threshold for CD83" was set to include a maximum of 2% of the control (Figure 7-4).
The vyield, which is defined as the total number of CD83" DCs relative to CD14"
monocytes at the start of the culture, was on average 28.6%.
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Figure 7-2. Forward vs. side-scatter plot from flow cytometry of cells at (a) the
beginning of culture, showing monocyte and lymphocyte sub-populations, and (b) after
7 days (donor #2), showing a distinct population of larger and more granular cells
believed to be DCs.

Table 7-3. Flow cytometry analysis after 5+2 days of differentiation + maturation of
DCs in a petri dish, from three independent experiments using cells from donor #2. The
uncertainty is reported as + SE (n=3).

Experiment

1 2 3 Average
Viability (%) 95.2 96.5 94.3 95.3+0.6
DCs from gating (%) 60.5 44.8 42.6 49.3£9.8
CD83" from DC gating (%) 98.2 96.9 94.6 96.6+1.1
CD83" total (%) 56.1 43.3 40.3 46.6+4.8
MFI, CD83 96.5 48.3 43.3 62.7+29.4
MFI, CD14 1.01
Yield (%) 18.6 254 41.7 28.6+6.9

Microscope images taken at different days during culture of cells from donor
#1 shows a clear change in cell morphology after 3 days and onwards (Figure 7-3).
After cell sorting, both lymphocytes (small and circular) and monocytes (large and
irregular) adhere to the culture dish. The lymphocytes did not change morphology
during 7 days of culture, while monocytes became increasingly larger in size and with
a more irregular shape. At Day 5 and Day 7, several cells became elongated and
displayed branched projections (dendrites).
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Day 0

Figure 7-3. Phase contrast micrographs of DCs generated from adherent PBMCs (donor
#1) during a 7-day culture (5 days differentiation + 2 days maturation) in a culture dish.
Scale bars are 50 pm.

The generation of DCs was more variable when using PBMCs from different
donors (Table 7-4). Harvested cells from donor #1 and #3 show a larger fraction of
DCs than donor #2. However, the CD83" fraction from donor #1 was lower.
Fluorescence intensity histograms (Figure 7-4), show a bimodal distribution for donor
#1. As estimated by Gaussian curve fit (Figure A-23), about 46% of DCs show a
modest CD83 expression (MFI = 4.9), while 54% show a high expression (MFI =
79.9). A bimodal population was also present to a lesser degree for donor #3.
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Table 7-4. Flow cytometry analysis after 5+2 days of differentiation + maturation of
DCs in a petri dish, comparing cells from donor #1, #2 and #3. The uncertainty is

reported as = SE (n=3).

Donor

1 2 3 Average
Viability (%) 99.5 95.3 95.0 96.6x1.4
DCs from gating (%) 75.5 49.3 70.9  65.2£14.0
CD83" from DC gating (%) 85.6 96.6 98.0 93.4+3.9
CD83" total (%) 64.2 46.6 66.9 59.2+6.4
MFI, CD83 37.2 62.7 63.2 54.4+14.9
MFI, CD14 1.12 1.01 0.99 1.04+0.07
Yield (%) 55.3 28.6 25.0 36.319.5

Donor #1 Donor #2 Donor #3

COE3APC coasaAPC COES APC

Figure 7-4. Fluorescence histograms from flow cytometry of harvested DCs from donor
#1, #2 and #3, stained with anti-CD83 APC against an isotype control. Cells were gated
by size, granularity and 7AAD to include viable DCs (Figure 7-2). Thresholds for
CD83" were consistently set to include maximum 2% unspecific staining. A peak at
medium fluorescence intensity appeared for donor #1 and to a slight degree also for

donor #3, but was absent for donor #2.
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7.3 DC generation by microfluidic perfusion culture

on chip

7.3.1 System design

Reservoir

Overview 5% CO2

1
Injection
valve

Figure 7-5. Microfluidic perfusion system for long-term cell culture. The culture
medium reservoir was elevated by 50 cm relative to the chip in order to pressurize the
system. The reservoir was continuously fed with a 5% CO, humidified gas mixture to
maintain pH and to limit evaporation. The medium was recirculated through the chip by
an automated peristaltic pump. The chip was fixed inside a stage incubator with
circulation of warm water to maintain 37 °C. A 3-way injection valve was included to
allow injection of cell suspension into the chip.

Numerous trials and errors were done before arriving upon a microfluidic
system which could automatically exchange medium, maintain constant pH, avoid
bubbles and provide an injection port with minimal dead volume. The final system
used for generation of DCs on chip is shown in Figure 7-5. The system contained a
separate medium reservoir, consisting of a 50 mL centrifuge tube with holes drilled in
the cap for tubings. An external supply of 95% air and 5% CO, was used to maintain
constant pH, similar to the setup presented in Section 6.4. An extra centrifuge tube
filled with water was used to humidify the gas mixture before entering the reservoir, in
order to avoid evaporation of medium. A 0.22 um sterile filter was connected at the
end of the gas tubings. A water bath was used to heat up both the reservoir and the
humidifying chamber. The reservoir was elevated by a height of 50 cm relative to the
chip, creating a hydrostatic pressure difference of 50 mbar. Pressurizing the system has
previously been used to collapse bubbles trapped during priming of the system, and to
suppress bubble formation during culture [18].

A peristaltic pump was used to create a pressure gradient in order to push
medium through the chip and back into the reservoir. With recirculating flow, factors
secreted by cells are being washed out, diluted in the medium reservoir and transported
back to the culture chip, instead of being constantly removed by non-recirculating
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flow. Furthermore, recirculation reduces the overall consumption of the culture
medium especially at high flow rates.

The different materials used, along with the length and internal volumes of the
different system parts are summarized in Table 7-5. Polyether ether ketone (PEEK)
tubings (Upchurch Scientific, #1532) with 0.5 mm ID and Pharmed BPT peristaltic
pump tubing with 0.8 mm ID was used for medium transport. Male nuts (P-206), 1/16”
Ferrule (P-200), 1/4-28 Female to Male Luer Lock (P-675) and 1/4-28 Female to
Female Luer Lock (P-678) from Upchurch Scientific, and Male Luer Lock Connector
Barbed 1/16” (#10826) from ibidi, was used as connectors.

Table 7-5. Length (L) of tubing parts and internal volume including dead volume (V), of
different parts of the system. Numbers correspond to those indicated in Figure 7-5.

Material L[mm] V][uL]

Inlet tube (1) PEEK 860 190
Chip TOPAS - 310
Chip-to-injection valve (2) PEEK/PVC 105 70
Injection valve to pump (3) PEEK/PVC 300 175
Peristaltic tubing Pharmed BPT 185 120
Outlet tube (4) PEEK 625 155
Total 1020

The chip was contained inside a microscope stage incubator, which was heated
by warm, circulating water. The polymer chip was clamped mechanically on top a
microscope glass slide, using a custom-milled aluminum holder. The top cover of the
incubator consisted of a PMMA and an aluminum plate sandwiched together, with
holes milled to fit fluidic connectors. Finally, a 3-way injection valve (BD Connecta
#394982) was inserted close to the inlet of the chip, to allow injection of cells into the
chip using a Luer-Lock syringe without the need to disconnect any fluidic connectors.
This reduces the risk of introducing both air bubbles and infectious agents into the chip
during seeding.

7.3.2 Experimental procedure

The procedure used to culture DCs on chip was based on those used for culture
dish, although with several modifications. Before the start of each experiment, all the
material that would be in direct contact with the culture medium was autoclaved at 121
°C for 15 min, except the culture chip. As TOPAS is hydrophobic in its native state,
the chips were exposed to air plasma (50W, 10 min) to render it hydrophilic as well as
sterile. The culture medium was equilibrated inside a CO,-incubator overnight before
the start of the experiment. After sterilization, as much sample handling as possible
were performed inside a laminar flow bench.

PBMCs were thawed and analyzed in the same way as described in Section
7.2.1. After washing, cells were resuspended to a concentration to 7x10" cells/mL in
400-500 pL culture medium. By injection with a Luer-Lock syringe, cells were seeded
into the empty chip by capillary filling. After 1 h incubation at 37 °C, non-adherent
cells were removed by pumping medium at 2 mL/min for 10 min. Subsequently, the
pump was set to periodic flow, with a rate of 80 uL/min for 5 min followed by a 25
min incubation period. After 5 days of culture, the reservoir content was replaced with
new medium containing maturation cytokines, in addition to IL-4/GM-CSF, and the
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culture was continued for 2 more days. At day 7, cells were harvested by flowing cold
Na-EDTA through the chip and incubated for 30 min. Adherent cells remaining were
harvested by pumping at 12.5 mL/min for 3 min. For more detailed information on the
experimental procedures, refer to Section A.5 for the full protocol.

7.3.3 Cell seeding and sorting

Figure 7-6 shows the cells seeded inside the chip before and after sorting by
applying a flow rate of 2 mL/min. The bar diagram shows the fraction of CD14" cells
before sorting (16.3%), non-adherent (5.9%), and adherent cells (25.1%) for a total of
five experiments with cells from donor #2. These experiments are further presented in
Table 7-6, as two seeding methods were tested: direct injection into the chip, and
injection through the 3-way valve. The fraction of CD14" lost during sorting was
smaller for direct injection (6.6%), compared to when using the injection valve
(26.4%). The dead volume from the injection point to the chip inlet was measured to
be 70 pL, comprising about 18% of the total volume before the chip outlet. However,
the sorting specificity seems to be similar for both methods, as the fractional increase
in CD14" cells before and after sorting was similar (55% vs. 53%).

Before sorting 711 P S

After sorting
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Figure 7-6. Phase contrast micrographs of cells inside the chip before and after removal
of non-adherent cells by laminar flow. The fraction of CD14" non-adherent cells as
determined by flow cytometry was 5.9% on average compared to 16.3% for the total
population (donor #2). The estimated fraction of CD14" cells remaining on chip was
estimated to increase to 25.1%. The error bars are the SE (n=5). The scale bars are 50

um.
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Table 7-6. Comparison of 5 experiments using two different seeding methods on chip.
Flow cytometry data is from donor #2, before and after sorting of PBMCs on chip, as
well as an estimate of the fraction of CD14" adherent cells remaining in culture.

Direct loading Injection valve

Experiment 1 2 Average 3 4 5 AveragexSE
Before sorting
Seeding density
(x 106/cm2) 1.46 1.57 151 2.12 1.61 1.45 1.7
Viability (%) 99.4 995 99.5 99.2 995 995 99.4+0.1
CD14" (%) 19.6 17.7 18.7 15.4 14.5 14.5 14.8+0.3
Non-adherent
cells
Fractionofcells 575 433 356 | 555 493 487 51.242.2
seeded (%)
Viability (%) 99.0 99.9 99.5 99.6  99.7 99.6 99.6+0.1
CD14" (%) 2.6 3.9 3.3 7.4 5.9 9.7 7.7+1.1
(C%D)14 f6COVeTY 963 904 934 | 733 799 67.4 73.7+3.6
Adherent cells
(estimate)
Cell density (x
106/cm2) 1.29 1.09 1.2 1.45 1.01 0091 1.1
CD14" (%) 262 312 28.7 263 228 19.0 22.7+2.1
ACD14" (%) 33.7 76.3 55.0 708 572 310 53.0+11.7

Homogeneous seeding on chip was not possible for cells from all donors. The
fraction of granulocytes in the buffy coat prepared by Herlev Hospital is normally
around 10%, while for donor #3 and #4, the number was 20-30%. In addition, the
fraction of erythrocytes was higher than normal for donor #3 and #4. This led to
spontaneous cell aggregation during thawing. The aggregates could be dispersed by
pipetting, but this did not prevent re-aggregation. Cells also aggregated inside the chip
after injection. Sorting by laminar flow led to the formation of visible clumps being
pushed against the sidewalls of the chamber and obstructing the flow (Figure 7-7).
Cells from donors #3 and #4 were therefore not used for DC generation.

Figure 7-7. Spontaneous aggregation with cells from donor #3 led to formation of zones
with extremely high cell density after sorting.

7.3.4 Bubble formation during culture

During the first perfusion culture experiments using Pharmed BPT and Tygon
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E-3603 tubings, large pockets of air consistently started to appear close to the inlet of
the chip after about 1 day (Figure 7-8). As the perfusion culture progressed, the air
pocket continued to grow, constituting 50% of the chamber volume at day 4. This led
to the number of harvested DCs being very low (data not shown), and was therefore
considered a considerable fault with the first version of the perfusion system.

Figure 7-8. Bubble propagation through chip during flow. The air-liquid interface has
been colored red for visualization. The arrows show the flow direction.

To prevent bubble growth, it was decided to dedicate some effort to discover
the mechanisms behind this phenomenon. Several “dummy” experiments were
performed; medium or PBS was recirculated through the chip at a constant rate, while
a time-lapse series of the chamber inlet was recorded to determine at what time, tg,
bubbles started to enter the chamber. PTFE tubings were used for all experiments
(ID=0.8mm, OD=1.6mm). The results for different configurations are summarized in
Table 7-7. The annotation “IV” means that the injection valve in Figure 7-5 was
inserted immediately before the chip inlet. Bubbles appeared independently of the
pump direction (run #1 and #2). In addition, external CO, supplied to the reservoir led
to bubble formation independently of reservoir and incubator temperature, and
occurred for both X-VIVO 15 and PBS. There was one exception (#3) where no
bubbles were observed during 67 h when both heaters were turned off. However, two
similar experiments (#6 and #7) led to bubble formation after 30 and 21 h respectively,
where the only difference being the removal of the injection valve.
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Table 7-7. Summary of different perfusion system configurations and the influence of
bubble formation at the chip inlet. The flow direction was defined as positive when
liquid was transported from the pump to the chip, and negative when it was sucked from
the chip to the pump. The annotations “IVV” and “X-V”” mean injection valve and X-
VIVO15 respectively.

Reservoir Chip Flow Liquid Tubing tg (h)
Run T co, T Rate Dir.

(°C) (°C) (mL/min)
1 40 ON 36 0.8 Pos. X-V PTFE+IV 155
2 40 ON 36 0.8 Neg. X-V PTFE+IV 10
3 25 ON 25 0.8 Neg. X-V PTFE+IV >67
4 25 ON 36 0.8 Neg. X-V PTFE+IV 145
5 40 ON 36 0.8 Neg. X-V PTFE 18
6 25 ON 25 0.8 Neg. X-V PTFE 30
7 25 ON 25 0.8 Neg. X-V PTFE 21
8 25 OFF 25 0.8 Neg. PBS PTFE >62
9 40 OFF 25 0.8 Neg. PBS PTFE >86
10 40 OFF 36 0.8 Neg. PBS PTFE >66
11 40 ON 36 0.8 Neg. PBS PTFE 12

The introduction of bubbles was finally solved PEEK was used between the
reservoir and the inlet. This material has much lower gas permeability as will be
discussed later in this chapter.

7.3.5 DC maturation on chip

After the tubing material was changed to PEEK, it was possible to culture cells
for 7 days without bubbles appearing at the chamber inlet. Table 7-8 shows an
overview of two DC culture experiments reaching day 7 performed on chip with cells
from donor #2.

Table 7-8. Flow cytometry analysis after 5+2 days of differentiation + maturation of
DCs on chip, using PBMCs from donor #2.

Exp. 3 Exp. 6

Viable cells (%) 82.7 97.8
DCs from gating (%) 36.6 16.9
CD83" from DC gating (%) 82.8 81.2
CD83" total (%) 25.0 12.7
MFI, CD83 22.9 20.2
MFI, CD14 1.06

Yield (%) 15.7 6.0

Figure 7-9 shows flow cytometry data from harvested cells at the end of
culture (experiment #3, donor #2). A total of 3.2x10° cells were harvested. Of these, a
fraction of 82.7% was viable as determined by 7AAD staining. Furthermore, a fraction
of 36.6% of the viable cells were gated as DCs, for which 82.8% was determined to be
CD83", a total of 25.0% of all harvested cells. The MFI for anti-CD83 APC and anti-
CD14 PE relative to the isotype controls, was to 22.9 and 1.06 respectively, suggesting
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that the harvested DCs showed a moderate level of CD83-expression, compared to
DCs cultured in petri dish, and no expression of CD14. The yield of CD83" DCs
relative to the initial number of CD14" monocytes was 15.7%.
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Figure 7-9. Forward vs side-scatter plot of harvested cells (experiment 3, donor #2),
shows a distinct DC population. Cells stained with anti-CD83 APC and an isotype
control shows that the majority of DCs were matured at the end of culture (82.8%).

Time-lapse microscope images were taken every 15 min at 15 different
positions across the chip area. Images taken in the center of the chamber at a distance
of 4 mm (upstream), 27.5 mm (middle), and 51 mm (downstream) from the inlet, at
day O (after sorting), 1, 3, 5 and 7, are shown in Figure 7-10 (available as videos on
the attached CD, folder “Time-lapse of microfluidic perfusion culture”, and online:
Upstream.avi, Middle.avi, and Downstream.avi). After 1 day of culture, the cell
density was considerably lower than immediately after sorting. After 2-3 days of
culture, several cells became more elongated, reaching lengths over 100 pm in some
cases. After 5 days, when maturation cytokines were added to the culture medium,
cells became markedly more mobile as can be seen in the time-lapse videos
(Downstream.avi and Middle.avi). Furthermore, it appears as if the cell density was
reduced closer to the inlet of the chip after day 1, as compared to further downstream.

