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Abstract

Biomaterials are designed to interact with biological systems to replace, support, enhance, or monitor their function.
However, there are challenges associated with traditional biomaterials’ development due to the lack of underlying
theory governing cell response to materials’ chemistry. This leads to the time-consuming process of testing different
materials plus the adverse reactions in the body such as cytotoxicity and foreign body response. High-throughput
screening (HTS) offers a solution to these challenges by enabling rapid and simultaneous testing of a large number
of materials to determine their bio-interactions and biocompatibility. Secreted proteins regulate many physiological
functions and determine the success of implanted biomaterials through directing cell behaviour. However, the
majority of biomaterials’ HTS platforms are suitable for microscopic analyses of cell behaviour and not for
investigating non-adherent cells or measuring cell secretions. Here, we describe a multi-well platform adaptable to
robotic printing of polymers and suitable for secretome profiling of both adherent and non-adherent cells. We detail
the platform's development steps, encompassing the preparation of individual cell culture chambers, polymer
printing, and the culture environment, as well as examples to demonstrate surface chemical characterisation and
biological assessments of secreted mediators. Such platforms will no doubt facilitate the discovery of novel
biomaterials and broaden their scope by adapting wider arrays of cell types and incorporating assessments of both
secretome and cell-bound interactions.

Key features

e Detailed protocols for preparation of substrate for contact printing of acrylate-based polymers including O, plasma
etching, functionalisation process, and Poly(2-hydroxyethyl methacrylate) (pHEMA) dip coating.

e  Preparations of 7 mm X 7 mm polymers employing pin printing system.

e Provision of confined area for each polymer using ProPlate® multi-well chambers.

e  Compatibility of this platform was validated using adherent cells [primary human monocyte—derived macrophages
(MDMs)) and non-adherent cells (primary human monocyte—derived dendritic cells (moDCs)].

o  Examples of the adaptability of the platform for secretome analysis including five different cytokines using enzyme-
linked immunosorbent assay (ELISA, DuoSet®).
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Background

Biomaterials play a pivotal role in the development of advanced medical devices, drug delivery systems, and
regenerative therapies to enhance patient outcomes and quality of life [1-4]. However, current drawbacks include
device-associated infection, adverse immune responses, and in-service degradation that can collectively reduce
implant performance [5—7]. Rational design of bio-instructive materials remains unattainable due to our limited
understanding of material-biological interactions [1]. As a result, screening is a commonly employed approach for
discovering and optimising novel biomaterials with a desired biological function, such as pro- or anti-inflammatory
properties. High-throughput screening (HTS) strategies have accelerated the development of biomaterials by
enabling researchers to rapidly analyse a large number of samples or conditions in a systematic manner [8]. A
commonly used HTS approach for biomaterials is the use of printed polymer microarrays, which have been
employed to screen cell responses to materials, allowing reproducible control over cellular behaviour [9]. Key
examples are screening for scalable synthetic cultureware for human pluripotent stem cells [10], polymers to
modulate the foreign body response and wound healing [11,12], and a new class of bacteria-attachment-resistant
materials [13]. In these studies, thousands of materials are robotically printed and in situ ultraviolet (UV)-
polymerised on a single slide. This approach is used to discern specific biological interactions by culturing cells
directly on the polymer array surfaces within a shared culture medium [14,15]. Despite the success of such polymer
microarray platforms in biomaterials’ discovery, the secreted biochemical signals are an untapped resource in
understanding cellular phenotypes. Paracrine signalling is also a worry requiring follow-up studies on individually
scaled up polymers before potential hits can be verified. Understanding cell-surface interactions requires probing
biochemical cues, in addition to biomechanical, topographical, and material chemistry/bio-interfacial cues. Hence,
without knowledge of the secretome profile of the cells following their interaction with materials, the understanding
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of the functionality of the polymer is incomplete. Furthermore, polymer microarrays are limited to the assessment
of cells with strong adhesion abilities. Notably, for cells such as dendritic and T cells, which possess weaker substrate
adhesion tendencies, attributing their phenotypical changes to a particular polymer spot would be incredibly
challenging [16—18].

In response to these limitations of the polymer microarray, we developed a novel platform that combines existing
arraying technology such as contact and inkjet printing, multi-well microchambers, and high-throughput secretome
profiling. The platform benefits from reusable superstructures (ProPlate®) that are mountable on the printed glass
substrates. This offers the provision of confined culture volumes, each designated for a distinct polymer condition
with a surface area and volume compatible with cell culture for a few days. This separation allows us to closely
study the mediators released by cells, helping us understand how these materials interact with cells and the
mechanisms of the biomolecules involved. In addition, this system allows for high-throughput surface
characterisation such as time-of-flight secondary ion mass spectrometry, x-ray photoelectron spectroscopy, and
attenuated total reflectance—Fourier transform infrared spectroscopy (ATR-FTIR), ensuring the accurate
identification and validation of controlling moieties [19]. Together, these analytical approaches have the potential
to enhance the discovery of new biomaterials and improve our understanding of biomaterials—cells interface. Yet,
there are constraints to the throughput and time-related aspects of this platform. In a single operational cycle, the
platform demonstrates the capacity to fabricate ten slides, each accommodating 16 unique chemical compositions,
resulting in the synthesis of 160 distinct polymer entities, thereby yielding 8,960 discrete polymer spots. By way of
comparison, a polymer microarray system can generate 17,280 polymer deposition sites from 576 chemistries in
triplicates across ten slides [20]. Nevertheless, this limited output can be ameliorated through the implementation
of 64-well superstructures from GraceBio-Labs and the application of multiplexing methodologies as alternatives
to conventional techniques such as enzyme-linked immunosorbent assay (ELISA). Here, we provide a step-by-step
description of methodologies and troubleshooting aspects involved in developing this platform, including
preparation of substrate, fabrication of multi-well chambers, and provision of confined area for each polymer
condition, followed by relevant examples of the anticipated outcomes such as chemical characterisation and
biological assessments of the secreted soluble mediators.

