Tunable and reversible gelatin-based bonding for microfluidics: manufacture
of cell culture chips
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Abstract

Microfluidic cell culture is widely used to develop biochips and biosensors, culturing and
experimenting with cells at the microscale. However, only a very small subset of the existing
polymers is currently used in microfluidics. This is mostly due to limitations in reversibility and
gas-permeability on the sealant. Hence, the development of a novel bonding technique can
enable new applications and uses of plastics in microfluidic cell culture, complementing the
omnipresent polydimethylsiloxane (PDMS) for critical applications where harder or non-porous
materials are required. The present paper describes a reversible gelatin-based room-temperature
method for bonding separate substrates, which enables the sealing of commonly used materials
in microfluidics such as thermoplastics, but also elastomers and photopolymers. For most
materials, the bonding chip resisted to at least 0.1 MPa. To show the versatility of the described
method we bonded microchannels of different sizes, up to 200 um, and round microstructures.
The applicability to cell culture was investigated by culturing colorectal cancer HT-29 cells
within the chip. Finally, the cells viability was analyzed by in situ live/dead fluorescence
staining. Advantageously, the proposed bonding process is reversible and make possible to tune
the permeability of the gelatin layer integrated on chip. This room-temperature bonding method
is highly efficient for cell culture in plastic chips, potentially opening new routes for the

development of innovative BioMEMS devices.
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1 Introduction

Since its beginnings in microelectronics and analytical chemistry, microfluidics has
become increasingly unavoidable in different fields such as: biophysics, biochemistry,

biotechnology and biomedicine [1]. For instance, ©one of the key benefits of microfluidics infor

basie—biology is the ability to finely control parameters of the cell microenvironment at
microscale [2]. In this respect, Sseveral platforms, generally made of polydimethylsiloxane
(PDMS) [3],_have been—were recently applied tofer long term cell culture and assay system
compatible with different microscopes and sensors, for-teng-term-—celleutture; high throughput
time lapse cell assays/imaging and cell micromanipulations [4, 5].

The microfluidic technology overwhelmingly relies on microchannels, a set of
microstructures etched or mold into a wide range of material including glass, silicon or polymer
such as PDMS and poly(methyl methacrylate) (PMMA), etc. [6]

The major processes of the chip manufacturing are deeply rooted in cleanroom
microfabrication metheds-(e.g. microlithography, doping, thin films, etching and bonding) [7, 8].
In addition to these methodsteels, the development of bonding approachesmetheds for the
sealing of different substrates is obviously crucialextremely—impertant in the field of
microfluidics and numerous methods have been therefore developed over time to address this
need [9]. Sealing of microfluidic chips allows for example to: (1) confine liquids and biological
samples in reduced volumes, (Il) minimize contaminations and biohazards and (lII)
controlminimize the evaporation of samples and reagents while ensuring the exchange of oxygen
and nutrients etc. NonethelessUnfortunately, most of the reported methods are limitedrestricted
to irreversible bonding [10-21] and often, when plastics-pehymers are bonded, the chips are not
totally suitable forapplicable-te cell culture due to the limited exchange of gas and nutrients. The
irreversible bonding is a major limitation for BIOMEMS systems and organ/tissue on chip
applications for-ether-twe-reasens:since it complicates off-chip characterization of the cultured
biosamples, and prevents reusing successful microchannels, which exacerbates the issue of
difficult access to cleanroom facilities faced by many biological research laboratories. In order to
overcome these hurdles, Aalternative approaches have been prposedreperied to temporary

sealbend the microfluidic chip_layerss [22]. For example, Serra et al. recently described the use
of a commercially available PCR adhesive tape, as a versatile bonding solution for microfluidic



channels patterned onin a wide variety of materials [23]. +n—2640—Kitamori and co-workers
developed a modular microfluidic chip using a metal chip holder (screws) and surface chemistry
modification, to recover the living cells cultured in the microchannel [24]. RMere-—recently, we
applied a magnet-integrated modular chip for 3D cell culture and post experiment recovery of the
biomanufactured microtissues [25]. While such reversible sealing leads to high throughput, ease
of fabrication, cost effectiveness, and-mere functional devices, its major limitation is, in some
cases, the poor sealing strength and leakage [22]. Meoreever;Generally, when compared to
irreversible bonding, the se temporary methods often show scarcepeerer reproducibility as they
require manual operations such as the-adhesive tape application, -and-the-screwings or magnets
manipulationintegration.