The change in morphology was highly dependent on the local cell density, as
seen in Figure 7-11 (available as videos on the attached CD, folder “Inhomogeneous
cell seeding”, and online: High density.avi and Low density.avi). Due to cell
aggregation in experiment 6, extremely high densities were created, while a low
density was observed elsewhere on the chip. In total, 71.4% of all cells remained
inside the chip after sorting. Flow cytometry data from sorting is not shown because
the instrument was out of order at that time. Therefore, the average fraction of CD14"
cells from frozen PBMCs used in earlier experiments was used to estimate the yield.
At high densities, cells became more elongated, similar to what was observed in
experiment 3. In addition, at day 7, the cells were highly mobile (High density.avi) and
formed clusters, as indicated by the arrows. In other areas of the chip where the density
was low after sorting, cells were continuously removed over time by laminar flow and
no morphology change was observed (Low density.avi).
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Downstream Middle Upstream

Figure 7-10. Phase contrast micrographs taken at the center of the channel at 4 mm
(upstream), 27.5 mm (middle) and 51 mm (downstream) from the chamber inlet. It
appears that the cell density after day 1 was lower closer to the inlet than the outlet. The
scale bars are 50 pm.
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High cell density

Figure 7-11. Phase contrast micrographs showing that cell morphology during culture
was highly dependent on the local density. At extremely high densities caused by
aggregation, cells became more elongated and arranged in clusters as indicated by the
arrows. At low densities however, cells were removed by laminar flow and the cell
morphology did not change. The scale bars are 50 pm.

The fraction of cells that could be harvested at the end of culture was
dependent on the position across the culture chamber width as shown in Figure 7-12
(experiment #3, donor #2). In the middle of the chamber, all cells were completely
removed by laminar flow. At a distance of 5 mm away from the chamber wall, a higher
fraction of cells remained after harvest; 24% and 27% for the left and right side
respectively. At very high densities (Figure 7-13), a large number of cells remained
inside the chip after harvest (experiment #6, donor #2). In this experiment, a total of
2.6x10° cells were harvested, of which 12.7% were viable, CD83" DCs (Figure 7-14
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and Table 7-8). However, a large fraction of the population above the 2% non-specific
threshold was weakly stained (bimodal population). The relative MFI was determined
to be 20.2.The total yield of mature DCs was 6.0% relative to the number of seeded
CD14" monocytes.

Middle

Before
harvest

After
harvest

Figure 7-12. Phase contrast micrographs showing a different cell harvest efficiency at
different positions separated by 5 mm across the chamber width (experiment 3, donor
#2). After 30 min incubation and flushing with Na-EDTA, the fraction of cells
remaining after harvest was 24%, 0% and 27% at the left, middle and right section of the
chamber. The scale bars are 50 pm.

After harvest
e

Figure 7-13. Phase contrast micrographs showing a low cell harvesting efficiency where
the local cell density was high (experiment #6, donor #2). The scale bars are 50 pm.
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Figure 7-14. Fluorescence histograms from flow cytometry of harvested DCs from a
culture with non-uniform density (experiment #6, donor #2), stained with anti-CD83
APC against an isotype control. A non-uniform density resulted in a weak maturation as
seen by the bimodal distribution.

7.4 Discussion

7.4.1 Monocyte enrichment by adherence sorting

The relative higher monocyte adherence to plastic surfaces compared to other
PBMCs was used to increase the purity in both culture dish and chip. By sorting of
cells from donor #2 in culture dish, an increase of 59% for the CD14" fraction after
sorting was observed, ending up with a purity of 27.6%. With cells from donor# 1 and
#3, the results were similar.

Two different seeding methods on chip were employed: direct injection using a
syringe connected to the chip Luer Lock connector, and injection through the injection
valve. The increase in purity after sorting was on average 55% and 53% for the two
methods, ending up at a purity of 28.7% and 22.7% respectively. The difference in
purity was caused by a higher initial fraction of CD14+ for the cells seeded directly.
Although, there was no apparent difference in sorting specificity between the two
methods, a lower recovery for injection through the valve was observed (73.7% vs.
93.4%) due to dead volume, which meant that about 18% of the cells were not seeded
inside the chip. Since PEEK tubings and connectors are bioinert [222], it is likely that
most of these cells were removed during washing. Despite the lower recovery, this
seeding method was preferred, due to the risk of introducing bubbles and contaminants
when removing and attaching fluidic connectors associated with direct injection. For
comparison, sorting in Petri dish led to a purity of 27.6% and a recovery of 84.6%
(donor #2, Table 7-1), which is comparable to on-chip sorting.

Sorting at a flow rate of 2 mL/min, corresponding to a wall shear stress of
about 0.1 Pa on average (equation (4-1)), did not result in any difference in purity
compared to sorting in dish. However, the sorting on chip was not optimized and a
higher shear stress could lead to an increased purity of adherent monocytes, although
with the risk of achieving a lower recovery and damaged cells. Sorting of cells in a
culture dish is highly dependent on the hand movements and pipetting of the operator,
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and is therefore difficult to optimize.

Large cell aggregates were formed during thawing of PBMCs from donors
having a higher fraction of granulocytes and erythrocytes. This was a detrimental
problem when culturing on-chip, since large cell aggregates led to obstruction of the
flow through the microchannel, creating non-uniform culture conditions. It is known
that cell aggregation can be caused by DNA released by granulocytes and erythrocytes
that are lysed during the freezing/thawing cycle [223]. Cell clumping can be reduced
by adding DNAse to the wash medium [223]. However, this would increase the
experimental costs and was therefore not exploited in this study.

Although sorting by adherence has been the most common and simple method
of monocyte enrichment, other more advanced techniques exists. Using positive
selection with anti-CD14 functionalized magnetic beads, it has been demonstrated that
the CD14" monocyte purity from an apheresis product can be increased from 18% to
97% of all WBCs, with a recovery of 82% [224]. Monocytes can also be enriched by
depletion of lymphocytes using anti-CD2 and anti-CD19 beads, although with a lower
purity (61%) and a lower recovery (41%), likely due to CD2 expression of some
monocyte subsets or non-specific binding [225].

Another method is elutriation, which is based on counterflow centrifugation to
separate cells based on both size and density [116]. With this method, the
centrifugation speed is kept constant while the counterflow velocity of a buffer is
increased step-wise, to collect cells into separate fractions according to their size. It
has been demonstrated that monocytes can be sorted with a purity of 83% and a
recovery of 75% [116]. Both magnetic- and elutriation-sorting of monocytes can be
performed within a closed system. However, it is not clear how the magnetic
nanoparticles affect DCs and it is therefore not very suitable for clinical applications
since the cells are injected back into the patient. In contrast, elutriation keeps the
monocytes “untouched” for later cell culture, therefore generating a more defined
product in compliance with GMP. Among the disadvantages are that elutriation
systems are expensive in capital investment as well as per purification step, and that
monocytes are sorted by size/density and not by phenotype, potentially causing
selective isolation of certain monocyte sub-populations [41].

There are other label-free alternatives to cell sorting by size, which can be
integrated on-chip [226]. One method is using deterministic lateral displacement
(DLD), where fluid flows through an array of microposts, where each row is slightly
offset laterally relative to the previous. Depending on the spacing between posts and
the relative row shift, particles smaller than a critical hydrodynamic radius will follow
streamlines through the gaps, while larger particles will be displaced at each obstacle
and bump into the neighboring streamline [227]. This principle has been used to
separate WBCs from RBCs and plasma in whole blood [228]. The advantage of this
method is that it is passive, however it has only been demonstrated using low flow
rates (1 pL/min). Also, imperfections in the array tended to blur the streams of
differently sized particles into a continuous distribution [229].

Another method is dielectrophoretic field-flow fractionation, which separates
cells based on a combination of density and dielectric properties [230]. In a pressure-
driven flow, leukocyte subpopulations were levitated to different heights based on
different density and membrane dielectric properties. Due to the parabolic flow profile,
lymphocytes, monocytes and granulocytes from a buffy coat were therefore eluted at
the end of the channel at different times. High flow rates could be attained (mL/min) at
medium cell concentrations (10° cells/mL).
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7.4.2 Gas permeability

As previously mentioned, the problem with large air pockets close to the chip
inlet was overcome by switching to PEEK tubings. Although it was shown in Section
6.4 that Tygon tubings could maintain a constant pH of the medium, it is believed that
gas permeation caused bubbles to nucleate, merge and collect at the chip inlet. Since
the medium was equilibrated at a 5% CO, atmosphere in the reservoir, it was
supersaturated with dissolved CO, during transport through the tubings, creating a
driving force for bubble nucleation on the inside of the tubing wall. As seen from
equation (6-8), permeation is not only dependent on the material type. A
proportionality constant k for the amount of permeated gas M can be found by re-
arranging and inserting for the flow rate Q, the gradient of CO, partial pressure 4p¢o,,
the tube radius r and length L

Pxr3xIL*xA
Pco, (7-1)
Qxd
By assuming that Apco,, Q and L are constant for the different tubing
materials, the proportionality constant can be simplified to:

Mxk=

Pxrs

k' = 7 (7-2)

The values of k* for all the tubing materials tested for perfusion cell culture are

listed in Table 7-9. By changing to PEEK tubings, permeation was reduced

significantly due to a combination of material properties and reduced ID. Since no

bubbles were observed, it is therefore believed that the time scale for bubble nucleation

and growth was reduced to be shorter than the time scale for medium transport to the
chip.

Table 7-9. The ability to permeate dissolved CO, during transport through different
tubing materials for a given length (L), flow rate (Q), and pressure gradient (4p¢o,), is
characterized by the proportionality constant k’, given by a combination of material
permeability (P), inner radius (r) and wall thickness (d).

P(m’mm/m?dayatm) r[mm] d[mm] K

Pharmed BPT _ 7900 0.4 16 316
Tygon 2400 0.4 1.6 96
PTFE 604 0.4 0.4 97
PEEK 10.8 025 055 0.31

7.4.3 Generation of DCs on chip compared to culture dish

Due to the effort required to set up the perfusion system and unforeseen
problems with cell clumping from certain donors, there was not enough time to
perform the experiments required to make a statistical comparison between DC
generation in dish and chip. Therefore, only trends from two experiments on chip will
be discussed in this section.

Generally, the DC fraction of cells harvested on day 7 was lower for chip
culture than for culture dish. In addition, the harvested DCs cultured on chip had a
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lower CD83 expression than dish-culture, both in terms of CD83" fraction (82% vs.
97%) and MFI relative to isotype control (22 vs. 63) for the total DC population. DCs
cultured in both systems showed a similar down-regulation of CD14. The total yield of
harvested CD83" cells relative to CD14" monocytes were lower for the two chip-
culture experiments (6% and 16%) compared to culture dish (28.6+6.9%).

Based on cell morphology and motility, it appears that a high cell density was
beneficial for DC differentiation and maturation (Figure 7-11). However, achieving a
homogeneous monolayer with a higher density than what was used in these
experiments is likely not feasible. By using closest packing of 8 um diameter circles,
the maximum density of a non-attached cell monolayer is 1.8x10° cm™. In reality,
however, lymphocytes and monocytes have different size (about 7 and 10 pm
respectively) and are not perfectly round. In addition, they are randomly seeded on the
surface, thus leading to a packing density lower than the theoretical predicted value. It
is therefore likely that for the results presented here, a multi-layer was formed and that
increasing the seeding density will only lead to stacking of more cells on top of each
other. To achieve a higher density during culture, a more efficient enrichment of
monocytes is therefore required before seeding.

Although the yield of matured DCs was apparently lower for culture on chip
than culture dish, it is difficult to make a direct comparison since it was not possible to
harvest all cells in the closed system. There could be several explanations for this. One
could be that the shear stress generated by laminar flow during harvest, which was
estimated to be ~ 0.5 Pa, is not sufficient to remove adherent cells. In addition, since
the culture chamber had a varying height (Figure 6-8), the local shear stress was likely
different at various positions. This could explain the varying number of cells
remaining across the channel width (Figure 7-12). Also, it was more difficult to
remove high density cell clusters, possibly because they alter the local hydraulic
resistance of the channel (Figure 7-13). One way to detach adherent cells more
effectively is by addition of trypsin. However, this method could modify the cell
surface expression of membrane proteins [42], which is not in conformity with GMP.

After one day of culture on chip, a lower density than immediately after
seeding was observed (Figure 7-10). From the time-lapse videos (see Upstream.avi,
Middle.avi, and Downstream.avi), removal of non-adherent cells during the first day
by the pulsating flow was observed. In addition, the density was higher downstream
than upstream inside the culture chamber. It has previously been observed that
monocyte adherence to the culture plastic was reduced during the first days after start
of culture [115], [231]. A possible explanation to why the density was higher
downstream, could therefore be that loosely attached cells upstream were removed
over time and transported together with the flow, before re-adhering when the flow
stopped.

In contrast to perfusion culture, where non-adherent cells were continuously
removed by the flow, the cell density was higher throughout the culture in dish, since
washing was only performed on day 0 and day 7. This, together with incomplete
harvesting could explain why the number of DCs was higher for the dish culture. Also,
as Figure 7-11 indicates that a high density may be beneficial for DC generation, it
could explain why the DCs cultured in dish expresses a higher level of CD83.

It is known that adherence is an important regulator of monocyte behavior, and
could be used to promote activation [232]. Adherent monocytes cultured overnight
demonstrated a transient expression of CD83 without the addition of cytokines
(fastDCs), reaching a maximal level after 16-24 h before turning to baseline levels
after 48 h [233]. The activated monocytes displayed reactivation of T-cells, although
they were not as potent as mature DCs. Furthermore, Zhou et al. observed that after
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TNF-a was added to a GM-CSF/IL-4 monocyte culture on day 5, cells became firmly
adherent to the culture dish [220]. Also, at the end of culture, the adherence of DCs
seems to be dependent on their maturation stage, as immature DCs are reported to be
firmly attached while mature DCs are less adherent [234]. If a large number of DCs
cannot be easily harvested, it may therefore be a sign that they are not fully matured,
although adhesion depends on a combination of material properties, medium
composition, and mechanical stimulus.

It is not established in what way the application of shear stress induced by
laminar flow could affect monocyte differentiation and DC maturation. It is known
that shear stress increases the expression of adhesion-mediating molecules of
endothelial cells, thereby increasing monocyte-binding [235], but it is not known in
which way it affects the binding of monocytes directly to culture plastic. In addition,
adherence and differentiation could be affected by the mass transport during perfusion.
The choice of medium exchange rate was based on simulations of the oxygen
consumption, although the actual consumption during culture was not verified.
Therefore, a longer incubation time might be used, thereby allowing a higher
accumulation of secreted factors, which again could be beneficial for the
differentiation and maturation process.

There are other closed systems that have been used for DC generation, which
are not based on perfusion culture. The use of gas-permeable bags for generation of
monocyte-derived DCs, for example, has been explored by several groups [116],
[219], [236], [237]. An advantage of culture in bags is that monocytes can be directly
loaded through tubings while maintaining sterility. It is also believed that cells cultured
in bags adhere less firmly to the container surface; therefore they can be more easily
harvested than adherent culture. Several bag materials have been used, such as
ethylene vinyl acetate (EVA), fluoro ethylene propylene (FEP) and polyolefin (PO).
However, it is not established whether bag-cultured DCs are more clinically suitable
than adherent-cultured DCs or not. One study showed comparable DC maturation by
phenotype for cells cultured in PO bags and tissue culture PS flasks [236], while
another showed a lack of CD1a and CD25 expression for DCs cultured in FEP bags
but not in EVA [116]. In addition, it was demonstrated that DCs cultured in flasks
secreted 1L-12, which is an important T-cell stimulatory factor, but not when they were
cultured in PO or FEP bags [238]. Therefore, it is likely that adhesion plays an
important role in generation of DC vaccines. Finally, a system that allows both aseptic
transfer and cell adhesion is the Nunc Cell Factories, which essentially consists of
culture plates stacked on top of each other. This has been used to generate a large
number of DCs with similar surface marker expression and functionality as DCs
cultured in flask [43], [239]. However, harvest of adherent cells using this system
could be more challenging as culture surfaces are not easily accessible.

7.5 Conclusion

In this chapter, it has been shown that CD83" mature DCs can be generated
from CD14" monocytes in a microfluidic perfusion culture chip, which can easily be
upscaled for industrial mass fabrication. The culture can be run outside conventional
COg-incubators, thereby potentially reducing the bulkiness of the system. In addition,
with a more careful design of the medium reservoir, the system can be truly closed to
eliminate infections. Further optimization of the perfusion strategy is required in terms
of improved purity after sorting, appropriate flow rates during different stages of



134 Chapter 7 On-Chip Generated Dendritic Cells by Microfluidic Perfusion

culture, and improved procedures for cell harvesting, preferably with integrated
feedback systems to monitor the status of the culture.



Chapter 8

Conclusion and outlook

One of the goals of this thesis was to produce polymer substrates with
nanoscale surface topography over a large area, using techniques compatible with
industrial mass fabrication, with the potential application of increasing the efficiency
of adherent cell culture harvesting. By using DUV stepper lithography, homogeneous
areas (~100 cm?) with sub-250 nm holes on a Si master could be defined. Holes with a
diameter down to 180 nm and a pitch of 340 nm were achieved, although with a larger
spatial variation in the photoresist pattern. The nanoscale topography was successfully
transferred to a Ni mold inlay by electroplating from the metallized master. Defect-free
pillars were achieved when inlays were plated from Cr and Au sputter coated on
etched Si, compared to plating from photoresist or etched silicon metallized with NiV.
Furthermore, patterns could be transferred to a HSQ films on stainless steel substrates
by imprinting of an elastomeric stamp, although with some loss in resolution.
Deposition of an FDTS monolayer on HSQ or NiV coated with Al,O3 and SiO; by
ALD and CVD, led to shielding of polar interactions and a lower surface energy,
compared to FDTS deposited on bare NiV.