Materials and reagents

Reagents

Oxygen (O») gas (any vendor)
Molecular sieves (4 A) (VWR International, catalog number: 215-283-8)
Toluene (Fisher Scientific, catalog number: T290-4)
3-glycidoxypropyltrimethoxysilane (GPTMS) (Sigma-Aldrich, catalog number: 440167-500mL)
Argon gas (any vendor)
Acetone (Fisher Scientific, catalog number: A949SK-4)
Poly(2-hydroxyethyl methacrylate) (pHEMA) (Sigma-Aldrich, catalog number: P3932-25g)
Deionised distilled water (Milli-Q®) (Millipore, Sigma-Aldrich, USA)
Ethanol (Sigma-Aldrich, catalog number: 1009862500)
. Ethoxyethyl acrylate (EOEA) (Sigma-Aldrich, USA, catalog number: 106-74-1)
. Dimethylformamide (DMF) (Fisher Scientific, catalog number: AA22915K7)
. Photoinitiator (2,2-dimethoxy-2-phenylacetophenone) (DMPA) (Sigma-Aldrich, catalog number: 19611-8)
. Isopropanol (Sigma-Aldrich, catalog number: 563935)
. Tween® 20 (Sigma-Aldrich, catalog number: 9005-64-5)
. Phosphate buffer solution (PBS) (Sigma-Aldrich, catalog number: D8537)
. Trypan blue dye (any vendor)
. ToxiLight™ assay (Lonza, USA, catalog number: LT17-217)
. ELISA DuoSet® (R&D Systems, USA) (TNF-a, catalog number: DY210; IL-10, catalog number: DY217;
TGF-p1, catalog number: DY240; CCL-18, catalog number: DY394; IL-6, catalog number: DY206; IL-12,
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catalog number: DY 1270)
Laboratory supplies

Glass slides (25 mm % 75 mm) (VWR, catalog number: 631-1553)
Glass beaker (any vendor)
Needles (21 G, 120 mm) (Fisher Scientific, catalog number: 10438881)
Needles (21 G, 40 mm) (Sterican® Safety Needle, catalog number: Z118044)
Plastic syringe 50 mL (any vendor)
Crystallizing dish (Pyrex, capacity 1,200 mL)
Parafilm® (Sigma-Aldrich, catalog number: P7543)
Falcon tube 50 mL (Sigma-Aldrich, catalog number: T2318)
Polypropylene 384-well plate (Corning, product number: 3656)
. Glass Pasteur pipette (VWR, catalog number: 612-1702p)
. Weighing boats (any vendor)
Glove box (MBRAUN, Germany)
. Microarray print head 16 pins (BioDot, USA)
. Plastic snap clips (GraceBio-Labs, catalog number: 204830)
. 4-well rectangular plate for slides (Thermo Fisher, Nunc™, catalog number: 267060)
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Equipment

Glass funnel (any vendor)

Support stand (A-frame) (any vendor)

Laboratory clamp (any vendor)

Hotplate (any vendor)

Stainless steel rack for glass slides (Sigma-Aldrich, catalog number: Z710989)
Fume hood (any vendor)

Plasma etcher (Diener, model: Nano LFG40)

Vacuum oven (Thermo Scientific, model: Vacutherm)
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Sonicator (any vendor)
. Dip-coater (Holmarc, model: HO-TH-01 dip-coater)
. Water contact angle measurement apparatus (KSV Instruments, model: CAM 100)
. Polypropylene pipette tips (any vendor)
. Pipette (any vendor)
Electric pipettor controller (any vendor)
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. Weighing scale (0.01 g and 0.0001 g sensitivity) (any vendor)

. Spatula (any vendor)

Pin printing workstation (BioDot, model: XYZ3200)

. Microarray ceramic pin 500 um (LabNEXT Inc, model: Xtend™)

. UV lamp (365 nm, any vendor)

. O, sensor (Cambridge Sensotec, model: rapidox 1100)

. Optical profiler (KLA, model: Zeta™-300)

. Multi-well chambers (16-well ProPlate®) (GraceBio-Labs, catalog number: 244864)
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Software and datasets

1. BioDot AxSys™ (BioDot, USA)
2. MicroLab expert (Agilent, USA)
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3. Spectrus Processor (ACD lab, USA)
4. GraphPad Prism software (Version 10.0.2, USA)

Procedure

This method consists of three key steps: O, plasma etching, optimisation of functionalisation process, and pHEMA
dip coating. Dip coating of glass substrate with pHEMA was performed as previously described [20] with some
modifications as detailed here.

Part I. Substrate preparation
A. O;plasma etching

1. Put conventional 25 mm x 75 mm glass sides in plasma etcher chamber and subject them to O, plasma (P
=300 mbar, 100 W) for 10 min.