In order to possibly solve the reproducibility issue, related to manual operations-need-te
be-aveided-altogether—and, several coating techniques based on liquid adhesive layers have
beenwere proposed to bond microfluidic chips [9]. One of the most widely used aghesive
bonding techniques is based on the application of liquid adhesives (glues) that hardens by

evaporation of a solvent, by UV mediated cross-linking-after U\ -—expesure, or by curing with
mixing—with a chemical cross-linker (i.e. catalyzer)ing—agent. For example, Dupont et al.

fabricated microfluidic chips having a channel layer structured by casting of Norland Optical
Adhesive (NOA) 63 and sealed by a membrane of NOA 63 [26, 27]. Despite the efficiency of
this method, NOA adhesive technology makes it impossible to separate the substrates. Another
challenge associated with NOA is the difficulty of obtaining a uniform thickness along large
surfaces in order to avoid clogging of microfluidic channels during bonding. Furthermore, the
NOA substrates show a low gas permeability and therefore the applicability to microfluidic

(plastic chips) cell culture is reduced.-Anethe




BFurthermore—biomaterials, and particularly hydrogels, have been developed and
implemented for investigating countless cellular processes towards understanding
morphogenesis, aging, disease and more recently to develop 3D cell culture [30, 31]. A bonding
method based on hydrogel is highly desirable in microfluidic cell culture, also for the potential

assembly and development of fully-hydrogel chips for organ on chip applications.

The present_—paper describes a room-temperature adhesive method based on gelatin
dehydration (GEL-D) to bond two or more chip parts—{i-e—layers (or slab) possibly made of
different materials. It is based on the formation at the material interfaces of an integrated,
biocompatible and gas-permeable thin gelatin film byusing a user-friendly spin coater or,
alternatively, a modified computer cooling fan [32]. The core mechanism of the proposed
method is to contact the gelatin-coated layers via a mild compression and cross-link the
sandwiched film by dehydration. The gelatin dehydration was recently applied in
microfabrication processes [33], but was never exploited, to the best of our knowledge, to bond
microfluidic chips. To demonstrate the efficacy of our bonding method, the leakage within the
fabricated chips was tested (Movie 1). In addition, the pressure resistance was measured,
exceeding for some chip configuration the maximum pressure (Pmax) of our controller: 0.70
MPa. Despite the reversible nature of the gelatin dehydration, we found the chips to last up to 11
days in a cell biology incubator (cell culture conditions: 37°C, 5% CO2 and 95% relative
humidity). Furthermore, the biocompatibility of the proposed method for on-chip cell culture was
also evaluated by seeding HT-29 colon adenocarcinoma cells within the chips. In particular, as
expected using a biocompatible gelatin, the microchannels allowed successful cell culture and
fluorogenic on-chip live/dead experiments. Indeed materials transparency enables high-
resolution optical microscopy observations. Finally, the possibility to grow a tumor microtissue
on chip over 7 days within a chip sealed by the GEL-D method was also verified. The off-chip
characterization was performed, thanks to the reversibility of bonding. Thus, the proposed
reversible bonding method is compatible with the majority of common microfluidic materials
(hard and flexibles) and making it extremely useful for cell culture on chips made of plastic

materials.



2 Materials and methods

2.1. Materials and equipment

The PDMS prepolymer and curing agent (Sylgard 184 elastomer kit) were purchased from Dow
Corning  Corporation  (USA). Sulforhodamine B sodium salt and Image-iT®
Fixation/Permeabilization Kit were obtained from Sigma-Aldrich, (USA). Fetal bovine serum
(FBS) was purchased from Dutscher (France). The poly(methyl methacrylate) PMMA substrates
used in this study, thickness 1.1 mm, were purchased from Goodfellow Cambridge Ltd, (UK).
The microtools used in the microfabrication process were “tr series 2 flute micro square end
mills” with different diameters: 880 and 200 pm purchased from Performance Micro tool (USA).
Tubing Silikon Peroxid/60 Shore ID 0.75mm were obtained from IDEX Health & Science Gmbh
(USA). Blunt Needle PlasticHub SN-23, 23 G, 0.5" were purchased from Warner Instruments
(USA). Micromilling machine was purchased from Minitech Machinery Corporation (USA).
Syringe pump PHD ULTRA™ was purchased from Harvard apparatus (USA). MFCS™-EZ:
microfluidic flow control system was purchased from Fluigent (France). The human colon
adenocarcinoma HT-29 cell line was purchased from ATCC (USA). RPMI 1640 Medium,
penicillin-streptomycin solution (10,000 U/mL), trypsin (0.05%), SYTOX® Orange Nucleic
Acid Stain, Hoechst, DAPI, Alexa Fluor™ 488 Phalloidin and Calcein AM were purchased from
ThermoFisher Scientific Inc (USA).