Nanoscale patterns were transferred to COC by injection molding, although
complete replication of mold protrusions with an aspect ratio of 1.8 was not achieved
with a mold temperature below the glass-transition point of the polymer. By using
variothermal mold cycling, full replication was achieved, at the cost of systematic
deformations of the pattern and a considerably longer process cycle time. Indications
that monocyte adhesion may be greatly reduced on these replicas were observed, when
the spacing between holes was smaller than 140 nm, although more systematic studies
are needed. Replication using an isothermal process was improved with a HSQ-coated
steel mold compared to a Ni mold, both in terms of a larger mean height and more
uniformly distributed height of pillars in the polymer. By simulation of the heat
transfer from the polymer melt to the mold surface, the HSQ film was shown to act as
an insulating layer that allowed more time for the melt to flow before solidifying. HSQ
may therefore have the potential to improve nanoscale replication in an industrially
relevant setting, by reducing the need for variothermal mold cycling.

Another goal in this thesis was to physically integrate proteins with retained
biofunctionality on the surface of inert thermoplastics, using high-throughput
fabrication methods, and to demonstrate phenotype-specific cell capture from a mixed
cell population. By using spotting of protein drops, sub-100 um patterns of avidin on a
fluorinated mold surface could be achieved. Addition of 10% DMSO to the spotting
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buffer increased the spot homogeneity by reducing evaporation of deposited droplets.
This also enabled spotting on superhydrophobic nanostructured Ni surfaces.
Furthermore, transfer of avidin spots to polymer replicas by injection molding was
achieved, with retained biotin recognition. Biotinylated anti-CD14 bound to
transferred avidin demonstrated an increased monocyte adhesion on untreated COC
polymer, although not to the same level as biotinylated anti-CD14 bound to avidin
deposited by passive adsorption. In addition, monocyte adhesion was only slightly
higher compared to an isotype control, showing that the level of unspecific binding to
antibodies was high.

Highly efficient transfer of antibodies passively adsorbed on a surface
functionalized mold inlay surface to a COC replica by injection molding was
demonstrated. Insignificant amounts of protein residuals remained on the mold surface
after transfer, as verified by AFM and XPS, thus making multiple subsequent protein
transfers using the same mold possible. The antigen-binding affinity of transferred
capture antibodies was similar to that of antibodies adsorbed by passive adsorption
directly on polymer surfaces, as verified by sandwich ELISA. In addition, 10 min
incubation time of antibody solution on the mold surface prior to transfer resulted in
fully satisfactory antigen response curves on replicas with transferred antibody. Also,
it was possible to re-use the same mold for at least six consecutive protein transfers,
while retaining antigen-binding affinity. Finally, antibodies transferred during injection
molding retained their functionality after 3 weeks of dry storage followed by 9 days of
immersion in standard serum-containing cell culture medium. Thus, direct
immobilization of antibodies at a polymer surface during injection molding is a
promising approach for high-volume production of functionalized disposable polymer
biochips for immunoassay or cell capture applications.

The last objective of this thesis was to fabricate disposable polymer chips for
the generation of a large number of mature DCs in a closed microfluidic perfusion
culture. Chips were fabricated by ultrasonic welding of a flat microscope slide to a
chamber-containing slide injection molded against a micro-milled aluminum mold. A
chamber height of 290 um with a variation less than 7% CV over an area of 10 cm?
was achieved. Through numerical modeling of oxygen levels over time in an
impermeable microfluidic chamber containing metabolic active cells, it was found that
an exchange frequency of one chamber volume every 30 min by pulsating flow was
optimal. Furthermore, it was found that using PEEK tubings with low gas permeability
allowed a constant pH and bubble-free culture medium for 7 days, when the medium
reservoir and culture chip was kept outside a CO, cell incubator. Maturation of CD83"
mature DCs generated from CD14" monocytes was demonstrated inside the disposable
culture chip, with a yield almost comparable to standard culture procedures in an open
Petri dish, thus indicating that closed chip-culture systems may increase automation
and reduce cost of currently used procedures for cancer immunotherapy.

This thesis has contributed to new knowledge on polymer micro- and
nanofabrication of polymers, with respect to large-area replication of DUV-defined
nanotopography, protein micropatterning and physical integration of capture
antibodies, as well as DC culture in a polymer microfluidic system. Still, there are
various obstacles remaining before the results presented here can be directly integrated
into cancer immunotherapy. While DC maturation on chip was demonstrated, the
perfusion system was not fully optimized, especially with regards to seeding of cell
suspension inside the chip and the optimal medium exchange rate during the 7 day
culture. Integration of end-point sensors for oxygen or pH could provide a non-
invasive method to monitor cellular response to various perfusion parameters, and
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therefore assist in finding the optimal culture conditions. Upscaling from the
microscope slide to the microtiter plate format, in order to increase the number of cells
in culture closer to the clinically relevant range, can readily be achieved with the
existing equipment and methods, although maintaining a constant chamber height over
a larger area will likely require incorporation of support structures during welding.
Ultimately, the goal is to integrate the remaining steps involved in cancer
immunotherapy, i.e. transfection of mature DCs with tumor antigen and potentially
also the activation of T-cells, on a single chip. Alternatively, multiple chip components
may be connected further downstream, such as the continuous microfluidic
electroporation system of DCs previously demonstrated by our group [240].

One of the remaining challenges that need to be solved is the low harvest
efficiency of DCs achieved without using excessive shear forces that might be
detrimental to cell viability. While some indications were found that nanotopography
on injection molded polymers might reduce monocyte adhesion, these surfaces need to
be integrated into the DC culture chip and tested for the entire length of a 7 day
culture. Although close to complete replication of nanostructures on mold inlays were
achieved by cycling of the mold temperature, it would greatly reduce the cost of
fabrication by reducing the process cycle time with constant mold temperatures. HSQ
demonstrated a reduced cooling rate of the polymer melt, although further effort to
achieve thicker films with reduced thermally-induced stress will likely improve the
replication even further.

Finally, although physical integration of polyclonal 1gG with retained antigen-
capture ability on injection molded replicas was demonstrated, transfer of monoclonal
IgG such as anti-CD14 antibody and testing the ability to capture monocytes would be
a highly relevant topic for further studies. Furthermore, the capture specificity, i.e. the
adhesion of lymphocytes to these antibodies needs to be verified, as it would be
advantageous to achieve both a high purity and a high yield after sorting. Eventually,
by using ink-jet printing to deposit patches of multiple antibodies on mold inlays, such
as anti-CD3 and anti-CD14, polymer replicas with injection molded proteins for cell
panning of lymphocytes and monocytes could potentially be produced.
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A.2 Content related to the various chapters

A.2.1 Chapter 2

Polynano T3.4 9stripes
Field no.
1 d=08um, p=24pum 4 6.875 mm
2 d=08um,p=16um I13.75mm
3 d=12um,p=19um
4 d=12um,p=24pum
5 d=1.2um,p=3.6um
6 d=1.0um,p=1.7um
7 d=1.0um,p=2.0pum
8 d=08um,p=15um
9 d=08um,p=24pm
K 110 mm "

Figure A-1. Layout of the “Ostripes” first-generation reticle used for DUV-stepping.
Each field is filled with different patterns of squares with a width d in a square array
with pitch p.
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16SquareBox Exposurearea Chromium frame

13 5 6 14
d=12um § d=09um J d=09um J d=1.6 um
p=36pm fp=225umQ p=27um | p=3.2um

7 1 2 9
d=1.0pym § d=09um J d=09um J d=1.2pum
p=25pm f p=16um g p=18um j p=19um

8 3 4 10
d=1.0pm §d=1.0pm f d=1.0pm J d=1.2pm
p=30pm f p=1.7um § p=20um j p=24pum

15 1 12 16

d=16um fd=12um | d=16pum Test
p=40pm f p=30um | p=23pum

Figure A-2. Layout of the “16Box” second-generation reticle used for DUV-stepping.
Left: Each 26.25 x 26.25 mm? field is filled with different patterns of hexagons with
flat-to-flat distance d in a hexoganal array with pitch p. A 1 mm chromium frame
separates the different fields from each other, which enables individual exposure of each
structure. Field 16 is split in four parts, containing “test” structures as well as horizontal
and vertical gratings with a nominal width of 1.5 um and a pitch of 3.0 um. Right:The
pitch was matched so that the stitching inaccuracy between neighbouring chips was
minimized.

0-5 (DCHimm 18-04)

Current
Step no. | dt [min] | dI [A] - — —Charge
6 20
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Figure A-3. The electroplating parameters and a plot of the current and charge over
time, for the program used to produce Ni shims from 4” wafers (0-9 — DCHimm 18-04).
The charge setpoint was 18.0 Ah, which resulted in a thickness of around 320 um.
Initially, the current was ramped up slowly (2.0 A/h), before the ramping rate was
increased until reaching a maximum value of 5.5 A. The total duration of the program
was about 4h and 8 min.
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Figure A-4. The electroplating parameters and a plot of the current and charge over
time, for the program used to produce Ni shims from 6” wafers (0-9 -
DCH6_40.5Ah_7h). The charge setpoint was 40.5 Ah, which resulted in a thickness of
around 320 um. Initially, the current was ramped up slowly (0.2 A/h), before the
ramping rate was increased until reaching a maxium value of 6.9 A. The total duration of
the program was about 7h and 15 min.
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Figure A-5. Holes in the resist from SEM micrographs were analyzed by the Gwyddion
SPM data analysis software. A zero-crossing step detection was applied to the original
image, before grains were defined by the threshold method and the diameter measured.
An overlay of the intensity profiles along the horizontal line shows the placement of the
detected step.
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Figure A-6. SEM micrographs of resist exposed by the DUV stepper from different
fields of the reticle “Ostripes” (Figure A-1), using optimal doses (Table 2-2). The
measured and nominal dimensions are notated for each structure.

(a) (c)

Figure A-7. A photograph of separated Si wafer (a) and Ni shim plated on metallized
resist (b), shows that some of the resist on the Si is transferred to the shim, exposing the
underlying BARC layer (brown film). After rinsing with ethanol and plasma ashing, the
resist was stripped, although some inhomogeneities could be observed in the patterend
region (c).
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Figure A-8. AFM topography micrographs and corresponding line profiles for different
nanostructures electroplated from a NiV seed layer sputter coated on developed DUV
resist. The average height of protruding pillars are 274 nm, 289 nm, 327 nm, 273 nm and
197 nm for field 2, 3, 5, 6, and 7 respectively.
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Figure A-9. Photographs of unsuccessful electroplating of nanostructured Ni shims,
using NiV as the seed layer. Some of the Ni shims plated from metallized DUV resist
had mm-sized holes through the inlay, while some of the shims plated from metallized
etched Si displayed delamination of large patches of nanopatterned areas. Images
provided by NIL Technology.
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Figure A-10. Photograph of Ni shim for molding polymer replicas in microscope slide
format. The nanostructures are numbered according to the different areas on the reticle in
Figure A-2. The indicated scale bar is 20 mm.

Table A-1. Process parameters for conditioning of MVD chamber “COLDPRP2” and
FDTS-coating “STAMP2” of shims. The FDTS and water sources were heated to 55 °C
and 50 °C respectively. The chamber temperature was 35 °C.

COLDPRP2
Step Cycles Source Parameters
Flow 200 sccm
1 1 0, Power 250 W
Time 300 s
Pressure 0.4 Torr
2 4 FDTS Time 10 s
Flow 200 sccm
3 1 0, Power 250 W
Time 300 s
4 5} N>
STAMP2
Step Cycles Source Vapor order Parameters
Flow 200 sccm
1 1 (O] 1 Power 250 W
Time 300 s
EDTS 1 Pressure 0.5 Torr
Time 900 s
2 4
H,0 9 Pressure 6 Torr
Time 900 s
3 5 N,
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A.2.1.1 Surface energy calculations by Owens-Wendt method

The Owens-Wendt theory is a two component model for calculating the surface
energy of a solid [68]. It describes the surface energy of a solid as having two
components; a dispersive component and a polar component. It is based on the
fundamental Young’s equation which relates the interfacial energy between the solid-
gas (¥s¢), the solid-liquid (ys;) and the liquid-gas (y.¢) phase.

Y6 €0s(6) = ¥s¢ — VsL

This form is valid for low-energy surfaces, such as most solid organic
compounds, where the adsorption of vapor onto the solid surface has a negligible
effect on the interfacial energies [241]. Good and Girifalco [242], proposed an
equation for the interfacial energy between two phases a or b which may be liquid or
solid, as a balance between the cohesive energy in the bulk a and b, and the energy of
attraction due to dispersion forces between unlike pairs of molecules at the interface,
expressed as the geometric mean of the energy of attraction between pairs of like
molecules:

1
Yag =Ya+vs — 2(vayp)?

Furthermore, Fowkes [69] postulated that the total free energy of a liquid or
solid could be written as the sum of polar (y*) and dispersive (y?) contributions at the
surface:

y=v"+y”?

Combining equation 2 and 3 gives the interfacial energy between a solid-liquid

interface written as

1 1
o Vse=Vs¢ Vg~ Z(Y_SPG_VEG)_Z — 2(VéeYic)2 _
Inserting into equation 1 and rearranging gives the Owens-Wendt equation [68]
1

Yic (cos @ + 1) 1(vie\? 1
— = ie)Z| 5| + (¥s)2
2(y%)2 LG

The polar and dispersive contributions of a solid surface can then be found by
linear regression (y = ax + b) using
_ Yig(cos@ +1)

1
2(vf%)?
1

- ()
and measuring contact angles using the sessile drop technique with two or more
probe liquids having well-defined polar and dispersive components [243]
Vic = @
Vgc = b?
An example of such a linear fit using contact angles measured on Si-FDTS
with water, dilodomethane, and benzyl alcohol, is shown in Figure A-11.




A.2 Content related to the various chapters 161

5.54 y=1.579x +2.872

R?=0.992
5.0
4.5
v (cos 0 +1 1
{(*”2}4'0“
2(y")
3.54
1 1
3.0

00 05 10 15

(YF!YG)HZ
Figure A-11. Calculation of the surface energy components by the Owens-Wendt
method, using linear fit.
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Spot size with PBS on FDTS
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Figure A-12. Spot size of avidin in PBS from single droplets on FDTS as a function of
protein concentration.
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Spot size with PBS on PS

17000

15000 ¢
2

13000 *

11000

9000

7000

Spot size [um?]

5000

3000

1000 T |’||||||| T T T T T T T T

10.0 100.0 1000.0

Avidin concentration [pg/mL]

Figure A-13. Spot size of avidin in PBS from single droplets on polystyrene (PS) as a
function of protein concentration.
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Figure A-14. Spot size of avidin in 10% DMSO + 90% PBS from single droplets on
FDTS as a function of protein concentration.
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A.2.3 Chapter 5

Figure A-15. Deposition of antigen concentration series at mold inlay surface. (a) The
12-well chamber was mounted on the shim and protein was titrated in PBS. (b) After 10
min incubation, the wells were removed and the shim was washed with MilliQ water.
Due to adsorption, water droplets sticked to areas incubated with more than 10 pg/mL
protein. (c) After InMold transfer, the mold inlay was again hydrophobic.
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Figure A-16. Line profiles across IgG adsorbed on mold inlay (a) and on polymer
replica after transfer (b) suggest a partial embedding of the protein in the polymer
surface. The average peak height of five line scans was 5.3 nm and 3.6 nm for the two

samples respectively.
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A.2.4 Chapter 6

Figure A-17. Chip with 12 integrated Luer-lock connectors and mold inlay. Each
connector were integrated with energy directors at the bottom side for welding.

Figure A-18: Aluminum holders for bonding of the microfluidic chamber (left) and the
Luer-Lock connectors to the assembly (right). To the right is the Telsonic Ultrasonics
UPS-3000 welder.
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F!",.

100 pm

Figure A-19. Energy directors milled in a Ni mold by a microSTRUCT vario (3D-
Micromac AG), using a 355 nm laser at 1.72 W. The top of the ED was 223 um wide,

while the bottom was 8 pm.
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Figure A-20. Surface concentration of dissolved oxygen along the length of a
microfluidic channel with different flow rates.
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Figure A-21. Continous pH measurements of medium after flowing through Pharmed
BPT peristaltic tubing at three different rates, determined by the absorbance of phenol
red in cell medium. The inner diameter of the tubing was 0.8 mm and the length between
medium reservoir and optical cell was 80 cm. The vertical dashed lines show the
medium residence time before entering the optical cell.
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Figure A-22. Absolute absorbance values of X-VIVO 15 culture medium at 436 nm and
560 nm measured over time by photospectroscopy.
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A.2.5 Chapter 7

Figure A-23. Gaussian peak fit of the bimodal CD83-APC histogram for harvested DCs
(donor 1).
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A.3 Deconvolution of peaks in the C1s spectra

First, peaks for “Mold before IM” (Figure A-24) were added at 285.6 eV (A),
286.3 eV (B), 291.9 eV (C) and 294.2 eV (D), which are believe to originate from the
primary and secondary carbon at the Si-end of the FDTS molecular chain, -CF, groups
and -CF; groups respectively. A constraint of separation by 0.7 eV was added between
(A) and (B), based on the fact that the binding energy of —CH, groups in
poly(vinylidene fluoride) (neighbouring —CF, groups) and poly(vinyl fluoride)
(neighbouring —CF groups) differs by the same amount [244]. With these conditions,
the peaks were fitted to the XPS data. Then, the peak separation of (A), (B) and (D)
was locked to have a constant separation relative to (C) of -6.25 eV, -5.55 eV and
+2.31 eV respectively. Furthermore, the area under each peak component was locked
to be C/6.6, C/6.49 and C/6.51 of (A), (B) and (D) respectively, and the FWHM of all
peaks was locked.
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Figure A-24. Deconvolution of peaks in the C1s spectra of the mold surface before
protein adsorption.