2. To confirm that the slides are activated by excited ions, measure water contact angle (WCA) before and
after plasma treatment [21]. An example is shown in Figure 1; the presence of organic contamination
increases the water contact angle; therefore, its removal results in a reduction in the observed contact angle
[22,23].

B. Functionalisation process

1. Add molecular sieves (4 A) to toluene at 20% w/v for 24 h prior to the silanisation process to have
anhydrous toluene. See Troubleshooting.

2. After the etching step, submerge glass slides immediately into 500 mL of anhydrous toluene in a
crystallisation dish.

3. Place the reaction vessel on a hot plate set to 50 °C (see Troubleshooting).

4. Put the reaction under an argon atmosphere, place the funnel over the reaction vessel, and connect the
argon to the neck of the funnel.

5. Add 10 mL of GPTMS into the anhydrous toluene solution.

6. Allow this reaction to proceed for 24 h to achieve completion. You can use a frame stand and clamp to
secure the reaction and argon.

7. Cool the slides to room temperature and wash them three times in fresh acetone to remove any residue of
unbound silane.

8. Dry the slides under vacuum (< 50 mTorr) for 24 h.

9. Use WCA measurement after the functionalisation step to ensure that silanisation has taken place
completely. The functionalised glass slide becomes hydrophobic with a higher contact angle of 54° + 1.11
(Figure 1). Measuring the WCA on a substrate is a commonly used method to quantify the substrate
wettability and its cleanliness.

Before plasma
treatment

After plasma
treatment

After silanisation

30°+3.4 <10° 54°+1.11

Figure 1. Quality control for the effectivity of plasma etching and silanisation process. Water contact angle
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(WCA) measurement of the glass substrate to validate the functionalisation. The O, plasma-activated glass
slide shows increased hydrophilicity with very low contact angle of < 10°, while after silanisation the substrate
becomes hydrophobic with a higher contact angle of 54° + 1.11.

pHEMA dip coating

1. Prepare 4% (w/v) pHEMA solution in ethanol (95% v/v in deionised distilled water). See Troubleshooting.

2. Set up the settings of the dip-coater to 9 mm/s speed and a dip duration of 2 s with a retention speed of 1
s.

3. Clip the glass slides to the holder and adjust the holder position to a proper height vertically.

4. Pour pHEMA solution in a 100 mL beaker and immerse epoxy silanised glass slides in the 4% pHEMA
solution.

5. Repeat coating four times with enough time for drying in between the dips (see Troubleshooting). While
waiting for the slides to dry, cover the beaker containing pHEMA to prevent evaporation.

6. Leave the pHEMA-coated slides at atmospheric conditions for three days prior to its use for arraying.

7. Use optical profilometry to evaluate the evenness of pHEMA coating of the glass substrates. Figure 2
illustrates the uniformity of step height results from pHEMA coating.
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Figure 2. Evaluation of evenness of pHEMA coat. Optical profilometer images and height line scans (5%) of
a pHEMA-coated glass slide. (A) 2D image of the pHEMA-coated glass slide. The arrow shows the measured
distance; the dipping lines are apparent on the side of the glass substrate, as the glass is coated four times. (B)
Graph representing the space highlighted on the 2D image (A) showing the evenness of the pHEMA coat, as
the step height variation is minimal.

Troubleshooting

Plasma treatment has been proven to be a simple technique for modifying surface properties, ensuring removal
of impurities and organic contaminants from the surface, which are fixed by weak electrostatic/van der Waal’s
forces [24]. Bombardment of plasma excited ions to the surface of the glass slide promotes hydroxylation (OH
groups) and generates the Si-OH groups.

Excess amount of water is detrimental to the extent of silanisation; therefore, use of molecular sieves in proper
proportions to the water content of the solvent is critical [22].

Maintaining the reaction at 50 °C is crucial to lower the number of weakly bonded silane molecules by
disrupting the hydrogen bonds in silane layer [25].

The silane provides a bind between the glass slide and the pHEMA coat, as the methoxy groups of GPTMS
bind the -OH on the glass slide and the reactive epoxy group binds -CH in pHEMA [22,26].

To speed up the dissolvability of pHEMA in the intended solvent, it is useful to use smaller amounts in larger
containers and sonication. For example, add 2 g of pHEMA in 50 mL of 95% ethanol/deionised distilled water,
close the cap, and leave the tube in the sonicator for 24 h. Ultrasonication is often used to promote an effective
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and fast dissolution of pHEMA powder in ethanol.
6. Wet pHEMA appears cloudy on the surface of the glass slide and it takes much longer to dry between coating

repetitions.

7. Tight sealing containers for pHEMA solutions are very important, as evaporation causes concentration change.
Therefore, it is best to prepare fresh pHEMA solution for each coating session.

8. Coating the glass substrate with pHEMA provides an anchorage for arraying a diverse acrylate and methacrylate
polymer library [4,9]. As pHEMA swells in the presence of atmospheric moisture, it provides the possibility to
form an interpenetrating network between the deposited polymer spots and the pHEMA. This increases their
stability in the pretreatment washing steps, sterilisation process, and cell culturing conditions.

Part Il.

Fabrication of polymer wells

A. Preparation of polymerisation solution

1.

Degas monomers under argon for 30 min by purging method.

a  First, add the required amount of monomer in a scintillation glass vial and seal the cap using rubber
stoppers.

b Add a layer of parafilm around the cap area to ensure that the vial is airtight.