2.2 Bonding of microfluidic chips

The optimized process for the microfabrication of the chips using this bonding method is
schematized in figure la. Different patterns were designed and tested: a linear microchannel
(880/880 um, width/depth) and microchannels (200/200 um) connected to microwells (600/400
pm). First, we micromilled the microstructures onto a PMMA substrates (thickness 1.1 mm),
using a CNC micromilling machine (Minitech Machinery Corporation (USA). The PMMA
masters were also used to prepare PDMS microchannels by double replica of PDMS. In order to
prevent adhesion of the PDMS negative replica on the PDMS master, it was treated with oxygen-
plasma, followed by immersion in a silane solution (94% v/v isopropanol, 1% acetic acid, 1%
Fluorolink S10, and 4% deionized water) and then placed in an oven at 70 °C for 1 h, thus

allowing a complete reaction of the master surface with the fluorinated polymer[34]. The PDMS



was poured into the positive replica and cured at 70°C for 1h to obtain the PDMS microchannels.
The PDMS and PMMA microchannels were bonded to different substrates by using the proposed
GEL-D method. The NOA sheet (1.5 mm) was prepared pouring the liquid NOA 63 into a square
chamber and consequently exposed for 5 min. under UV light. The others bottom parts used
were a standard glass slide and a homemade PMMA slide (thickness 1.1 mm). An aqueous
solution of gelatin (derived from porcine skin gel strength 300, Type A, Sigma-Aldrich) 15%
w/v was prepared, degassed under vacuum and maintained at 70°C. The PDMS, PMMA and
NOA substrates (top and bottom parts) were cleaned and dried. The thin gelatin layer onto the
substrates (top and bottom) was obtained through sping coating (Laurell, WS-650 Series, 1,500
rpm for 20 sec., acc 500). A typical process involved depositing a small gelatin solution droplet
(around 0.5 ml) at the center of the flat and micromilled substrates and then spinning at high
speed (1500 rpm for 20 s), as reported in-Figure 2seheme-L. Although it did not necessary for the
present study, some types of material (COC or plastic substrates) may require an oxygen-plasma
surface treatment prior the spin coating to enhance the uniformity of the deposited layer. After
the coating, the gelatin that partially filled the inlet and outlet holes was removed using a biopsy
punch. The separate substrates with the hydrated gelatin layer were then clamped (Pony Spring
Clamp 210 mm), incubated at 4° C for 10 minutes and dehydrated at room temperature (24°C)
for 1-4 days. Assembled chips with different combinations of materials: PMMA/PMMA,
Glass/PMMA, Glass/PDMS and NOA/PMMA (figure 1b) were fabricated.

2.3 Leakage test

The sealing of fabricated chips was then evaluated by two different methods: 1) by

filling the microchannels with a fluorescent liquid to analyze the gray intensity

with imageJ (across the microchannel) and 1) by osserving the bond burst in a

pressure experiment. In particular, a pressure controller MFCS (Fluigent) was used

to progressively increase the inlet pressure of 100 mbar every 60 seconds with a

constantly closed outlet. The maximum pressures obtained for each configuration

before the bond burst are reported in Fig. 5 for either a room temperature

environment (ca. 25 °C). All the related results are commented in the “Results and

Discussion” section.




2.3 Cell culture on bonded chip

The HT-29 cells were seeded onto the PMMA/PMMA chip bonded with the proposed
GEL-D method, as preliminary cell culture application.