The peak fit parameters with all constraints were then imported to the data for
the sample with “Mold with IgG” (Figure A-25). Three new peaks were added at
285.2 eV (E), 286.5 eV (F) and 288.4 eV (G), which were believe to originate from
carbonyl carbons in the backbone and carboxyl carbons in the side-chains of the amino
acids (C=0 and COOH), the amine-bound a-carbon (C-N) and carbon single bonds (C-
C) respectively. The peaks were fitted and the peaks of (E), (F) and (G) were locked at
a separation of -6.63 eV, -5.34 eV and -3.46 eV respectively. The peak area of (F) and
(G) were locked at E/1.56 and E/1.73 respectively. The FWHM of all peaks were
locked and the data was fitted again. After assigning the parameters of all 7 peak
components, the parameters were imported to “Mold before IM” and “Mold after IM”
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and the data was fitted with the new constraints.
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Figure A-25. Deconvolution of peaks in the C1s spectra of the mold surface after
protein adsorption.



A.4 Protocol for DC generation in dish

171

A.4 Protocol for DC generation in dish

Protocol: Revision date:
Production of human dendritic cells (DCs) from peripheral blood 28-11-2013
mononuclear cells (PBMCs) in @50 mm culture dish

Author: Version no:
Thor Christian Hobak 3

Apparatus: @50 mm Nunclon Delta culture dish
15 mL centrifuge tubes
50 mL centrifuge tubes
Sterile pasteur pipettes
Laboratory pipettes and sterile pipette tips
FACS tubes
Cell scraper
Sterile flow bench
Incubator 37C
Water bath at 37C
Laboratory centrifuge
Flow cytometer

Reagents: Frozen PBMCs from Herlev Hospital stored at -140 C (107 cells/vial)
X-VIVO 15 medium, Cambrex PN BE04-418Q
Glutamin 100x stock concentration
Human AB serum
GM-CSF, CellGenix (35 pL per vial, corresponds to 35 mL medium)
TNF-a, CellGenix (35 pL per vial, corresponds to 35 mL medium)
IL-1B, CellGenix (35 pL per vial, corresponds to 35 mL medium)
IL-4, CellGenix (35 uL per vial, corresponds to 35 mL medium)
IL-6, CellGenix (35 uL per vial, corresponds to 35 mL medium)
PGE-2 (175 L per vial, corresponds to 17.5 mL medium)
1x PBS
FBS
Mouse Anti-Human CD3 - FICT
Mouse Anti-Human CD14 - PE
Mouse Anti-Human CD83 — APC
IgG2a — PE isotype control
1gG1 - APC isotype control
IgG2a — FITC isotype control
7AAD

Thawing and washing medium (WM):
100% X-VIVO 15 with phenol red and gentamicin

Culture medium (CM):

97% X-VIVO 15 with phenol red and gentamicin
2% Human AB serum

1% Glutamin

Culture medium with cytokines 1 (CM1)

97% X-VIVO 15 with phenol red and gentamicin
2% Human AB serum

1% Glutamin

1000 U/mL GM-CSF

250 U/mL IL-4

Culture medium with cytokines 2 (CM2)

97% X-VIVO 15 with phenol red and gentamicin
2% Human AB serum

1% Glutamin

1000 U/mL GM-CSF
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250 U/mLIL-4
1000 U/mL IL-1B
1000 U/mL IL-6
1000 U/mL TNF-a
1 pug/mL PGE-2

Flow cytometry staining buffer:

99% 1x PBS

10% FBS

0.1% NaN;

Flow cytometry wash buffer:

99.9% 1x PBS
0.1% NaN;,

Day 0 (day for start of culture):

Cell thawing and washing

Needed:

o vk wnN

© o~

11.
12.
13.
14.
15.
16.
17.

18.

4*10” PBMCs from the same donor (-140 C freezer, 3*10’ cells/vial)
2x50 mL centrifuge tubes

2x15 mL centrifuge tubes

30 mL WM at 37C

10 mL CM at 37C

45 mL PBS+0.1% NaN;

2 mL PBS+10% FBS

600 pL PCR tubes

Two 50 mL centrifuge tube are numbered, and each are filled with 15 mL X-VIVO 15. Place the tubes in a
37C water bath.

Prepare 10 mL CM in a 15 mL centrifuge tube and place in a 37C water bath.

Thaw one 50 mL tube of frozen PBS+0.1% NaNj in the water bath

Make sure there is cold PBS+10%FBS+0.1% NaNsin the fridge

At least 4*10’ frozen PBMCs are taken from the -140C freezer and thawed for the shortest time possible
in the water bath.

Just before the last lump of ice disappears, add warm X-VIVO 15 dropwise from tube 1 to the cryotube,
mix and transfer the contents repeatedly back and forth, and transfer the entire contents back to tube 1.
Centrifuge the tube at 400g for 10 min at room temperature.

The supernatant is aspirated using a long Pasteur pipette.

The cell pellet is dispersed by pulling across the bench table perforation.

15 mL are transferred carefully from tube 2. The cells are dispersed by carefully dispensing and sucking
using a pipette.

Take out 10 pL of the cell suspension and add to a 600 puL PCR tube. Add 30 pL PBS, mix and add 15 pL
to a hemocytometer.

Count all of the 4, 4x4 square arrays and average the number. The total number of cells are: Average cell
count x 4 (dilution) x 15 mL x 10*cells/mL = Average cell count x 4*10° cells.

Centrifuge the tube at 400g for 10 min at room temperature.

The supernatant is aspirated using a long Pasteur pipette.

The cell pellet is dispersed by pulling across the bench table perforation.

Resuspend the cells to about 7*10° cells/mL or to minimum 5 mL of CM. Disperse the cells carefully
using a pipette.

Pipette out 3*10° cells and aliquot equally to three blue FACS tubes. Suspend the cells with PBS+10%
FBS to a total volume of 100 pL in each tube.

Label the three FACS tubes with “Blank - before”, “Ab - before” and “Isotype - before” and store them in
the fridge.

Cell seeding and sorting

Needed:

5mLWM at 37C
5mLCM1 at 37C
600 pL PCR tubes
Hemocytometer
3x FACS tubes
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N

10.
11.
12.

13.
14.
15.

Add 5 mL of the PBMC:s dispersed in culture medium to a @50 mm Nunclon culture dish.

Incubate the dish at 37C for 1h in the primary cell incubator

Prepare 5 mL CM1 with cytokines by taking one vial each of GM-CSF and IL-4 from the -140C freezer. 5
pL of each cytokine solution is added to the 5 mL of remaining CM and vortex. Store the vials with the
remaining cytokines at 4C for up to 1 week.

Label an empty 15 mL centrifuge tube with “Non-adherent cells”.

After incubating for 1 h, remove the non-adherent cells by slowly rotating the dish 25 times counter-
clockwise, then 25 times clock-wise

Tilt the dish and aspirate the supernatant carefully using a pipette. Transfer the contents to the empty
centrifuge tube.

Wash the dish by carefully adding 5 mL warm X-VIVO. Repeat step 5 and 6.

Immediately add 5 mL of CM1 with GM-CSF and IL-4 cytokines to the petri dish, and store in the
primary cell incubator.

Vortex the tube with the non-adherent cells and transfer 10 pL of the cell suspension to a 600 pL PCR
tube.

Spin down the non-adherent cells to a pellet by centrifugation at 400g for 10 min.

Add 10 pL PBS to the PCR tube, vortex and add 15 pL to a hemocytometer.

Count all of the 4, 4x4 square arrays and average the number. The total number of cells are: Average cell
count x 2 x 10 x 10* = Average cell count x 2*10°.

After the non-adherent cells have been spun down, aspirate the supernatant using a long Pasteur pipette.
The cell pellet is dispersed by pulling the tube across the bench table perforation.

Resuspend the cells to 300 pL with PBS+10% FBS and aliquot to three FACS tubes labeled “Blank —
non-adherent”, “Ab - non-adherent” and “Isotype - non-adherent”.

Flow cytometry

1.

Day 1-4:

Day 5:

Needed:

Add to the FACS tubes, vortex and incubate for 30 min in the fridge:
1. “Blank — before” and “Blank — non-adherent”:
i. Nothing (blank control)
2. “Ab - before” and “Ab - non-adherent”:
i. 20 L of PE Anti-CD14
ii. 20 pL of FITC Anti-CD3
3. “Isotype - before” and “Isotype - non-adherent”:
i. 20 pL PE 1gG2a control
ii. 20 pL of FITC IgG2a control
After incubating with antibodies, wash the cells by adding 3 mL of PBS+0.1% NaNs and spin down to
pellets at 400g for 5 min.
Remove supernatant, re-suspend the pellets by vortexing and repeat step 2.
Remove supernatant, re-suspend the pellets by vortexing and add 5 pL 7AAD to all tubes except the two
blank tubes. Vortex.
Incubate tubes for 10 min in the fridge.
Add 300 pL of PBS+0.1% NaNjs to the tubes and analyze with flow cytometry.

Look after the cells every 2-3 days and monitor the color of the culture medium. If it turns orange or
yellow, exchange with 5 mL freshly prepared CML1.

5 mLCM2 at 37C

Prepare 5 mL CM and put in waterbath at 37C.

Add cytokines to the CM and mix thoroughly: 5 puL of GM-CSF, IL-4, IL-1B, TNF-o and IL-6, and 50 pL
PGE-2.

Tilt the petri dish and discard the supernatant carefully using a pipette.

Add 5 mL of CM2 and place petri dish in the primary cell incubator.
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Day 7:
Needed: 1x50 mL centrifuge tube
15 mL cold 0.2% Na-EDTA in PBS
20 mL flow cytometry staining buffer
Mouse Anti-Human CD3 FITC
Mouse Anti-Human CD14 PE
Mouse Anti-Human CD83 APC
7AAD
Mouse IgG2a — PE isotype control
Mouse IgG1ly — APC isotype control
Mouse IgG2a — FITC isotype control
3 FACS tubes
1. Culture medium and cells are aspirated from the culture dish and transferred to a 50 mL centrifuge tube
labeled “Harvested cells”.
2. Thedish is washed with 5 mL cold Na-EDTA in PBS, and the contents are transferred to the centrifuge
tube.
3. Add 5 mL cold Na-EDTA in PBS and incubate for 30 min at 4C.
4. The cells are harvested carefully by using a cell scraper. Transfer the contents to the centrifuge tube.
5. Wash again with 5 mL cold Na-EDTA in PBS and transfer the cells to the tube.
6. Centrifuge the tube at 400 g for 10 min at 4C.
7. The supernatant is aspirated using a long Pasteur pipette.
8. The supernatant is aspirated using a long Pasteur pipette.
9. The cell pellet is dispersed by pulling across the bench table perforation.
10. Resuspend the cells to about 10 mL in PBS+10%FBS.
11. Take 30 pL of cell suspension for cell counting. Add 15 L to a hemocytometer.
12. Count all of the 4, 4x4 square arrays and average the number. The total number of cells are: Average cell
count x 2 x 10 x 10* = Average cell count x 2*10°. Dilute and count again if the concentration is too high.
13. Centrifuge the tube at 400 g for 10 min at 4C.
14. Aspirate the supernatant using a long Pasteur pipette.
15. The cell pellet is dispersed by pulling the tube across the bench table perforation.
16. Resuspend the cells to 300 pL with PBS+10% FBS and aliquot to three FACS tubes labeled “Blank —
DC”, “Ab - DC” and “Isotype - DC”. Add 100 uL of cell suspension to each.
17. Add:
a. “Blank-DC”:
i. Nothing
b. “Ab-DC”:
i. 20 pL of FITC Anti-CD3
ii. 5pL of APC-CD83
c.  “Isotype control”:
i. 20 pL FITC IgG2a control
ii. 20 pL APC-IgGly control
18. Incubate the cells for 30 min in the fridge.
19. After incubating with antibodies, wash the cells by adding 3 mL of PBS+0.1% NaNs and spin down to
pellets at 400g for 5 min.
20. Remove supernatant, re-suspend the pellets by vortexing and repeat step 2.
21. Remove supernatant, re-suspend the pellets by vortexing and add 5 uL 7AAD to all tubes except the two
blank tubes. Vortex.
22. Incubate tubes for 10 min in the fridge.
23. Add 300 pL of PBS+0.1% NaNj to the tubes and analyze with flow cytometry.
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A.5 Protocol for DC generation on chip

Protocol: Revision date:
Production of human dendritic cells (DCs) from peripheral blood 19-05-2014
mononuclear cells (PBMCs) in a microscope slide chamber

Author: Version no:
Thor Christian Hobaek 10

Apparatus:

Reagents:

2 microscope slide chips with female Luer connectors

50 mL centrifuge tubes

2x40 mL culture flasks

Masterflex L/S peristaltic pump

Masterflex PharMed BPT Tubing, L/S #13 (ID = 0.8 mm)
PEEK tubing, ID = 0.5 mm, OD = 1.6 mm (idex)

BD Connecta T-junction with extension tubing (#394982)
1 mL syringes

Centrifuge bottle cap with 3x @=1.5mm drilled holes.

Frozen PBMCs from Herlev Hospital stored at -140 °C

X-VIVO 15 medium with phenol red and gentamicin, Cambrex PN BE04-418Q
Glutamin 100x stock concentration (200 mM)

Human AB serum, Herlev Hospital

GM-CSF, CellGenix (35 pL per vial, corresponds to 35 mL medium)

TNF-0, CellGenix (35 pL per vial, corresponds to 35 mL medium)

IL-1B, CellGenix (35 pL per vial, corresponds to 35 mL medium)

IL-4, CellGenix (35 pL per vial, corresponds to 35 mL medium)

IL-6, CellGenix (35 pL per vial, corresponds to 35 mL medium)

PGE-2 (175 pL per vial, corresponds to 17.5 mL medium)

Di-sodium EDTA, Na-EDTA

1x Dulbecco’s Phosphate Buffered Saline (dPBS)

Fetal Bovine Serum (FBS)

FITC Mouse Anti-Human CD3, BD Pharmingen 561802

FITC Mouse 1gG2a, k Isotype Control, BD Pharmingen 555573

PE Mouse Anti-Human CD14, BD Biosciences 555398

PE Mouse 1gG2a, k Isotype Control, BD Pharmingen 555574

APC Mouse Anti-Human CD83, HB15e, BD Pharmingen 551073

APC Mouse 1gG1, k Isotype Control, MOPC-21, BD Pharmingen 555751

7AAD, BD Pharmingen 559925

Wash medium (WM):
100% X-VIVO 15 with phenol red and gentamicin

Culture medium (CM):

97% X-VIVO 15 with phenol red and gentamicin
2% Human AB serum

1% Glutamin (200 uM)

Culture medium with cytokines 1 (CM1)

97% X-VIVO 15 with phenol red and gentamicin
2% Human AB serum

1% Glutamin (200 uM)

1000 U/mL GM-CSF

250 U/mL IL-4

Culture medium with cytokines 2 (CM2)

97% X-VIVO 15 with phenol red and gentamicin
2% Human AB serum

1% Glutamin (200 uM)

1000 U/mL GM-CSF

250 U/mL IL-4
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1000 U/mL IL-1B
1000 U/mL IL-6
1000 U/mL TNF-a
1 pug/mL PGE-2

FACS buffer:

90% 1x dPBS without Ca>* and Mg”'
10% FBS

0.1% NaN;

Cell harvesting buffer:
99,4% 1x dPBS without Ca** and Mg**
0,6% Di-sodium EDTA (15mM)

Overview:

Day -1 (1h): Sterilize medium reservoir and tubings
Prepare WM and CM and allow it to equilibrate with 5% CO, at 37 °C overnight to avoid
bubbles
Prepare waterbath for medium reservoir and microscope incubator downstairs
Day 0 (6h): Assemble tubings and prime tubings with WM

Seed peripheral blood mononuclear cells (PBMCs) into chip

Wash out non-adherent cells

Start periodic perfusion culture

Analyse cells before seeding and non-adherent cells with flow cytometer
Day 1-4: Refill waterbath and cell incubator with DI water and monitor the CO2-level
and look out for bubbles in chip.
Prepare CM2 and allow it to equilibrate with 5% CO, at 37 °C overnight to avoid bubbles
Day 5 (0.5h):  Change from CM1 to CM2 and continue periodic perfusion culture
Day 7 (3h): Harvest dendritic cells (DCs) by flushing with EDTA in PBS and analyze cells
with flow cytometer.

Day -1 (1 day prior to start of culture, requires 1h)

Sterilization of equipment

Needed: 50 mL centrifuge tube with 3x@1.5 mm holes drilled in the cap
1x silicone tubing (ID=0.5mm, OD=2.1mm) inserted through the @1.5mm hole
4 segments of PEEK tubing (ID=0.5mm, OD=1.6mm)
1 segment of Masterflex PharMed BPT Tubing, L/S #13 (ID = 0.8 mm)
5x blue ferrules (Tefzel ETFE for OD=1.6 mm tubing)
5x blue nuts (Delrin Acetal for OD=1.6 mm tubing)
3x 1/4”-28 flat bottom female thread to male luer lock adapter (Tefzel Polyprop)
2x 1/4”-28 flat bottom female thread to female luer lock adapter (Tefzel Polyprop)
2x barbed male luer lock connectors for ID=0.8mm tubings
Autoclavable 0.22 um @=15mm sterile filter

1.  Flush all used tubings with at least 5 mL virkon, followed by at least 5 mL MilliQ, using the peristaltic
pump or a syringe connected to the 3-way stopcock valve.