Insert a short needle (21 G, 40 mm) through the cap to enable the degassing process.

d Insert a longer needle (21 G, 120 mm) to bubble argon through the monomer. Make sure that the
needle attached to argon source is dipped in the monomer while the degassing needle is away from

o

the monomer.
Weigh DMPA and make 2% (w/v) in DMF in a polypropylene or glass vial.
Prepare the polymerisation solution by mixing 50% (v/v for liquids, w/v for solids) monomer in DMF and
1% DMPA in a glove box under argon condition with O, levels < 2,000 ppm. See Troubleshooting.
Transfer 40 uL of each polymerisation solution to a source plate (e.g., 384-well polypropylene plate).
Position the source plate in its place on printing machine stage.

B. Polymer deposition and in situ UV curing

w

Set the printing conditions inside the chamber for O, < 2,000 ppm using argon and 30%-40% humidity.
See Troubleshooting.

Wash the pin with isopropanol and insert into the microarray print head.

Close the printer chamber to keep the printing environment settings.

Initiate the software (BioDot AxSys™) for printer stage and head. Recalibrate the X, Y, and Z positioning.
Refer to Table 1 for the instrumental factors including print head travel speed and contact times.

Table 1. Instrumental settings for movements of the stage and pin holder

Loading sample from source plate

Held in monomer solution Withdrawal speed
4s 25 mm/s
Monomer solution deposition on the substrate
Total contact time for each contact Withdrawal speed
10 ms 175 mm/s
Z-axis speed
6.531 mm/s
Vacuum wash interval
Held in vacuum Withdrawal speed
10 s (3%) 175 mm/s
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5. Pre-spot four times on a plasma-etched glass slide prior to deposition of the polymerisation solution on
pHEMA-coated substrate. The blotting pattern can be two contacts per position to remove the excess
polymerisation solution from the outside of the pin.

6. Start the printing process. For example, for an area of 7 mm % 7 mm of pHEMA-coated glass slide to be
coated by acrylate polymers, print 56 spots with 850 um distance in the y-axis, with an alternating +850
um/-850 pm offset in the x-axis. Figure 3A illustrates the brightfield images of the single printed polymer
spots.

7. Polymerise deposited spots with 40 s of long wave UV (365 nm) intervals to liberate the radical ions in
the DMPA, which creates the polymerisation of monomers. During this time, the pin is washed in DMF
and dried three times before printing the next polymer.

8. After printing all the polymers, further add 20 min of UV exposure at the completion point of each printing
session.

9. Keep the printed glass slides in < 50 mTorr vacuum for 24 h prior to the second print in between spots.

10. To print in between polymer spots for full coverage, increase the initiation position by 800 um. Figure 3B
shows the double-printed spots coverage.

A) B)

Figure 3. Comparison of brightfield (5x) images of printing pattern. A. Single-printed polymer spots.
B. Double-printed polymer surface. The visual examination demonstrates a significantly enhanced
substrate coverage after the second printing.

11. Repeat step B6.
12. Lastly, keep the printed slides in < 50 mTorr vacuum for at least seven days to ensure extraction of the
residual solvent and unpolymerised monomers.

Troubleshooting

1. Be vigilant about potential issues arising from phase separation before printing, possibly linked to solvent
compatibility.

2. Minimise contamination in polymerisation solutions by using solvent-compatible pipetting tools. For example,
avoid using polystyrene pipetting tips while using DMF as a solvent.

3. There are many aspects to consider in contact printing to ensure consistency of the polymer areas; some of
these are addressed through optimisation of the chamber environment such as humidity, temperature, and O,
percentage. O higher than 2,000 ppm inhibits radical polymerisation; 30%—40% humidity reduces the static
effects of printing head movement and induces swelling in pHEMA to ease the interpenetration of the formed
polymer spot [9,20,27].

4. Even though pHEMA provides the possibility to form an interpenetrating network between the deposited
polymer spots and is known to be a low fouling material [28], it has been observed that it has effects on cell
biology [29,30]. This could influence the interpretation of cells’ behaviour towards the printed polymers as it
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decreases the signal-to-noise ratio. This can be resolved by double-printing in between the spots.

5. For this work, inert ceramic capillary pins were used for polymer deposition using contact printing technique.
Figure 4A is the schematic of the contact printer robotic head and printing steps. Ultra-smooth surface and
tubular construction of these pins eliminates cross-sample contamination and improves spot uniformity and
deposition repeatability while printing a large library of chemistries [31].

6. Optimise the printing pattern via trialling with spot—spot spacing (refer to Figure 4B) in order to achieve a
coalescence free coverage of the surface by deposited polymer spots.

7. Consider volatility of the polymerisation solutions to adjust timing of the printing.

8. It is worth mentioning that this platform has the flexibility to utilise inkjet printing as an alternative to contact
printing. Trials for proof of concept have been successfully carried out, involving spot pattern adjustments,
voltage, pulse, and uniformity. This approach is particularly advantageous for printing on sensitive and/or
expensive surfaces.

A

A. Source plate

B. Washing tray

C. Substrate

D. Robotic motion control

l E Capillary pin UV radiation
"-—l—_.f R —

B

Figure 4. Schematic representation of contact printing technique and optimising printing patterns. A)
The process of contact printing: 1) picking up the polymerisation solution from the source plate; 2) movement
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of the robotic head to the position coordination; 3) deposition of polymerisation solution via contacting the
surface of the substrate; 4) in situ polymerisation by exposure to UV; 5) washing and vacuuming of the pin for
the next material. B. Optimising printing patterns to address coalescence issues. Image shows trials B, C, D,
and E and achieving uniform thin polymer layers (spot F) by minimising coalescence via xy-axes adjustments.