2. Label a 50 mL centrifuge tube with “WM”, remove the cap and put the old cap with througholes on.

3. The end of the outlet tubing are placed inside the 50 mL centrifuge tubes through one of the holes, and
an autoclavable sterile filter is connected to the silicone tubing on the inside of the cap, through the
male luer lock connector.

4.  Throw out the old 3-way stopcock valve, and separate the flexible peristaltic pump tubing from the
barbed luer-lock adapters (otherwise the inside of the peristaltic tube end will be expanded during
autoclaving and will fit poorly afterwards).

5. The equipment to be autoclaved should be disassembled as they appear on the pictures below before
autoclaving.

6. After autoclaving, the equipment is dried in an oven at 50 °C.
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Short segments of the outlet tubes

Outlet tube Inlet tube with end fitted through holes in the bottle cap. A sterile
filter is fitted inside the centrifuge tube
Preparation of culture medium (15 ml in total; cytokines not added here)

Needed: X-vivo 15 with phenol red and gentamicin (cell lab fridge)
Human AB serum (cell lab freezer, bottom rack)
Glutamin (cell lab freezer, bottom rack)
Tissue culture flask, 40 ml, blue cap
1. Prepare 15 ml of CM and transfer to a sterile tissue culture flask. Label “CM”. The flask is placed in the
incubator (37°C, 5% CO,) overnight to equilibrate.

Preparation of wash medium (25 mL in total)

Needed: X-vivo 15 with phenol red and gentamicin (cell lab fridge)
Tissue culture flask, 40 ml, blue cap
1. Fill the flask with 25 mL WM.
2. The flask is placed in the incubator (37°C, 5% CO,) overnight to equilibrate.

Preparation of incubator and waterbath
Needed: DI water

1. Fill the waterbath up to the rim with DI water. Add a sanitizing pill and set temperature to 40 °C and turn
on heating.

2. Turnon incubator heating (setpoint = 44 °C). Add more water to the tank and humidifying column.

3. Adjust gas mixer control unit so that the air pressure is 0.95 bar and the CO, pressure is 0.05 bar, by
adjusting the screws.

4. If point 3 cannot be done, check that the air valve mounted on the wall is opened, and that the pressure
regulator is set to 2 bars. Check that the valve on the CO, flask is open.

Day 0 (day for start of culture; requires 6h):
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Mounting tubings and reservoir

Needed:

NP

Noukw

10.
11.

12.
13.

14.

15.
16.

17.

DI water

50 mL sterilized centrifuge tube with 3x@1.5 mm holes drilled in the cap
Sterilized tubings

Tissue culture flask with equilibrated wash medium

5 mL PBS+10% FBS+0.1% NaN;

70% ethanol

Parafilm

Scalpel

Refill the two waterbaths with DI water.

Two 50 mL centrifuge tubes are numbered; tube 1 and 2 is filled with 15 mL WM and placed in a 37 °C
water bath.

Prepare 5 mL PBS+10% FBS+0.1% NaN; if there is not already some available.

Bring the autoclaved tubings into the sterile bench.

Attach the two luer lock adaptors with barbed end firmly into the peristaltic pump tubing

Make sure all luer adaptors (blue and red) are fitted tightly

Cut off the extension tube of the T-junction (BD connecta) with a scalpel, but leave around 10 mm of
tubing close to the valve (12 in the pictures below).

Take the shortest PEEK tubing and press the sharp end inside the remaining extension tube, until it is
firmly attached. Attach the outlet tubing to the luer connector on the other side of the valve (3).

Wipe a piece of parafilm tape with 70% ethanol and wrap around the bottle cap.

Wrap the luer-lock connector ends of the inlet and outlet tubings with sterilized parafilm tape.

Take out the tissue culture flask with WM from the incubator and place in the flow bench. Transfer the
contents to the sterilized centrifuge tube.

Bring the WM and the tubings down to the basement

Place the WM tube in the waterbath. Insert the silicone tubing into the hole of the humidifying chamber
(above the water meniscus).

Attach the outlet tubing to the peristaltic pump, by fixing the flexible part of the tubing to the pump
head.

Label a 50 mL centrifuge tube with “Non-adherent cells” and place in the rack.

Place the inlet tube end (without luer lock adapter) inside the non-adherent centrifuge tube and seal
with a parafilm around the opening.

Attach both Luer connectors at the inlet and outlet end to the chip and make sure it’s tight.

3

Cell thawing and washing

Needed:

At least 6*10” PBMCs per chip (-140 C freezer)
15 mLWM at 37°C
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1 mL culture medium at 37°C

19. The vials of frozen PBMCs are taken from the -140C freezer and thawed for the shortest time possible in
the water bath.

20. Add warm WM dropwise to the cryotube from centrifuge tube 1, and transfer the entire content to the
centrifuge tube 1.

21. When all cells has been thawed, centrifuge the tube at 400g for 10 min at room temperature.

22. Prepare a hemocytometer for cell counting.

23. Add 30 pL PBS to a 600 pL PCR tube

24. After the cells has been spinned down, the supernatant is aspirated using a long Pasteur pipette.

25. The cell pellet is dispersed by pulling across the bench table perforation.

26. 15 mL are transferred carefully from CM2. The cells are dispersed by dispensing and sucking using a
pipette, with the pipette tip close to the bottom of the centrifuge tube.

27. Pipette out 10 pL of the cell suspension and add to the 600 pL PCR tube. Vortex and add 15 pL to a
hemocytometer.

28. Centrifuge the tube at 400g for 10 min at room temperature.

29. Count all of the 4, 4x4 square arrays and average the number. The total number of cells are: Average cell
count x 4 (dilution) x 15 mL x 10* cells/mL = Average cell count x 6*10° cells.

30. The supernatant is aspirated using a long Pasteur pipette.

31. The cell pellet is dispersed by pulling across the bench table perforation.

32. Resuspend the cells to about 7*10° cells/mL or to minimum 0.5 mL of CM per chip. Disperse the cells
using a pipette and transfer to an Eppendorf tube.

33. Pipette out 3*10° cells and aliquot equally to three blue FACS tubes. Suspend the cells with FACS buffer
to a total volume of 100 L in each tube.

34. Label the three FACS tubes with “1”, “2” and “3” and store them in the fridge

Cell seeding and Flow cytometer analysis

Needed: 25 mL WM at 37C
15 mL culture medium with cytokines (CM1) at 37C
15 pL GM-CSF
15 pL IL-4
FITC Mouse Anti-Human CD3
PE Mouse Anti-Human CD14
FITC Mouse 1gG2a, k Isotype Control
PE Mouse 1gG2a, k Isotype Control
7AAD
2x15 mL centrifuge tubes
1 mL syringe
Water bath at 40C
40 mL FACS buffer (PBS + 10% FBS + 0,1% NaNs)

16. Bring the Eppendorf tube with cells down to the basement.

17. Prime the outlet tubing by pumping WM through (clockwise O) until the medium reaches past the T-
junction, when the pump is stopped.

18. Transfer at least 500 uL cell suspension to a 1 mL syringe fitted with an 18G needle without bevel. Suck
until air is drawn into the syringe. Remove any bubbles in the syringe by knocking with your finger and
remove the needle. Slowly inject until cell suspension is coming out.

19. Attach the syringe to the T-junction valve

20. While tilting the chip so that the inlet end is lifted higher than the outlet, slowly inject the cells without
introducing bubbles. 1t might be necessary to pull the liquid back into the syringe to achieve this. Close
off the injection port with the valve after injection.

21. Remove the syringe. Dried up any spilled medium and wipe the outside of the chips with 70% EtOH.

22. Place the chips on top of the glass slide and use the clamps to fix it to the incubator.

23. Incubate the chips at 37 °C for 60 min.

24. While incubating, add the stage positions to take images for the timelapse study.

25. Capture one image of all positions.

26. Get one vial each of GM-CSF (15 pL or 35 pL) and IL-4 (35 pL) from the -140C freezer in the waterbath.
15 uL of each cytokine solution is added to the flask with culture medium and mixed thoroughly. Store
the vials with the remaining cytokines at 4 °C for up to 1 week.

27. Transfer the culture medium to a 50 mL centrifuge tube and bring down to the basement and place in the
waterbath.
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28. Inspect the chip and the T-junction for bubbles

29. Remove the non-adherent cells in the chip by pumping at 2 mL/min for 10 min (clockwise: O)

30. After sorting, remove the WM flask, and replace with the CM flask, keeping the same cap. Avoid
touching the tubings and tighten the cap firmly.

31. Change the flow direction to counterclockwise ((5) pump briefly in that direction to remove bubbles in
outlet tube end.

32. Change the flow direction again to clockwise direction (C) and replace the WM inside the tubings by
pumping CM at 1 mL/min for 3 min. Watch out for bubbles.

33. Remove the inlet tube from the non-adherent centrifuge tube and wipe off the tube end with 70% ethanol.
Insert the tube end into the open hole in the reservoir with CM1.

34. Briefly run the pump in the clockwise direction (O) to remove any bubbles in the inlet tube end.

35. Change the flow direction to counterclockwise (G).

36. Set the peristaltic pump to time disp. mode. The pump rate should be 80 pL/min. The ON time should be
5 min and the OFF time should be 25 min. Start pumping.

37. Start the microscope timelapse series.

38. Bring the tube with the non-adherent cells upstairs to the cell lab.

39. Vortex the tube with the non-adherent cells and transfer 15 pL of the cell suspension to a hemocytometer.

40. Spin down the non-adherent cells to a pellet by centrifugation at 400g for 10 min.

41. Count all of the 4, 4x4 square arrays and average the number. The total number of cells are: Average cell
count x 23 mL x 10* cells/mL = Average cell count x 2.3*10° cells

42. After the non-adherent cells have been spun down, aspirate the supernatant using a long Pasteur pipette.

43. The cell pellet is dispersed by pulling the tube across the bench table perforation.

44. Resuspend in 300 pL FACS buffer and aliquout 100 pL into three FACS tubes labelled “4”, “5” and”6”.

Flow cytometry

7.

8.

9.
10.

11.
12.

Add to the FACS tubes, vortex and incubate for 30 min in the fridge:

1. “111 and “411:
i. Nothing (blank control)
2. “211 and “511:

i. 20 pL of PE Anti-CD14
ii. 20 pL of FITC Anti-CD3
3. “3”and “6™:
i. 20 uL PE IgG2a control
ii. 20 pL of FITC IgG2a control
After incubating with antibodies, wash the cells by adding 3 mL of PBS and spin down to pellets at 400g
for 5 min.
Remove supernatant, re-suspend the pellets by vortexing and repeat step 2.
Remove supernatant, re-suspend the pellets by vortexing and add 5 pL 7AAD to all tubes except the two
blank tubes(“1” and “4”). Vortex and make sure the pellets are dispersed.
Incubate tubes for 10 min in the fridge.
Add 300 pL of PBS to the tubes and analyze with flow cytometry using the panel called “PBMCs”.

Day 4 (requires 15 min):

1.

Prepare 15 ml of culture medium and transfer to a culture flask. Label “CM2”. The flask is placed in the
incubator (37°C, 5% CO,) overnight (cap should not be completely sealed to allow gas exchange).

Day 5 (requires 30 min):

Needed:

©o~N®

15 mL of culture medium (CM) equilibrated in the cell incubator

Prepare 15 mL of culture medium 2, by adding to the culture flask:
15 pL GM-CSF (1000 U/mL)
15 pL IL-4 (250 U/mL)
15 pL IL-1B (1000 U/mL)
15 pL TNF-a (1000 U/mL)
15 pL IL-6 (1000 U/mL)
f. 150 pL PGE-2 (1 pg/mL).
Transfer the contents to a 50 mL centrifuge tube
Transfer the bottle down to the basement
Pause the pump.
Change the CML1 bottle to CM2 bottle, keeping the same cap, without touching the tubings hanging from
the bottle cap.

»oo0 o
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10. Remove the outlet tube end from the reservoir and place in a 50 mL waste reservoir. Seal the opening
with parafilm.

11. Briefly run the pump in the clockwise direction (O) to remove any bubbles in the inlet tube end.

12. Change the flow direction to counterclockwise (d). Change the flowrate to 300 pL/min and pump for
10 min.

13. Wipe the outlet tube end with ethanol and place back in the medium reservoir through the open hole.

14. Change flowrate back to 80 uL/min and start pumping in time disp. Mode. The ON time should be 5 min
and the OFF time should be 25 min.

Day 7 (requires 3h):

Needed: 50 mL centrifuge tubes
45 mL cold 0.6% Na-EDTA in PBS
20 mL FACS buffer
FITC Mouse Anti-Human CD3
PE Mouse Anti-Human CD14
APC Mouse Anti-Human CD83
7AAD
FITC IgG2a isotype control
PE 1gG2a isotype control
APC IgG1ly isotype control
dPBS
3 FACS tubes

24. Turn off the chip incubators.

25. Place a 50 mL centrifuge tube filled with 45 mL frozen 0.6% Na-EDTA in PBS in the waterbath in the
basement.

26. Transfer the outlet tube end into the EDTA-buffer solution.

27. Transfer the end of the inlet tube into a clean 50 mL centrifuge tube. Seal off with parafilm.

28. Briefly run the pump in the counterclockwise direction (\z’) to remove any bubbles in the outlet tube
end.

29. Start the pump in the clockwise direction (O) at 1 mL/min for 3 min.
30. Incubate for 30 min with EDTA-buffer inside the chips.
31. Pump at 12.5 mL/min for 3 min and take snapshot at all positions.
32. Remove the waste tube and centrifuge the tube with harvested cells at 400g for 10 min at 4 °C.
33. The supernatant is aspirated using a long Pasteur pipette.
34. 200 pL of cold FACS staining buffer is added to the pellet from the centrifuge tube, and the cells are
dispersed by pulling across the bench table perforation.
35. Resuspend the cells to about 5 mL in FACS buffer.
36. Take out 30 uL of the cell suspension and add to the 600 uL PCR tube. Vortex and add 15 pL to a
hemocytometer.
37. Count all of the 4, 4x4 square arrays and average the number. The total number of cells are: Average cell
count x 1 (dilution) x 5 mL x 10 cells/mL = Average cell count x 5*10* cells.
38. If the count is too high, dilute and count again.
39. Centrifuge at 400g for 10 min at 4 °C.
40. Resuspend in 300 pL FACS buffer and aliquout 100 pL into three FACS tubes
41. Add:
a. Blank (unstained)
b.  Antibodies
i. 20 uL FITC Mouse Anti-Human CD14
ii. 20 pL APC Mouse Anti-Human CD83
c. Isotype control
i. 20 pL PE Mouse 1gG2a, k Isotype Control
ii. 20 pL APC Mouse 1gG1, k Isotype Control
42. After incubating with antibodies for 30 min, wash the cells 2x by adding 3 mL of PBS and spin down to
pellets at 400g for 5 min.
43. Remove supernatant, re-suspend the pellets by vortexing and add 5 pL 7AAD to tube 2 and 3. Vortex.
44. Incubate tubes for 10 min in the fridge.
45. Add 300 pL of PBS to the tubes and analyze with flow cytometry. Use the panel called “DCs”
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One-step Immobilization of Functionally Active

Antibodies in Thermoplastics by Injection Molding

Thor Christian Hobcekf, Henrik J. Pranovf, Niels B. Larsen*’

" Department of Micro- and Nanotechnology, Technical University of Denmark, @rsteds Plads

345E, 2800 Kgs. Lyngby, Denmark

 InMold Biosystems, Diplomvej 381, 2800 Kgs. Lyngby, Denmark

We demonstrate the transfer of functional antibodies from a mold surface to thermoplastic
replicas using injection molding in a process compatible with mass production of single-use
devices for molecular analysis and cell culture. The transfer process is highly efficient, as
verified by atomic force microscopy (AFM) and x-ray photoelectron spectroscopy (XPS) of the
mold and replica surfaces. Injection molded rabbit anti-mouse IgG showed similar affinity for
mouse IgG in sandwich enzyme-linked immunosorbent assay (ELISA) as capture antibodies
deposited by passive adsorption to bare thermoplastic replica. Short antibody deposition times of
10 min are shown to be sufficient for producing highly sensitive ELISA assay. The transferred
proteins are stable during incubation in serum-containing cell medium for >1 week. Injection
molding, being the industrially preferred method for polymer shaping, may now simultaneously
shape and integrate antibodies on the polymer surface simultaneously, making this a highly

promising method for mass-fabrication of point-of-care or cell-capture lab-on-a-chip devices.
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Introduction

Immobilization of proteins to solid substrates is of great importance for various applications,
such as protein microarrays for proteomics', development of personalized drugs” and point-of-
care diagnostics3, immunoassays such as the enzyme-linked immunosorbent assay (ELISA)", and
sorting of cells through surface antigen-recognition™. Most biochips employing covalent protein
immobilization are made from materials such as glass or silicon™®. However, there is an
increasing interest in using industrially moldable polymers for the production of miniaturized
lab-on-a-chip devices, not only due to lower raw material costs but also due to lower production
time and cost’. This is especially important for clinical applications that require disposable
devices to eliminate the risk of sample contamination'’. Injection molding has been the most
industrially relevant fabrication method of polymers for decades, and has also gained attention as
a production technology for microfluidic devices during the last years''. It is a rapid replication
technique with cycle times from 1-30 s, which involves heating of a thermoplastic polymer to
>250 °C followed by injection of the polymer melt into a closed mold maintained below the
polymer glass transition temperature (7;) where the polymer subsequently solidifies in its final
shape. Popular thermoplastic materials for life science applications include polystyrene (PS),
polypropylene (PP), polycarbonate (PC), poly(methyl methacrylate) (PMMA), and cyclic olefin
copolymers (COC). All these polymers are fairly chemically inert in their native form thus
calling for chemical activation steps prior to covalent binding of proteins'. This can be done by
introducing functional groups on the surface like epoxy or amines by photoactivatioanS, by

forming functionalized polymer adlayers'®"’

prior to protein linkage, or by direct
photoimmobilization of proteins using a photoinitiator'®. However, these methods inevitably add

extra steps to a production line, increasing both time and cost.
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An untraditional approach for antibody immobilization is the direct entrapment of the protein
on a polymer surface during molding, where pre-adsorbed proteins on a mold surface are
transferred to the polymer replica during shaping. This has previously been demonstrated with
poly(dimethylsiloxane) (PDMS)"*?, which in liquid form is cast on an antibody-coated
poly(tetrafluoroethylene) (PTFE) mold followed by thermal curing and separation of the replica.
PDMS is the preferred prototyping material for lab-on-a-chip devices>' based on a facile molding
process. However, it has numerous limitations compared to thermoplastics, such as high bulk
absorption of hydrophobic compounds from solution®*, leaching of uncrosslinked polymer chains
into solution®, hydrophobic recovery**, and very long curing times of hours to days at elevated
temperatures. We have previously reported on a similar approach based on fast injection molding
of PMMA and PP to achieve simultaneous topography replication and pattern transfer of
horseradish peroxidase (HRP), fibronectin and avidin with some retained biochemical activityzs.
With this method, no prior functionalization of the polymer replicas is required, allowing for
complete process cycle times down to 30 s in a fully automated setup.