Part lll. Provision of confined area for each polymer

A. Preparation of the microchambers

ProPlate® are reusable and should be thoroughly cleaned before and after each experiment to remove any dust,
particles, or contaminants, following the instructions provided by the manufacturer and summarised below:
1. Make a washing solution by adding 0.1% (v/v) Tween® 20 to PBS.
Soak the chamber and clips in a clean container for 15 minutes in the washing solution.
Rinse three times with deionised distilled water.
Soak in isopropanol overnight.
Air dry before use.

[ I VS I ]

B. Leakage assessment

Conduct a preliminary leakage assessment to verify the integrity of the superstructure assembly, ensuring the
absence of cross-contamination or leakage between the individual wells. The efficacy of the plates in retaining
samples within the designated wells was qualitatively evaluated by adding trypan blue dye into the wells in an
alternating manner (refer to Figure 5) and subsequently incubating them for a period of seven days or in
accordance with the experimental timeline.

Leakage assessment at day 7
Add Trypan blue at day 1

—- Trypan blue

Kept for 7 days
>
in the incubator

+4—» Empty well

Empty wells in-
i I (No leakage)

between

Figure 5. ProPlate® leakage assessment. Evaluate sample retention by adding trypan blue dye to alternating
wells and incubate for seven days or as per the experiment timeline to confirm the superstructure's integrity.

C. Assembly of the multi-well chambers on the printed polymer slides

This platform integrates contact printing microarray technology with high-throughput microtiter plate
processing. Slides with polymer squares were assembled using multi-well structures to provide enclosed areas
for each polymer with a total of 16 per slide. Figure 6 represents schematically the steps for mounting the multi-
well chambers.
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1- Remove release liner
to expose the silicone gasket.

2- Place the microscope slide

silicone gasket.

3- Press gently on the back side of the shde
(printed polymers side down) over the to adhere the slide to the gasket.

4- Place the clip onto slide/upper structure
assembly by snapping onto the long edge of
the module.

[ )
l The Assembling of ProPlate™ Slide Modules J

5- After 20 minutes of UV sterilisation
(254 nm), add cell-culture media to
each well.

6- Position the assembled modules within rectangular
4-well plates to facilitate transport and gas exchange
within the incubator.

7- After use, remove the clips by pulling them away from
the shde side of the module and wash them according to
the manufacture guidelines for the next experiment.

Figure 6. Assembly steps for the multi-well chambers on printed polymer slides. Images of the ProPlate®

have been adapted from GraceBio-labs website [32].

Data analysis

ATR-FTIR spectra were acquired from MicroLab expert (Agilent, USA) and analysed by Spectrus Processor.
Results for viability were measured indirectly by performing a cytotoxicity assay and presented as a percentage of
the control (in this work, the control was commercial TCP). The corresponding concentrations of cytokines were
measured by extrapolating the colorimetric readings (O.D.) to standard curve ELISA from three independent

experiments each with two technical replicates. For both viability and secretome data, GraphPad Prism software

was used to plot the graphs as mean and standard deviation (SD).

Validation of protocol

Presence of polymers (fabricated using this platform) on the surface of the substrate was validated by ATR-FTIR.
The applicability of this platform for cell culture was validated by culturing two different primary cell types and

assessing cell viability and cytokine secretion:

1. Chemical characterisation: ATR-FTIR spectra was used to validate the presence of specific chemical
components or functional groups on the substrate surface following contact printing and in situ UV

polymerisation. Spectra were obtained by scanning the samples (254 scans) from 600 to 4,000 cm™ with a 4
cm’! resolution, with subtraction against background (air) after each scan. The analysis of the printed polymers'
spectra reveals significant distinctions when compared to pHEMA. Specifically, the O-H stretching (3,550—
3,200 cm™") present in the pHEMA spectra is no longer evident, and distinct new peaks have emerged in the
polymer spectrum in the fingerprint region (400-1,500 cm™). For example, the ATR-FTIR analysis clearly
confirms the conversion of ethoxyethyl acrylate (EOEA) monomer into a polymer (pEOEA). The
disappearance of the C=C stretching peak at 1,640 cm’, characteristic of the monomer, in the polymer
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spectrum, along with the presence of typical acrylate polymer peaks (e.g., C=O stretching at 1,720 cm™),

indicates successful polymerisation as shown in Figure 7A and B.

Poly(2-hydroxyethyl methacrylate) (pHEMA)
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Figure 7. Attenuated total reflectance—Fourier transform infrared spectroscopy (ATR-FTIR) spectra of
pPHEMA and ethoxy ethyl acrylate (EOEA) monomer (red) and its corresponding printed polymer (blue).
A. The spectra of pHEMA shows O—H stretching (3,550-3,200 cm™!), C-H stretching, corresponding aliphatic
stretching vibration of CH; (3,000-2,840 cm™"), and C=0 stretching (1725 cm™). B. The disappearance of the
1,640 cm™! peak in the polymer spectrum (blue) indicates that the C=C double bond in the EOEA monomer has
polymerised, leading to structural changes. Characteristic peaks at 1,720 cm™ (C=O ester group) and
2,960/2,880 cm™ (C-H groups) remain. Also, O-H stretching (3,550-3,200 cm™) peak of pHEMA structure

does not appear in pEOEA spectra, indicating the full coverage of the surface.
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Viability assessment: Cell viability was assessed after 24 h of incubation of cells on the surface of the polymers
using ToxiLight™ assay by measuring the release of adenylate kinase from damaged cells. To showcase the
applicability of the platform, viability results were measured for two distinct cell types: monocyte-derived
dendritic cells (moDCs) and monocyte-derived macrophages (MDMs). The polymers fabricated through this
platform support cell viability equal or higher than tissue culture plastic control (TCP), as illustrated in Figure
8.
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Figure 8. Viability assessment. Two distinct primary cell types were examined following a 24 h incubation
with pEOEA using the microchamber platform. The graphs depict the mean + SD results from two independent
experiments, demonstrating that the polymer supports cell viability. MDMs: monocyte-derived macrophages;
moDCs: monocyte-derived dendritic cells.

Secretome profiling: Even without access to a multiplexing assay, the volume of supernatant obtained
following cell culture using this platform is sufficient for measuring up to seven different soluble protein
mediators with replicates. Different cytokines and chemokines including TNF-a, IL-10, TGF-p1, CCL-18, IL-
6, and IL-12 were assayed from the supernatants using high-binding 384-well plate and ELISA DuoSet® kits.
A representative example for moDCs and MDMs is shown in Figure 9. The capability to measure various
soluble factors using this platform serves as compelling evidence for the exceptional integrity of the fabricated
polymer surfaces. Indeed, this indicates that the system is capable of effectively accommodating a diverse range

of chemistries.
Monocyte-derived Dendritic cells Monocyte-derived Macrophages
MO
Tce TCP
6x102
TCP+LPS M1 4x10%
(0.1ug/ml) (Proinflammatory)
4x102
M2
PEOEA (Antiinflammatory) 2x10%
2x10?
pEOEA+LPS
(0.1pg/ml) PEOEA

CCL-18 IL-10 IL-12 TNF-a TGF-B Pg&l}\g TNF-a IL-10 IL-6 TGF-B CCL-18 ;;glrlrlnl
cel

Figure 9. Secretome analysis of two primary cell types after incubation with the pEOEA. Heat maps are
the representative mean values of cytokine ELISA results from three independent experiments with two
technical repeats. TCP, M0, M1, and M2 are internal controls for comparisons only. TCP: tissue culture plastic
control.
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Data Availability Statement: The data that support the findings of this study are openly available at the University
of Nottingham data repository, DOI: 10.17639/nott.7362.

Acknowledgments

The authors wish to express their gratitude to the Vice-Chancellor's Scholarship for Research Excellence
(International) at the University of Nottingham and extend their appreciation for PhD scholarship provided by the
Ministry of Higher Education of Saudi Arabia, Qassim University. This work was also supported by the Engineering
and Physical Sciences Research Council (EPSRC) (grant number: EP/X001156/1).

Author Contributions: S.F. and R.A.A. performed the experiments and wrote the manuscript. M.R.A. and A M.G.
supervised the project and revised the manuscript. S.F. and R.A.A. contributed equally to this work.

Competing interests

There are no conflicts of interest or competing interests.

Ethical considerations

Monocyte-derived cells used for validation of protocol were generated from monocytes isolated from blood samples
from healthy volunteers provided by National Blood Services (Sheffield, United Kingdom), following ethics
committee approval (2009/D055).

References

1. Andorko, J. I. and Jewell, C. M. (2017). Designing biomaterials with immunomodulatory properties for tissue
engineering and regenerative medicine. Bioeng. Transl. Med. 2(2): 139-155.
https://doi.org/10.1002/btm?2.10063

2. Sumayli, A. (2021). Recent trends on bioimplant materials: A review. Materials Today: Proceedings 46: 2726—
2731. https://doi.org/10.1016/j.matpr.2021.02.395

3. Silva-Lopez, M. S. and Alcantara-Quintana, L. E. (2023). The Era of Biomaterials: Smart Implants? ACS App!.
Bio Mater. 6(8): 2982-2994. https://doi.org/10.1021/acsabm.3c00284

4. Hook, A. L., Anderson, D. G., Langer, R., Williams, P., Davies, M. C. and Alexander, M. R. (2010). High
throughput methods applied in biomaterial development and discovery. Biomaterials 31(2): 187-198.
https://doi.org/10.1016/j.biomaterials.2009.09.037

5. Kémmerling, L., Fisher, L. E., Antmen, E., Simsek, G. M., Rostam, H. M., Vrana, N. E. and Ghaemmaghami,
A. M. (2021). Mitigating the foreign body response through ‘immune-instructive’ biomaterials. J. Immunol.
Regener. Med. 12: 100040. https://doi.org/10.1016/j.regen.2021.100040

6. Wang, Y. (2016). Bioadaptability: An Innovative Concept for Biomaterials. Journal of Materials Science &
Technology 32(9): 801-809. https://doi.org/10.1016/j.jmst.2016.08.002

7. Frangz, S., Rammelt, S., Scharnweber, D. and Simon, J. C. (2011). Immune responses to implants — A review
of the implications for the design of immunomodulatory biomaterials. Biomaterials 32(28): 6692—6709.
https://doi.org/10.1016/j.biomaterials.2011.05.078

8. Yang, L., Pijuan-Galito, S., Rho, H. S., Vasilevich, A. S., Eren, A. D., Ge, L., Habibovi¢, P., Alexander, M. R.,
de Boer, J., Carlier, A., et al. (2021). High-Throughput Methods in the Discovery and Study of Biomaterials
and Materiobiology. Chem. Rev. 121(8): 4561-4677. https://doi.org/10.1021/acs.chemrev.0c00752

Cite as: Fateh, S. et al. (2024). Unlocking Bio-Instructive Polymers: A Novel Multi-Well Screening Platform Based on
Secretome Sampling. Bio-protocol 14(4): ¢4939. DOI: 10.21769/BioProtoc.4939.