Here, we demonstrate the transfer of functionally active antibodies, specifically anti-mouse
IgG, from the mold surface to a COC replica by injection molding, using the same approach. We
demonstrate a highly efficient transfer procedure mediated by an anti-stiction coating on the
mold surface, as well as retained antigen-binding affinity of the transferred antibody at a level

equal to that of antibodies deposited on the polymer surface by conventional passive adsorption.
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Materials and Methods

Materials

Dulbecco’s Phosphate Buffered Saline (dPBS, D8537), Dulbecco’s Modified Eagle’s Medium
(DMEM, D5030), IgG from mouse serum (I5381), anti-mouse IgG (whole molecule) antibody
produced in rabbit (M7023), bovine serum albumin essentially IgG free (BSA; <25 ng IgG/mg
BSA, A9085), fetal bovine serum (FBS, F2442), penicillin/streptomycin (P/S, P4333), and
3,3°,5,5’-tetramethylbenzidine (TMB) liquid substrate system for ELISA (T0440) were
purchased from Sigma Aldrich (St. Louis, MO). Rabbit anti-mouse IgG antibody conjugated
with horseradish peroxidase (HRP) (P0260) was purchased from Dako (Glostrup, Denmark). All
water used was purified with a Millipore MilliQ system (Boston, MA). The blocking buffer
consisted of 0.05 % v/v Tween 20 (Merck-Schuchardt, Hohenbrunn, Germany) and 0.1% w/v
BSA in 1x dPBS. The wash buffer consisted of 0.05% v/v Tween 20 in 1x dPBS. The
colorimetric reaction was stopped by addition of 0.5 M H,SO4 in MilliQ water. Protein stability
tests used an incubation buffer of 10% v/v FBS and 100 U/mL (P/S) in DMEM. All incubation
steps were done at room temperature (25 °C) unless otherwise stated. 12-well removable silicone
chambers (81201) and 8-well sticky-slide chambers (80828) was purchased from ibidi
(Martinsried, Germany). Nunc 96-well polystyrene plates (260860) were acquired from Fischer
Scientific (Roskilde, Denmark). For injection molding, TOPAS ® 8007-S04 (COC) was
purchased from Topas Advanced Polymers (Frankfurt-Hochst, Germany) and shims of
electroplated nickel (300 pm thickness) were obtained from DVD Norden (Sakskebing,
Denmark).

Surface Modification of Nickel Mold Inlays

ACS Paragon Plus Environment

Page 4 of 25



Page 5 of 25

©CoO~NOUTA,WNPE

Analytical Chemistry

Mold inlays in the format of electroplated nickel shims were used as mold substrates for the
protein transfer. To improve protein transfer, a tri-layered “anti-stiction” coating was applied on
the surface of the inlays by initial atomic layer deposition (ALD, PICOSUN R-150, Picosun Oy,
Espoo, Finland) of 5 nm Al,O; and 5 nm SiO,, followed by molecular vapor deposition (MVD,
MVD 100, Applied Microsystems Inc., San Jose, USA) of a monolayer of heptadecafluoro-
1,1,2,2-tetrahydrodecyltrichlorosilane (FDTS) using a previously described process™. The mold
inlay surfaces were cleaned between each protein transfer cycle by plasma treatment (200 sccm
0,, 250 W, 300 s; MVD 100, Applied Microsystems Inc., San Jose, USA) and subsequent
reapplication of the FDTS-coating using MVD, unless otherwise stated.

InMold Transfer of Capture Antibodies

Rabbit anti-mouse IgG was deposited by passive adsorption on the FDTS-coated mold inlays
by dispensing a solution of 10 pg/mL protein in dPBS for 10 or 60 min as specified. Excess
protein and salt from the buffer were removed by immersing the molds in 30 mL MilliQ water
for 1 min, before the inlay surfaces were dried with a pressurized air gun. The protein-coated
mold inlays were immediately installed in a commercial injection molding machine (VC 80/45,
Engel, Schwertberg, Austria). Polymer replicas in the microscope slide format were made by
injecting COC at a melt temperature of 250 °C and a volumetric injection speed of 43 cm’/s into
the mold cavity that was maintained at a constant temperature of 20 °C. The replicas with
transferred protein were kept in a sealed zip-lock bag in a refrigerator at 4 °C until analysis by
ELISA.

Characterization of Transfer Efficiency by Surface Analysis

The mold inlay surface before protein deposition, after protein deposition, and after protein

transfer by injection molding, as well as the surface of the polymer replicas with and without
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transferred proteins were characterized by atomic force microscopy (AFM, XE-100, Park
Systems, Korea) using BudgetSensor-300 cantilevers operated in intermittent contact mode. The
recorded micrographs were adjusted with a plane fit at an average zero height. X-ray
photoelectron spectroscopy (XPS) was performed with a K-Alpha spectrometer (Thermo
Scientific, U.K.) using a 400 pm wide monochromatized Al K, X-ray beam spot and analyzer
pass energies of 50 and 200 eV for high resolution and survey spectra, respectively. Elemental
composition analysis and deconvolution of Cls spectra were performed using the instrument
manufacturer’s Avantage software package. Contact angles of water, dilodomethane and benzyl
alcohol on the mold inlay and COC replica surfaces were measured optically using an OCA 20
system (dataphysics, Germany). The surface energy with dispersive and polar components was
calculated using the Owens-Wendt method”’. The advancing and receding contact angles were
determined by the dynamic sessile drop method, through adding/removing liquid at 0.1 pL/s and
calculating the average angle while the length of the contact line increased/decreased. At least 5
drops on different positions on each sample were measured.

ELISA with InMold Transferred Capture Antibody

A sandwich ELISA using the injection molded anti-mouse IgG antibody as capture antibody
was used to assess the functionality of the immobilized protein. A 12-well silicone chamber was
mounted on the polymer replica slides with transferred antibody, before adding 300 pL of
blocking buffer to each well and incubating for 1 h. The excess solution was tapped out and 100
pL mouse IgG (antigen) in blocking buffer was added and incubated for 16 h at 4 °C. Each well
was washed 6 x 3 min with washing buffer, and 100 pL 0.5 pg/mL rabbit anti-mouse IgG-HRP
(detection antibody) in blocking buffer was added and incubated for 1 h. Afterwards, the same

washing procedure was repeated followed by adding 100 uL TMB substrate and incubating for
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10 min on a shaking table. 100 pL 0.5 M aqueous H,SO, was added to stop the enzymatic
reaction, and 100 pL supernatant was transferred from each well on the polymer replicas to a
transparent 96 well PS plate. The absorbance was read at 450 nm using a Victor3 plate reader
(Perkin Elmer, Santa Clara, USA). For comparison, capture antibody was deposited on uncoated
polymer replica slides by passive adsorption from solution, using the same coating procedure and
concentrations as for the mold inlays, before washing with MilliQ water, drying and mounting
the silicone well chambers.

For the protein stability tests, a bottomless 8-well slide was attached to the polymer replicas by
adhesive tape and 500 pL of DMEM with 10% v/v FBS and 100 U/mL P/S was added. The
slides were incubated in a sealed bag for 9 days in the refrigerator at 4 °C, to minimize the risk of
infection, before performing a sandwich ELISA as described. It should be noted that the slides
with transferred proteins were stored in the dry state for 3 weeks at 4 °C before the stability tests
were initiated.

Data Analysis and Curve Fitting

Quantitative data are reported as mean =+ standard error of the mean (SEM) unless otherwise
stated. Statistical significance was evaluated using Welch’s t-test for two samples having
possibly unequal variances™.

The antigen standard curves were quantified using a Four Parameter Logistic (4PL) curve fit,
C a .
A=A¢+ (Apmax — A0)/ (1 + (?) ), where A4 is the measured absorbance, 4 the absorbance
50

at zero analyte concentration, A4,,, the saturation absorbance from the analyte, ¢ the analyte
concentration, ECsyp the half maximum effective concentration, and a is the Hill curve
steepness”. A limit of detection (LoD) for each assay was defined as the mean + 3x the standard

deviation of the zero antigen well *°.
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Results and Discussion

IgG is Transferred with High Efficiency from the Mold Inlay to the Polymer Replica

Efficient transfer of antibodies during the injection molding process is essential to produce
replicas with biofunctionally active surfaces and to establish an automatable process sequence.
Initial experiments compared IgG transfer from mold inlays of native hydrophilic nickel to inlays
of nickel with a hydrophobic anti-stiction coating presenting a molecular layer of
fluorocarbonsilane (FDTS) at the surface. Native nickel inlays resulted in markedly poorer
transfer efficiency (data not shown). Thus, only FDTS-coated mold inlays were considered in the
further work. Experiments proceeded by initial protein coating of the mold inlay from solution,
insertion of the inlay in the mold cavity, and injection molding to produce the polymer replica.
The transfer efficiency was evaluated qualitatively by atomic force microscopy (AFM) and
contact angle analysis, and quantitatively by x-ray photoelectron spectroscopy (XPS) on both the
mold inlay and replica surfaces.

Figure 1 (a + b) compare the topography of the mold inlay surface before and after protein
transfer. Proteins on the inlay surface (Figure 1a) appear as surface protrusions (bright dots and
lines) of an apparent width <50 nm, while the inlay surface after transfer (Figure 1b) shows a
lower surface roughness and on a longer lateral length scale, indicating that most of the proteins
were removed during transfer. Figure 1 (c + d) compare the topography of polymer replicas
molded against inlays with or without adsorbed protein. The surface roughness is clearly higher
for the replica surface molded against an IgG-coated inlay (Figure 1d) than the replica from an
uncoated inlay (Figure 1c). The topography of the replica with molded protein (Figure 1d) is

similar in appearance to proteins adsorbed on the mold surface (Figure 1a), although the peak-
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to-valley heights on the line profiles are slight smaller on the replica. The apparent height
reduction of the transferred proteins is likely caused by partial embedding into the polymer

support during molding.

©CoO~NOUTA,WNPE
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41 Figure 1. Adsorbed protein molecules are efficiently transferred to polymer replicas during
43 injection molding, as visualized by AFM topography micrographs of the mold inlay surface and
polymer replica surface with or without protein (IgG) coating. The height profiles are extracted
48 along the stipulated lines in the micrographs. (a) IgG coated mold inlay surface prior to injection
50 molding, and (b) after injection molding. (c) Polymer replica injection molded on an inlay

without IgG coating or (d) with IgG coating. The height scale of all topography images is 15 nm.

55 Scale bars are 200 nm.
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XPS was employed to obtain quantitative information on the amount of proteins transferred,
through analysis of the elemental composition of the mold surface before and after deposition of
IgG, and after injection molding as well as of the polymer replicas with and without InMold
transferred IgG (Table 1). The analysis showed an increase in carbon (21.4 vs. 11.4 atom%) and
nitrogen (2.8 vs. <0.3 atom%) surface concentrations after IgG adsorption on the mold, as
expected from the polyamide backbone of the proteins. After injection molding, the chemical
composition is close to the initial values, with no detectable nitrogen (<0.3 atom%), a minor
increase in the surface concentrations of carbon and fluorine, and a small decrease in the amount
of oxygen. The signals from oxygen, fluorine, and silicon presumably originate from the FDTS
monolayer and the underlying SiO, adhesion promoting layer on the mold inlay surface.
Correspondingly, nitrogen and oxygen signals were detected on a COC polymer replica molded
against an IgG-coated inlay but not on a COC (hydrocarbon) replica against an uncoated replica.
The amount of adsorbed or transferred protein can be semi-quantitated by the nitrogen surface
concentration. Similar concentrations were detected on the IgG-coated mold inlay (2.8 atom%)
and on the polymer replica (3.6 atom%) in support of highly efficient protein transfer from the

FDTS-coated inlay.
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Table 1. Elemental composition, as determined by XPS, of mold and replica surfaces with or
without protein (IgG) coating before or after injection molding. The values are the average of

two measurement points on each sample. The detection limit is estimated to be 0.3 atom%.

Elemental composition (atom%)

C N O F Si

Mold inlay surface (FDTS on SiO,) 11.4 - 395 244 248
IgG-coated mold inlay 214 28 342 212 21.0
IgG-coated mold inlay after injection molding  11.9 - 38.6 247 248
Polymer replica from uncoated mold inlay 100 - - - -

Polymer replica from IgG-coated mold inlay 90.7 3.6 53 - -

High resolution XPS analysis of the carbon signals from the mold inlay surfaces supported the
results of the elemental analysis (Figure 2). Peak contributions from the mold inlay surface
components and from the adsorbed protein were extracted by curve fitting, and subsequently
fitted in combination to Ci spectra from the mold inlay in different process stages. Details of the
peak fitting procedure are presented in the supporting information (Figures S1 and S2). In brief,
mold inlay peak contributions to the carbon spectra are from the fluorocarbon part of the FDTS
monolayer at 294.2 eV (C'F3-) and 291.9 eV (-CF,-) and from the two methylene units closest
to the SiO, layer at 286.3 eV (-CH,-C H,-CF,-) and 285.6 eV (-Si-C H,-CH,-), respectively.
Adsorbed proteins are assigned to peaks at 288.4 eV, 286.6 eV, and 285.2 eV originating from
the amide carbon (-NH-CR-C*(=0)-) in the protein backbone, the nitrogen-bound a-carbon
(-NH-C*R-C(=0)-) in the backbone as well as oxygen- and nitrogen-bonded carbon in the side

groups, and carbon-carbon bonds in the side groups, respectively. A strong increase in the
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protein-associated peaks is evident after protein deposition, while contributions from these peaks

are hardly detectable for the mold inlay surface after protein transfer.

—— Measured
- — -Mold
-—- Protein

(b)

D s e e R e L

Intensity (a.u.)

TN e

206 294 202 290 288 286 284 282
Binding Energy (eV)

Figure 2. Cls high-resolution XPS spectra supports complete transfer of protein from the mold

inlay during injection molding. (a) Mold inlay surface (FDTS on SiO;) without proteins, (b) after

protein deposition, and (c) after protein transfer to the polymer replica by injection molding. The

photoelectron contributions from the mold inlay FDTS layer and the protein coating are fitted by

the dashed and dash-dotted curves, respectively.

The transfer efficiency was additionally evaluated by contact angle measurements of
water droplets on the mold inlays (Figure 3). The bare surface, i.e. FDTS-coated SiO,, exhibited
mean advancing and receding contact angles of 110.8 + 0.6° and 96.2 + 1.0° respectively.
Additional contact angle analysis using diiodomethane and benzyl alcohol were performed (data

not shown) to estimate the polar and dispersive components of the surface energy. The total

ACS Paragon Plus Environment
12



Page 13 of 25

©CoO~NOUTA,WNPE

Analytical Chemistry

surface energy was 10.1 + 0.1 mJ/m% with a polar component of 0.9 + 0.1 mJ/m’ and a
dispersive component of 9.2 + 0.2 mJ/m?. Protein adsorption or transfer to a replica did not give
rise to a significant change in the advancing water contact angle on the mold inlay, while the
receding contact angle was significantly reduced (p < 0.002). After plasma treatment and re-
coating of the inlay surface with FDTS, both the advancing and receding contact angles returned

to their original values.

Before IgG adsorption
After IgG transfer
Silane re-coated

115+

Ky oy S SR
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1054 1

10041
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854 1

80
Advancing Receding

Figure 3. Advancing and receding water contact angles on mold inlay surfaces (FDTS-coated
Si0,) before adsorption of IgG, after IgG transfer to a polymer replica during injection molding,

and after a new FDTS-coating is applied. Error bars show the SEM (n=3).