14


https://doi.org/10.1002/btm2.10063
https://doi.org/10.1016/j.matpr.2021.02.395
https://doi.org/10.1021/acsabm.3c00284
https://doi.org/10.1016/j.biomaterials.2009.09.037
https://doi.org/10.1016/j.regen.2021.100040
https://doi.org/10.1016/j.jmst.2016.08.002
https://doi.org/10.1016/j.biomaterials.2011.05.078
https://doi.org/10.1021/acs.chemrev.0c00752

bio-protocol Published: Feb 20, 2024

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Anderson, D. G., Levenberg, S. and Langer, R. (2004). Nanoliter-scale synthesis of arrayed biomaterials and
application to human embryonic stem cells. Nat. Biotechnol. 22(7): 863—866. https://doi.org/10.1038/nbt981
Celiz, A. D., Smith, J. G. W., Langer, R., Anderson, D. G., Winkler, D. A., Barrett, D. A., Davies, M. C.,
Young, L. E., Denning, C., Alexander, M. R., et al. (2014). Materials for stem cell factories of the future. Nat.
Mater. 13(6): 570-579. https://doi.org/10.1038/nmat3972

Rostam, H. M, Fisher, L. E., Hook, A. L., Burroughs, L., Luckett, J. C., Figueredo, G. P., Mbadugha, C., Teo,
A. C,, Latif, A., Kdimmerling, L., et al. (2020). Immune-Instructive Polymers Control Macrophage Phenotype
and  Modulate the Foreign Body Response In  Vivo. Matter  2(6): 1564-1581.
https://doi.org/10.1016/j.matt.2020.03.018

Latif, A., Fisher, L. E., Dundas, A. A., Cuzzucoli Crucitti, V., Imir, Z., Lawler, K., Pappalardo, F., Muir, B.
W., Wildman, R., Irvine, D. J., et al. (2022). Microparticles Decorated with Cell-Instructive Surface
Chemistries Actively Promote Wound Healing. Adv. Mater. €202208364.
https://doi.org/10.1002/adma.202208364

Hook, A. L., Chang, C., Yang, J., Atkinson, S., Langer, R., Anderson, D. G., Davies, M. C., Williams, P. and
Alexander, M. R. (2013). Discovery of Novel Materials with Broad Resistance to Bacterial Attachment Using
Combinatorial Polymer Microarrays. Adv. Mater. 25(18): 2542-2547.
https://doi.org/10.1002/adma.201204936

Tourniaire, G., Collins, J., Campbell, S., Mizomoto, H., Ogawa, S., Thaburet, J. F. and Bradley, M. (2006).
Polymer microarrays for cellular adhesion. Chem. Commun. (20): 2118-2120.
https://doi.org/10.1039/b602009¢

Hook, A. L., Chang, C. Y., Yang, J., Luckett, J., Cockayne, A., Atkinson, S., Mei, Y., Bayston, R., Irvine, D.
J., Langer, R., et al. (2012). Combinatorial discovery of polymers resistant to bacterial attachment. Nat.
Biotechnol. 30(9): 868—875. https://doi.org/10.1038/nbt.2316

Chung, L., Maestas, D. R., Housseau, F. and Elisseeff, J. H. (2017). Key players in the immune response to
biomaterial scaffolds for regenerative medicine. Adv. Drug Delivery Rev. 114: 184-192.
https://doi.org/10.1016/j.addr.2017.07.006

Adu-Berchie, K. and Mooney, D. J. (2020). Biomaterials as Local Niches for Immunomodulation. Acc. Chem.
Res. 53(9): 1749—-1760. https://doi.org/10.1021/acs.accounts.0c0034 1

Wang, S., Chen, Y., Ling, Z., Li, J., Hu, J., He, F. and Chen, Q. (2022). The role of dendritic cells in the
immunomodulation to implanted biomaterials. Int. J. Oral Sci. 14(1): 52. https://doi.org/10.1038/s41368-022-
00203-2

Urquhart, A., Anderson, D., Taylor, M., Alexander, M., Langer, R. and Davies, M. (2007). High Throughput
Surface Characterisation of a Combinatorial Material Library. Adv. Mater. 19(18): 2486-2491.
https://doi.org/10.1002/adma.200700949

Hook, A. L., Chang, C. Y., Yang, J., Scurr, D. J., Langer, R., Anderson, D. G., Atkinson, S., Williams, P.,
Davies, M. C., Alexander, M. R., et al. (2012b). Polymer Microarrays for High Throughput Discovery of
Biomaterials. J. Vis Exp. (59): €3636. https://doi.org/10.3791/3636-v

Lee, E. S., Choi, J. H. and Baik, H. K. (2007). Surface cleaning of indium tin oxide by atmospheric air plasma
treatment with the steady-state airflow for organic light emitting diodes. Surf. Coat. Technol. 201: 4973-4978.
https://doi.org/10.1016/j.surfcoat.2006.07.202