AFM and XPS revealed changes in topography and elemental composition associated with the
presence of proteins on the surface of the InMold polymer replica. but there was no detectable
difference between the mold inlay before and after transfer using either analysis method.
However, we observed a small, significant decrease in the receding contact angle and a

corresponding increase in the contact angle hysteresis on the mold after protein transfer (Figure

ACS Paragon Plus Environment
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3). Heterogeneity in either topography or surface energy is well known to cause hysteresis,
where the hydrophilic groups on a surface dictates the receding angle’’. Introduction of
hydrophilic groups by adsorbed proteins could therefore explain the apparent increase in contact
angle hysteresis’>. However, the lower receding contact angle could also be related to other types
of surface in homogeneities, such as residual COC-polymer on the mold surface. In either case,
the surface properties could be completely restored by plasma oxidation and subsequent vapor
phase deposition of FDTS, suggesting that the molds inlays can be re-used after multiple
subsequent protein transfers.

The results document a highly efficient transfer process that may be mediated by stronger
interfacial interaction forces with the polymer than the mold surface and by partial or full
embedding of the protein in the polymer melt leading to mechanical anchoring. FDTS is a highly
non-polar molecule that has routinely been used as an anti-stiction coating on moving parts in
microelectromechanical systems (MEMS)*, as well as for improved separation of polymer
replica and their molding surface in the format of stamps for nanoimprint 1ith0graphy34_38 or
nickel inlays for injection molding®****'. Adsorbed proteins on the fluorinated surface are thus
expected to interact mainly by weak van der Waals forces with their support. The olefinic COC
polymer is also hydrophobic in its native form. However the measured the contact angle of water
was 95.7° and the total surface energy was calculated to be 40.8 mJ/cm?® with the dispersive
component contributing to 99.5% of the total. Prior work on the transfer of proteins using
microcontact-printing (LCP) concluded that successful pattern transfer depends on a lower water
wettability of the printing surface than on the printed substrate*’. Although the difference in
water contact angle is small between the mold and the polymer, compared to what is usually

reported between stamp and substrate for pCP, the transfer of antibodies might be facilitated by
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the almost four times lower surface energy of the FDTS-coated mold. Another explanation for
the efficient transfer could be partial embedding of the proteins into the polymer during injection
molding, as suggested by the lower measured height variations on the replica with transferred
protein than on the protein-coated mold inlay (Figure 1). Partial embedding would increase the
protein-polymer interfacial area and therefore also the total interaction energy and additionally
support partially mechanical anchoring of the protein in the polymer matrix, thus facilitating

transfer of proteins from the low-binding mold inlay surface.

IgG Immobilized During Injection Molding Retains its Antigen-Binding Affinity

Antibodies are efficiently transferred from the mold surface to the polymer replica. However,
for applications relying on biomolecular recognition such as immunoassays and cell panning, it
is equally important to know how well the antibody retains its antigen-binding affinity after the
injection molding process. We employed ELISA using an antibody as antigen to evaluate the
biofunctional activity of the transferred IgG: sandwich ELISA analysis was performed on
polymer replica slides with molded antibodies and compared to replica slides with antibodies
deposited by passive adsorption from PBS. The antigen response curves, fitted with Four
Parameter Logistic (4PL) curves in Figure 4, show no significant difference between the two
methods of capture antibody immobilization for antigen concentrations below 100 ng/mL. The
linear range was from 10-75 ng/mL, and the LoD was 0.30 ng/mL antigen for both
immobilization methods. The ECs, values obtained from the curve fits were 27 and 21 ng/mL

antigen for passive adsorption and transfer from mold inlay, respectively.
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Figure 4. ELISA assays using antibodies immobilized during injection molding or by passive
adsorption show equal sensitivity and response range. Standard curves for mouse IgG as antigen,
comparing the antigen-binding capacity of capture antibodies adsorbed passively to a blank
polymer replica surface to antibodies transferred from a mold inlay. The data points are fitted to
a Four Parameter Logistic (4PL) curve. Error bars show the SEM (n=3 for passive adsorption;

n=4 for transfer from mold inlay).

These results suggest that there is no apparent reduction of the antigen-affinity of the
transferred capture antibodies related to the injection molding process. This might seem
surprising as the proteins on the mold inlay are brought in contact with a polymer melt initially at
250 °C. Earlier differential scanning calorimetry (DSC) studies showed irreversible denaturation
of the Fp-domain of IgG above 61 °C at a heating rate of 0.5 °C/min, while a higher heating rate
of 5 °C/min increased the denaturation temperature to 65 °C **. Thus, denaturation kinetics are

clearly limiting the extent of irreversible function loss. The cooling rates of the polymer melt in
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the immediate vicinity of the mold inlay metal surfaces has been suggested to exceed 10* °C/s **
due to the high thermal conductivity of nickel, thereby only exposing the adsorbed protein to
high temperatures for extremely short time periods. Indeed, modelling has predicted that the first
nanometers of polymer melt at 270 °C brought in thermal contact with a metal mold surface

maintained at 30 °C is cooled to 50 °C within 100 ns

. Molecular dynamics simulations
predicted that the unfolding of a 61-residue a-helical protein at 225°C is on the order of tens of
nanoseconds®’, although generally the protein folding speed limit increases with increasing
number of residues in the polypeptide chain®®. Similarly, prior experimental work demonstrated
that peak temperatures of 290 °C are required to decrease the activity of horseradish peroxidase
by 50% using multiple nanosecond laser pulses *’. Antibodies transferred from the mold inlay
during injection molding may therefore avoid irreversible loss of function due to the heating by

the polymer melt and subsequent cooling by the cold mold being on a sufficiently short timescale

to avoid permanent denaturation.

Short and Industrially Relevant Production Cycle Times Are Possible

Robot replacement of a number of insertable mold parts during production is a standard
process technology, but long mold inlay incubation times would be a major challenge for viable
automation and industrial application of the proposed technology as the required number of
inlays would be large to sustain low process cycle times. We targeted an injection molding cycle
time of 30 s using 20 replaceable mold inlays, thus calling for an individual inlay incubation time
of 10 min in comparison to 60 min incubation used for the results presented in Figure 4. Antigen
response curves using transferred antibodies with the two incubation times prior to injection

molding are displayed in Figure 5. Replicas only showed significant differences in the response
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curves between the two incubation times for antigen concentrations >75 ng/mL (p = 0.04). Since
the amount of adsorbed capture antibody is likely lower at the shorter incubation time, the
binding of antigens to the immobilized capture antibodies is expected saturate at lower antigen
concentrations, resulting in a reduced absorbance at high antigen concentrations. Additionally,
the uncertainty in the antigen-response is higher for the shorter incubation time, most notably
seen most in the upper part of the sigmoidal curve, suggesting that the density of capture
antibodies is less homogeneous. However, for applications where a lower detection range is

targeted, the shorter incubation time does not affect the assay performance.
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Figure 5. Highly sensitive ELSA assays can be produced by short incubation times prior to
injection molding. Standard curves for mouse IgG comparing the effect of incubating the capture
antibody on the mold inlay surface for 10 min and 60 min prior to transfer by injection molding.
The data points are fitted by 4PL curves. Error bars shows the SEM (n=5 for 10 min; n=4 for 60

min).
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Immobilized IgG is Stable in Cell Culture Medium for Weeks

We investigated the stability of the transferred antibodies over time by incubating the wells in
DMEM with 10% v/v FBS and 1% P/S for 9 days at 4 °C. The reduced temperature was chosen
to minimize the risk of bacterial growth. Subsequently, we washed the wells and performed a
sandwich ELISA as described in the Materials and Methods Section. Figure 6 shows that
capture IgG transferred from mold inlays has a similar response as passively adsorbed capture
IgG at antigen concentrations below 10 ng/mL and with equal limits of detection of 0.9 ng/mL.
At higher antigen concentrations the response is significantly lower in magnitude (p < 0.05)
while 4PL curve fitting yields similar ECs values for both modes of capture antibody deposition
(39 and 27 ng/mL for antibodies transferred during molding and passively adsorbed antibodies,
respectively). It should be noted that the polymer slides with transferred capture IgG were stored
in a dried state at 4 °C for 3 weeks before addition of medium, while slides with passively
adsorbed capture IgG were analyzed immediately after protein deposition. The extended storage

time of the transferred IgG may have reduced the protein activity.
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Figure 6. Antibodies transferred during injection molding retain their function in cell culture
medium for >1 week. Standard curves for mouse IgG bound to capture antibody immobilized by
passive adsorption or molded in the plastic, and stored for 9 days in DMEM + 10% v/v FBS +

1% P/S at 4 °C. Error bars show the SEM (n=3).

Conclusion

Antibodies passively adsorbed on a surface functionalized mold inlay surface can be
transferred with a high efficiency to a COC replica slide by injection molding. Insignificant
amounts of protein residuals remain on the mold surface after transfer, as verified by AFM and
XPS, thus making multiple subsequent protein transfers using the same mold possible. The
antigen-binding affinity of the transferred capture antibody is similar to that of antibodies
adsorbed by passive adsorption directly on polymer surfaces, as verified by sandwich ELISA. In
addition, short incubation times (10 min) of antibody solution on the mold surface prior to

transfer results in fully satisfactory antigen response curves on replicas with transferred antibody.
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Finally, antibodies transferred during injection molding retain their functionality after 3 weeks of
dry storage followed by 9 days of immersion in standard serum-containing cell culture medium.
Thus, direct immobilization of antibodies at polymer surface during injection molding is a
promising approach for high-volume production of protein functionalized disposable polymer

biochips for immunoassay or cell capture applications.
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31 We demonstrate the replication of nanosized pillars in polymer (cyclic olefin
32 copolymer) by injection molding using nanostructured ceramic hydrogen
34 silsesquioxane (HSQ) coatings on stainless steel mold inserts. At isothermal mold
conditions, the average pillar height increases by up to 100% and a more uniform
37 height distribution is observed compared to a traditional metal mold insert.
39 Thermal heat transfer simulations predict that the HSQ film retards the cooling of
the polymer melt during the initial stages of replication, thus allowing more time to
42 fill the nanoscale cavities compared to standard metal molds. A monolayer of a
44 fluorinated silane (FDTS) deposited on the mold surface reduces the mold/polymer
45 interfacial energy to support demolding of the polymer replica. The mechanical
47 stability of thermally cured HSQ makes it a promising material for nanopattern
replication on an industrial scale without the need for slow and energy intensive
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1 Introduction

Injection molding has been the preferred industrial process for polymer shaping for decades due
to low cycle times and the multitude of technologies established for full process automation [1,2].
Considerable know-how and experience is established on replication on the macroscopic scale using
this technique. During the last two decades this knowledge base has been extended to replication of
micro- and nanoscale features. A wide range of applications has been explored including microfluidic
devices [3,4], diffractive optical elements [5], anti-reflective surfaces [6,7], superhydrophobic surfaces
[8—10], and functional cell culture substrates [11-14]. Commercial injection molding is routinely used
to replicate features with details down to 150 nm in the case of Blu-Ray discs, while replication
demonstrating lateral resolution as low as 5 nm has been demonstrated in research [15-20]. This
suggests that the lower limit of replication is determined by the structural detail of the mold surface.

Replication of nanoscale features is more challenging when targeting height-to-width aspect
ratio above 1. A limiting factor in the replication of higher aspect ratio structures is the rapid formation
of a solidified skin layer after the hot polymer melt contacts the cold mold surface [21] resulting in a
significant increase in the flow resistance inside micro- and nano-scale cavities due to the high
viscosity. A general strategy for improving replication of high aspect-ratio features is to increase the
melt and mold temperature as well as the injection speed, which reduces the thickness of the skin layer
formed prior to filling of the cavity. Additionally, high injection pressures also help to force the melt
into cavities even after skin formation [19,20,22,23].

The most important factor for achieving good replication appears to be the mold temperature,
T, [16,19,22] that often needs to be above the glass-transition temperature, 7,, of the polymer for
replicating high aspect ratio structures [24,25]. This calls for the use of a “variotherm” process, i.e.
active heating and cooling of the mold for each replication cycle. The main disadvantage is longer
process cycle times: While conventional injection molding uses cycle times from 1-30 s, variotherm
processes may require 100-300 s for each replication [24]. The repeated thermal cycling can also lead
to lower mold lifetime due to thermal stresses [25], as well as higher energy consumption, which both
contribute to overall higher production costs.

Several authors have reported on methods to reduce the thermal cycling time for variotherm
processes. These involves heating of the stamper material itself by electrical (Joule heating) [26-28] or
induction heating [29,30]. Other methods involve external heating of the stamper surface, such as
infrared heating [31,32] or steam heating [33]. Laser-heating of the mold has been used to achieve
extremely rapid mold heating (300 °C/s) [34], although the heated area is rather small and
inhomogeneous. Although several of these methods have demonstrated cycle times comparable to
conventional injection molding, they add complexity to the mold and the machine, making it more
expensive to set up and maintain a production line.

A simpler alternative to variotherm processes involves the use of heat retardant materials to
impede the heat transfer from the polymer melt to the cold mold. Nickel shims formed by

electroplating from a metallized silicon master have become the standard insert material for micro-
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and nano-replication, due to its ease of replication and good durability [3,5]. Nickel has a high thermal
conductivity, like most other metals, which leads to fast heat dissipation from the polymer melt during
mold filling and rapid formation of a solidified polymer skin layer. Adding a heat-insulating plate on
the backside of a nickel shim has been shown to slow the heat transfer resulting in increased
replication quality [35,36]. Likewise, a polymer foil covering one of the mold halves allowed
fabrication of high-aspect ratio microcantilevers through an isothermal process [37]. Furthermore,
polymeric stampers with imprinted micro- [38] and nano-structures [39] showed improved filling at
low mold temperatures compared to a nickel stamper. Although these examples demonstrated
impressive replication without the need for a variotherm process, they are likely not suitable for high-
volume production as the mold materials used lack the mechanical durability that is required in an
industrial setting.

Here, we demonstrate the improved filling of nanostructures using a hybrid mold consisting of a
film of hydrogen silsesquioxane (HSQ) with imprinted nanostructures on a stainless steel mold. HSQ
is a soluble organosilicon compound that forms hard cross-linked molecular networks upon heating.
HSQ thin films are established in commercial integrated circuit production as a precursor for interlayer
dielectrics [40] and as an electron-beam resist with lateral resolution down to 5 nm [41]. For polymer
shaping, structured HSQ films on silicon have previously been used as stamps for nanoscale features
by hot embossing [42,43]. Heat treated HSQ forms a silica-like material that easily reacts with silane-
based chemistry employed for applying anti-stiction coatings to the stamp for improved release of
polymer replicas [7,19,20,44]. In addition, planar HSQ films have been used as a surface coating on
steel molds to lower the surface roughness [45] with a demonstrated injection molding lifetime of at
least 10 000 cycles without measurable wear. Here, we show an improved filling of nanoscale holes
using heat treated nanopatterned HSQ films under isothermal mold conditions compared to an
electroplated nickel shim with an outer chromium/gold coating. Simulation of the heat transfer
between polymer melt and mold shows that the HSQ-layer significantly retards the cooling after

thermal contact between the materials is established, thus enabling improved nanoscale replication.

2 Methods

2.1 Mold insert fabrication
2.1.1 Silicon master fabrication

The pattern was defined in a silicon (Si) master by deep-UV (DUV) stepper lithography. This
technique is capable of exposing areas at full wafer-scale in less than a minute with a lateral resolution
better than 250 nm. First, a 60 nm thick bottom anti-reflective coating (DUV42P-6, Brewer Science,
MO) was spin-coated to minimize interference effects and to promote adhesion. A 350 nm thick
positive photoresist (JSR-M230Y, JSR Corporation, Japan) was spin-coated and baked at 130 °C for
90 s. The resist was exposed with a FPA-3000 EX4 stepper system (Canon, Japan) using a 248 nm

KrF illumination source producing a square grid of exposed areas with a pitch of 700 nm. A post-
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exposure bake was employed at 130 °C for 60 s before development of the photoresist. Openings in
the resist were transferred into the underlying silicon by reactive-ion etching (Pegasus, SPTS, UK)
using continuous etching (38 sccm SF¢) and deposition of a passivation layer (75 sccm C4Fg) at a
pressure of 4 mTorr, a coil/platen power of 800 W/40 W, a temperature of -20 °C, and a total process

time of 180 s.
2.1.2  Metal mold insert fabrication

Pure metal mold inserts resulted from electroplating on the reactive-ion etched Si master. A
metallic seeding layer of 15 nm Cr and 45 nm Au was deposited on the master structures by sputter-
coating (CMS 18, Kurt J. Lesker Company, UK). Nickel electroplating proceeded in a nickel
sulfamate bath operated at 56 °C and at pH 3.6-3.8 (Microform 200, Technotrans, Germany). The
resulting Ni shim had a thickness of 330 um. The Ni shim could not easily be separated from the
master, so the Si wafer was fully dissolved in 28% w/v aqueous KOH at 90 °C. The electroplated shim
was cut out with a mechanical punching tool defining a circular perimeter with two flats for aligning

the shim in the mold.

2.1.3  HSQ/steel mold insert fabrication

Stainless steel substrates with a thickness of 1 mm were cut out by milling to include alignment
flats. The substrates were wet polished with a series of sandpaper with grit size P500, P800 and P1200
(Norton Abrasives, UK), followed by Al,O; paper with 5 um and 0.3 um mean particle size (Laser
Components, Germany). The substrates were cleaned with 1 %v/v Triton X-100 in MilliQ water
(Millipore, MA) at 60 °C for 1 h, followed by a 10 min air plasma (0.5 mbar, 50 W) treatment to
reduce hydrocarbon contamination. HSQ (FOx-16, Dow Corning, MI) was deposited by spin-coating
at 2000 rpm. The HSQ was subsequently imprinted with a nanostructured elastomer stamp originating
from the same Si master pattern. Afterwards, the stamp was released and the HSQ/steel mold was
thermally cured, first at 80 °C for 24 h to remove solvent and subsequently at 450 °C for 2 h to cross-
link the HSQ.