Tsukruk, V. V., Luzinov, I. and Julthongpiput, D. (1999). Sticky Molecular Surfaces: Epoxysilane Self-
Assembled Monolayers. Langmuir 15(9): 3029-3032. https://doi.org/10.1021/1a981632q

Wong, A. K. Y. and Krull, U. J. (2005). Surface characterization of 3-glycidoxypropyltrimethoxysilane films
on silicon-based substrates. Anal. Bioanal. Chem. 383(2): 187-200. https://doi.org/10.1007/s00216-005-3414-
Yy

Lisco, F., Shaw, A., Wright, A., Walls, J. and Iza, F. (2017). Atmospheric-pressure plasma surface activation
for solution processed photovoltaic devices. Sol. Energy 146: 287-297.
https://doi.org/10.1016/j.solener.2017.02.030

Howarter, J. A. and Youngblood, J. P. (2006). Optimization of Silica Silanization by 3-
Aminopropyltriethoxysilane. Langmuir 22(26): 11142—11147. https://doi.org/10.1021/1a061240g

Cite as: Fateh, S. et al. (2024). Unlocking Bio-Instructive Polymers: A Novel Multi-Well Screening Platform Based on 15
Secretome Sampling. Bio-protocol 14(4): ¢4939. DOI: 10.21769/BioProtoc.4939.


https://doi.org/10.1038/nbt981
https://doi.org/10.1038/nmat3972
https://doi.org/10.1016/j.matt.2020.03.018
https://doi.org/10.1002/adma.202208364
https://doi.org/10.1002/adma.201204936
https://doi.org/10.1039/b602009g
https://doi.org/10.1038/nbt.2316
https://doi.org/10.1016/j.addr.2017.07.006
https://doi.org/10.1021/acs.accounts.0c00341
https://doi.org/10.1038/s41368-022-00203-2
https://doi.org/10.1038/s41368-022-00203-2
https://doi.org/10.1002/adma.200700949
https://doi.org/10.3791/3636-v
https://doi.org/10.1016/j.surfcoat.2006.07.202
https://doi.org/10.1021/la981632q
https://doi.org/10.1007/s00216-005-3414-y
https://doi.org/10.1007/s00216-005-3414-y
https://doi.org/10.1016/j.solener.2017.02.030
https://doi.org/10.1021/la061240g

bio-protocol Published: Feb 20, 2024

26.

27.

28.

29.

30.

Piehler, J., Brecht, A., Valiokas, R., Liedberg, B. and Gauglitz, G. (2000). A high-density poly(ethylene glycol)
polymer brush for immobilization on glass-type surfaces. Biosens. Bioelectron. 15: 473-481.
https://doi.org/10.1016/s0956-5663(00)00104-4

Rasi Ghaemi, S., Delalat, B., Gronthos, S., Alexander, M. R., Winkler, D. A., Hook, A. L. and Voelcker, N. H.
(2018). High-Throughput Assessment and Modeling of a Polymer Library Regulating Human Dental Pulp-
Derived Stem  Cell Behavior. ACS  Appl.  Mater.  Interfaces  10(45):  38739-38748.
https://doi.org/10.1021/acsami.8b12473

Hanak, B. W., Hsieh, C., Donaldson, W., Browd, S. R., Lau, K. K. S. and Shain, W. (2017). Reduced cell
attachment to poly(2-hydroxyethyl methacrylate)-coated ventricular catheters in vitro. J. Biomed. Mater. Res.
Part B Appl. Biomater. 106(3): 1268—1279. https://doi.org/10.1002/jbm.b.33915

Li, H. Y., Fiihrmann, T., Zhou, Y. and Dalton, P. D. (2013). Host reaction to poly(2-hydroxyethyl methacrylate)
scaffolds in a small spinal cord injury model. J Mater. Sci.: Mater. Med. 24(8): 2001-2011.
https://doi.org/10.1007/s10856-013-4956-8

Dziubla, T., Torjman, M., Joseph, J., Murphy-Tatum, M. and Lowman, A. (2001). Evaluation of porous
networks of poly(2-hydroxyethyl methacrylate) as interfacial drug delivery devices. Biomaterials 22(21):
2893-2899. https://doi.org/10.1016/s0142-9612(01)00035-7

31. Romanov, V., Davidoff, S. N., Miles, A. R., Grainger, D. W., Gale, B. K. and Brooks, B. D. (2014). A critical
comparison of protein microarray fabrication technologies. The Analyst 139(6): 1303-1326.
https://doi.org/10.1039/c3an01577¢g

32. ProPlates® Multi-Well Chambers - Grace Bio-Labs (2021). https:/gracebio.com/products/microarray-
tools/proplates/

Cite as: Fateh, S. et al. (2024). Unlocking Bio-Instructive Polymers: A Novel Multi-Well Screening Platform Based on 16

Secretome Sampling. Bio-protocol 14(4): ¢4939. DOI: 10.21769/BioProtoc.4939.


https://doi.org/10.1016/s0956-5663(00)00104-4
https://doi.org/10.1021/acsami.8b12473
https://doi.org/10.1002/jbm.b.33915
https://doi.org/10.1007/s10856-013-4956-8
https://doi.org/10.1016/s0142-9612(01)00035-7
https://doi.org/10.1039/c3an01577g
https://gracebio.com/products/microarray-tools/proplates/
https://gracebio.com/products/microarray-tools/proplates/