2.1.4  Surface coating of mold inserts

Both the metal and HSQ/steel mold inserts were coated with a monolayer of heptadecafluoro-
1,1,2,2-tetrahydrodecyltrichlorosilane (FDTS) by molecular vapor deposition (MVD 100, Applied

Microstructures, CA) using a previously described process [44].

2.2 Injection molding

Polymer replicas were injection molded on a Victory 80/45 Tech injection molder (Engel,
Austria), using TOPAS 8007-S04 (TOPAS Advanced Polymers, Germany) cyclic olefin copolymer
(COC) with T, ~ 78 °C. The molded polymer replicas were 50 mm circular discs with a thickness of
2.0 mm. The metal mold inserts were installed in the mold with a 1.0 mm aluminum back plate, while

the HSQ/steel inserts were installed with a 330 pm Ni back plate. Thus, both assemblies had a total
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thickness of 1.33 mm. The parameters used for injection molding are summarized in table 1. The mold
temperature was varied from 40 to 70 °C in random sequential order to avoid systematic errors from
the thermal history of the mold. After each parameter change, at least 40 replicas were injection

molded to achieve stable molding conditions before collecting replicas for structural analysis.

Table 1. Injection molding conditions.

Tmold (OC) Tmelt (OC) Vinject (Cm3/S) Pinject (bar) Phold (bar) Thold (S) Teool (S) tcycle (S)
40-70 250 45 1300 800 10 29 60.2

2.3 Mold insert and replica characterization

Scanning electron micrographs (SEM) of uncoated metal and HSQ/steel mold inserts were
acquired on a Supra 40 VP microscope (Carl Zeiss, Germany) using 5 kV acceleration potential. The
HSQ film thickness was measured by optical reflectance at incidence angles of 0° and 70° using a
FilmTek 4000 reflectometer (Scientific Computing International, CA).

Surface topography micrographs of the polymer replicas were acquired by atomic force
microscopy (AFM) using BudgetSensor-300 cantilevers on an XE-150 AFM (Park Systems, Korea)
operating in intermittent contact mode. For each set of molding temperature, three individual samples
were each scanned at three different positions, separated by at least I mm. The image scan size was 5
X 5 um? (256 x 256 pixels) at a line rate of 0.5 Hz. The scans were analyzed using the SPIP 6.2.8
software package (Image Metrology, Denmark).

Each pillar was analyzed as grains using height threshold detection. At least 300 pillars for each
parameter set were included in the analysis. The background level, defined as the base area
surrounding the pillars, was corrected with a 2™ degree polynomial plane fit. Each of the 256 line
profiles was then fitted individually with a linear curve (excluding the data above the threshold level).
This method was the most reliable to produce a zero-level flat background. The maximum height
value of each grain was recorded and used to quantify the degree of replication. The same method was
applied to quantify the depth of the structures in the mold, only measuring the negative grain height

instead.

2.4 Initial contact temperature calculation and finite element modeling of heat transfer

Finite element modeling of the polymer melt cooling was performed with the COMSOL Multiphysics

4.4 software package (COMSOL, Sweden) by numerically solving the one-dimensional heat equation:

ar 2T

%m0 (1
k
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where T is the temperature, a the thermal diffusivity, £ the thermal conductivity, p the mass density,
and c, the specific heat capacity at constant pressure. The initial contact temperature, 7, between two
semi-infinite bodies at temperature 7; and 75, respectively, can be calculated analytically from their

thermal effusivities e:

T=Ty+ (T, —Ty) =2 3)

eyteq

e=(k-p-c,)? 4)

The material constants used for Cr, Au, Ni, HSQ, stainless steel, and COC [46] are shown in table 2,
together with the calculated thermal diffusivities and thermal effusivities. Any temperature-
dependence is neglected. The outer layer of the pure metal mold used for injection molding consists of
~15 nm Cr and ~45 nm Au on top of the bulk electroplated Ni. In the numerical simulations, the
othermost two layers were approximated by a single 100 nm thick Au layer, as the chromium layer is
extremely thin and has similar thermal transport properties as gold (table 2). A boundary probe for the
temporal development of the temperature was defined at a location inside the polymer melt at a
distance of 50 nm from the mold/melt interface. Perfect thermal contact between the mold and the
polymer melt was assumed, with Ty = 70 °C and Ty = 250 °C as initial temperatures. The initial
mold temperature of 70 °C was maintained within the mold at a distance of 500 pm from the
mold/melt interface, and a symmetry plane was defined within the polymer melt at a distance of 500
pm from the mold/melt interface. No movement of material was included in the simulations, thus heat

dissipation by viscous effects was not considered.

Table 2. Material constants used for heat transfer analysis

Thermal Heat capacity, ¢, Density,p  Thermal Thermal
conductivity, & (J- kg' K™ (kgm?®)  diffusivity, «  effusivity, e
(W-m"K™) (m*s™) (W-s"2m=K™)

Cr 93.7 448 7150 2.92:107 1.73-10*

Au 317 129 19300 1.27-10°* 2.81-10*

Ni 90.7 445 8900 2.29:107 1.90-10*

HSQ 0.15 730 1400 1.46-107 3.92-107

Stainless steel ~ 16.2 500 8000 4.05-10°° 8.05-10°

cocC 0.21 2200 1003 9.51-10° 6.81-10

Page 6 of 16



Page 7 of 16

©CoO~NOUTA,WNPE

CONFIDENTIAL - FOR REVIEW ONLY draft
3 Results
3.1 HSQ significantly improves replication compared to pure metal at isothermal mold conditions
The lower heat conductivity of HSQ was expected to retard the heat dissipation between the
polymer melt and the mold during the initial phase of the cavity filling, and thus delay the formation

of a solidified skin layer. Figure 1 shows SEM micrographs of (a) the pure metal mold insert
fabricated by electroplating and (b) the HSQ/steel mold insert fabricated by imprinting the HSQ layer
with a surface structured elastomer stamp. The structures in HSQ appear to have more rounded edges
due to the different fabrication processes between the two molds. However, this was not expected to
affect the replication quality significantly. Charging effects were observed during SEM imaging of the
HSQ film due to its low electrical conductivity leading to reduced image contrast. The average HSQ

film thickness in the patterned area was ~500 nm as measured by optical reflectometry.

Figure 1. SEM micrographs of hole arrays in (a) the metal mold and (b) the HSQ/steel mold insert.

Figure 2 shows AFM micrographs of polymer replicas injection molded against the structured
mold inserts at different mold temperatures. The micrographs show that the mean pillar height
increases monotonically with increasing mold temperature and is generally higher for HSQ than for a
pure metal mold surface. The replicated structures appear to be wider for HSQ molds, although this is
likely an artefact caused by AFM tip convolution. Injection molding with a metal insert at mold
temperatures <60 °C leads to a spatially inhomogeneous distribution of pillar heights over the scan
area and with some features not being replicated at all. Replicas from the HSQ/steel mold insert also

shows some pillar height variations but to a much smaller extent and only at lower mold temperatures.
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Figure 2. AFM micrographs of polymer replicas injection molded on a pure metal mold insert (upper

Metal

row) or a HSQ/steel mold insert (lower row) at different mold temperatures. The displayed scan areas

are 5x4 pm’ and the height scale is 350 nm.

The replication was quantified and is plotted in figure 3 for pure metal and HSQ/steel mold
inserts based on height measurements of at least 300 replicated pillars from 3 individual samples, at
each mold temperature. These measurements confirm that structured HSQ molds results in better
replication than metal molds at all mold temperatures, as visually apparent in figure 2. At mold
temperatures of 40 °C and 50 °C, i.e. ~40 °C and ~30 °C lower than the polymer 7,, the mean
replicated pillar height is increased by 100% compared to the metal mold, while the improvement at
70 °C, close to Ty, is 50%. Full replication is still not achieved at this temperature as the HSQ hole
structures (figure 1b) have a mean depth of 326 nm as determined by AFM (data not shown).

2509 —o— HSQ/steel mold insert

= 1 —0— Metal mold insert %
£ 200 - %
= 4
D
T 150 - %/ i
é 100 - §/ %/
c —
8 50 %/
E -

0 L] L) L] L)

40 50 60 70

Tmo\d (OC)

Figure 3. Mean pillar height of polymer replicas from structured metal and HSQ/steel mold inserts at
various mold temperatures. The mean depth of the mold structures are 398 nm and 326 nm for the
metal mold insert and the HSQ/steel mold insert, respectively. Error bars show the standard error of

the mean (n=3).
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Table 3 shows the calculated coefficient of variation (CV) of the pillar height defined as the
ratio of the standard deviation to the mean. These data confirm a more homogeneous pillar replication
with the HSQ/steel mold insert than with the metal mold insert at all mold temperatures and especially
at the lower temperatures investigated.

A total cycle time (%) of 60.2 s was the shortest achievable at 77,4 = 70 °C. With shorter
cooling times, the sprue part of the replicas were still too soft for the replica to be reliably picked up
by the robot arm in automatic machine mode. However, at T,,q = 40 °C the cooling time could be
significantly reduced resulting in a minimum cycle time of 31.6 s. Despite this possibility to shorten
the production time, the total cycle time was kept constant at 60 s in this study to allow a direct
comparison between the different mold temperatures. The HSQ/steel mold inserts were used during
900 injection molding cycles in this study, after which no damage to the surface could be observed by

SEM analysis (data not shown).

Table 3. Coefficient of variation (%) of the replicated pillars

Tnold
40°C 50°C 60°C 70°C
Metal mold insert 64% 53% 40% 22%
HSQ/steel mold insert  28% 30% 19% 17%

3.2 Heat transfer simulations confirm heat retardation by HSQ

The initial contact temperature between the COC polymer melt and the mold surface can be
calculated using equation 3. The results for initial temperatures 7,0 = 70 °C and Tpee = 250 °C are
77 °C for COC/Cr and 184 °C for COC/HSQ, which gives a first indication that HSQ may support
sustained polymer flow after initial contact. The simulated cooling of a polymer melt at a position 50
nm from the polymer/mold interface is shown in figure 4 for a metal mold insert and a stainless steel
mold insert with a 500 nm thick HSQ layer. The metal mold insert is modeled as consisting of a 100
nm thick Au layer on a nickel support, thus disregarding the minute influences expected from having a
Cr/Au layer instead of pure gold on the actual metal mold used for injection molding. Upon thermal
contact with the metal mold insert, the polymer melt cools rapidly from an initial temperature of 250
°C and reaches T, after only 10 ps. In contrast, the polymer melt remains at temperatures above 7, for

>100 ms when contacting the HSQ/steel mold surface, i.e. 4 orders of magnitude longer.
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Figure 4. Finite element modeling of polymer melt cooling at a position 50 nm from the polymer

melt/mold interface after the polymer melt at 250 °C is brought in thermal contact with a metal mold

insert or a HSQ/steel mold insert at 70 °C.

Figure 5 shows the results of modeling the time-dependent spatial temperature distribution
across the polymer/mold interface. The pure metal insert (figure 5a) gives rise to a sharp transition in
temperature across the polymer/mold interface with the melt temperature reaching 100 °C (7, + 20 °C)
after 10 ps at a distance of 200 nm from the mold surface, i.e. half the nanopillar diameter in figure 2.
The temperature at the mold surface barely increases from 70 °C to 76 °C during this time period. In
contrast, the HSQ/steel mold insert (figure 5b) causes much slower cooling of the polymer melt with a
polymer/HSQ interface temperature of 184 °C at 100 ns after initial contact and reaching 160 °C (7, +
80 °C) after 10 us at a distance of 200 nm from the mold surface. A temperature gradient arises across
the HSQ film after 10 us, with the outer surface being at 139 °C and the inner surface (towards

stainless steel) still being at 70 °C. After 1 ms, the steel surface reaches a temperature of 83 °C.

(@) Polymer Au Ni (b) T Polymer . HSQ Steel

250+ 1 ! : 250+ ! :
& 200- O 200
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“éi 3
5 100; E 100+

50— ——— 50

40 05 00 0.5 1.0 21.0
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Figure 5. Finite element modeling of the spatial temperature distribution across the polymer/mold
interface (x = 0) at different time points for (a) metal mold inserts and (b) HSQ/steel mold inserts. In
(a), x <0 um: COC, 0 pm <x <0.1 um: Au, 0.1 um <x: Ni. In (b), x <0 pm: COC, 0 pm <x < 0.5
pm: HSQ, 0.5 pm < x: stainless steel.
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4 Discussion

An imprinted HSQ film on a stainless steel mold insert significantly increases the replication
quality of nanoscale features compared to a nickel mold insert fabricated by electroplating (figure 2
and 3). The replicated pillars are taller at all mold temperatures and with the difference being largest
for Tinoa = 40 °C or 50 °C, i.e. well below T, of the polymer. Due to the lower thermal diffusivity of
the HSQ film (table 2), heat dissipation across the polymer/mold surface is retarded. The melt is
allowed to stay in a flowable state for a longer time and can therefore penetrate longer into the
nanostructured holes before it solidifies. This is exemplied by the modeling results presented in figure
5 where a difference in melt temperature of 7, + 20 °C vs T, + 80 °C on the metal mold vs HSQ/steel
mold after 10 ps corresponds to a reduction in melt flow viscosity by several orders of magnitude [47].

These findings agree well with previous literature on other heat-retarding mold materials. For
instance, by using a nano-imprinted layer of SU-8 on a 740 pm polyimide (PI) sheet as a mold inlay,
full replication of 100 nm holes in polycarbonate (PC) with an aspect ratio of 1 was achieved at
Tmola =60 °C [39]. Injection molding using a Ni mold with the same surface pattern resulted in
replicated pillars with only about 30% of the nominal height. Another study demonstrated replication
of 1 um wide polymer gratings with an aspect ratio of 9 using a patterned polyurethane acrylate (PUA)
layer on a 40 pm thick polyethylene terephthalate (PET) film, although the replication quality was not
uniform [38].

The non-uniform replication at low mold temperatures with a pure metal mold (figure 2 and
table 3) may be explained by thermally induced flow instabilities that have previously been observed
at low injection velocities and large differences between Ty,; and Tpoiq (high cooling rates) [48]. With
the onset of flow instability, the polymer solidifies before the cavity is completely filled, causing
surface waviness with a periodicity of several micrometers. Flow instability is not observed to the
same degree when using the HSQ-coated mold, and the surface topography is more uniformly
replicated.

Numerical simulation of the heat transfer showed that the polymer melt close to the mold
surface stays above 7, significantly longer for HSQ/stainless steel compared to a metal mold insert,
due to the much lower thermal diffusivity. The initial temperatures for the Ni/COC and the HSQ/COC
as predicted by the simulations fit perfectly with the analytical solution in equation 3. The effect of
viscous heat dissipation is not included in these simulations, although for replication of
microstructures they have previously been assumed to be negligible [46]. Also, we have assumed a
perfect thermal contact between the melt and the mold surface, which is a good approximation during
the initial filling phase when the viscosity is low [49]. The polymer contracts during cooling, which is
compensated by the holding pressure as long as polymer melt is allowed to move through the gate.
After the gate is frozen, the cavity pressure drops and the polymer may separate from the mold due to
continuous shrinking. Thus, a thermal contact resistance arises. However, as the replication of

nanoscale features happens at a much shorter timescale, this is likely of less relevance for our study.
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To our knowledge, the materials used to demonstrate heat retardation in an injection molding
process have so far only been polymer-based. These materials may be suitable for prototyping or
small-volume productions. However, for high-volume productions that could involve more than
100 000 cycles, they lack the wear-resistance offered by those materials typically used in industry,
such as tool steel. Thermally cured HSQ has previously demonstrated a lifetime of at least 10 000
cycles in an injection molding process [45] and has also shown to be mechanically stable during hot
embossing [42]. Above 400 °C, the Si-H bonds in the monomer dissociates and a cross-linked silica
network is formed resulting in an increase in hardness to 2-15 GPa depending on the curing conditions
[50]. This ceramic-like coating is highly scratch resistant and is a robust candidate for mold coatings.

Another advantage of using HSQ as a heat-retardant mold coating is its ability to reduce
surface roughness of the mold due to its high flowability, an important factor for the production of
optically smooth polymer replica [45]. In addition, HSQ was shown to be fully compatible with silane
surface chemistry. Thus, an anti-stiction coating like FDTS can be applied without any intermediate
process steps. This is an important finding as a strong adhesion between polymer and mold can lead to

incomplete replication or in worst case damage to the mold surface [19,42].

5 Conclusion

We have demonstrated that replication is improved with a HSQ-coated steel mold compared to a
pure metal mold formed by sputtering and electroplating, both in terms of a larger mean height and
more uniformly distributed height of pillars in the polymer. In contrast to the rapid formation of skin
layers caused by the high cooling rates during isothermal molding, the HSQ film acts as an insulating
layer that allows more time for the melt to flow before solidifying. Furthermore, a dense anti-sticking
monolayer can be applied directly to the thermally cured HSQ by an vapor deposition process to
improve release of the polymer replica. In addition, the coated films have demonstrated sufficient
durability for high-volume fabrication processes. Thus, HSQ-coatings have the potential to improve
nanoscale replication in an industrially relevant setting, by reducing the need for variotherm mold

cycling.
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