HT-29 cells were cultured in RPMI-1640 medium supplemented with 10 % FBS. Cells

were sub-cultured, harvested and counted using standard protocols. T-75 flasks of HT-29 and at

~90 % of confluence were used, for all reported experiments. To prevent contamination, the chip

was sterilized with 10% penicillin-streptomycin solution in Phosphate-buffered saline (PBS) for

24 h at 4°C. After three washing cycles with PBS buffer, the cell suspensions were injected in

the systems using a syringe pump. The cell suspension at a concentration of 5x 10* cells/mL was

injected at a flow rate of 50 puL/min for 60 sec. After less than 10 minutes under laminar flow

hood, the chip was incubated in a 5% humidified CO? incubator at 37°C. Cells growth was

evaluated, using a confocal microscope. The Pictures were taken after the seeding and at day 1,

2,3, 4,5 and 7. The live/dead staining was performed after 1 day of cultivation using Calcein

AM and Sytox orange nucleic acid stains at concentrations of 1 uM and 0.250 uM, respectively

and cell death visualized with an epifluorescence microscope [35]. The structure analyze after 7

days of culture was performed using a confocal microscope Leica equipped with 4X and 10X

objectives. The cells were fixed using a solution of 2% Glutaraldehyde in 0.1M Phosphate

Buffer, pH 7.3. After 20 min, the fixative agent was removed and the samples were washed by

flowing three times PBS in the microchannel. After permeabilization with 0.5% Triton-X100, the
cells were incubated with blocking buffer (1% BSA in PBS) and stained with Phalloidin for 1h at

room temperature. DAPI and Hoechst 33342 (1 uL/mL) were used for nuclei staining.

- ——"'[Formattato: Rientro: Prima riga: 1,27 cm




3 Results and discussion
3.1 Characterization and sealing test

The SEM microscopy was used to analyze the surface structure of the gelatin film, while
a profilometer was employed to measure the thickness. For the profilometer characterization, we
used a map scan type on valleys profile, a stylus type radius of 2.5 pm and a measurement range
of 6.5 um. As reported in the supplementary material, the gelatin-based coating presents a
structure similar to a thin film (Figure S1 a,b) and a depth of 6.2 um (Figure S1 c). Despite the
limited resolution and magnification of the samples due to water content, the SEM micrographs
clearly show the absence of micropores that can alter the cell adhesion and culture (Figure S1b).
The thin thickness of the gelatin does not considerably alter the initial microchannel

configuration (~6 um) and not clog the microchannel (Fig S1d).

The sealing of these chips was tested by flowing a red fluorescent solution
(sulforhodamine B sodium salt 0.1 mg/mL) through a syringe pump (100 pL/min) for 1, 30 and
60 min. As reported in figure 32, the liquid remains confined into the microchannels (1 day
dehydration chip) and no liquid was observed to spill out of the channel. Nonetheless, some
fluorescence is observed outside the channel, indicating that the fluorescence dye has diffused in
the gelatin layer (Figure 32h). When increasing the dehydration time from 1 day to 3 days before
flowing the dye, the fluorescence outside the channel is observed to remain stable to O, likely
indicating that the diffusion of the dye in the interstitial region has been greatly slowed down
(Figure 32i). This ebservation-result suggests that the permeability of the gelatin layer can be
adjusted by choosing the appropriate dehydration time. The influence of the spin coating
parameters (spin speed) was also studied, as reported in figure S2. Applying a speed of 1,500
rpm a uniform and regular gelatin thin layer was obtained by guaranteeing the sealing,
conversely, when a speed of 2,500 rpm is applied the layer is irregular and this leads the leakage
(Fig S2)._A parameter that can influence the uniformity of the gelatin layer is the viscosity of the

solution. The viscosity of the gelatin dispersion (15% W/V) was than evaluated by using a

.......... measuring a value of ...... Pa S-The strength of the performed bonding was also

evaluated by filling the chip with the fluorescent solution and progressively increasing the inlet
pressure of 100 mbar every 206-60 seconds with a constantly closed outlet (pressure controller
MFCS-100, Fluigent). The Pmax obtained before the bond failed are shown in figure-42}. As



observed, the chip prepared by bonding rigid materials such as PMMA/PMMA (0.5 MPa),
Glass’/PMMA (> 0.7 MPa) and NOA/PMMA (0.6 MPa) fared much better than Glass/PDMS
chips (0.08 MPa). Every test has been repeated 3 times._We hypothesized that the great

difference between the rigid -and flexible material it depend by.............. Nonetheless, all these

bond strengths exceed the basic requirements of most of the microfluidic applications. The
applicability of the GEL-D bonding method on miniaturized chips (fig. 53a,b) (microchannels
width ~200 um) was also explored. This size range (~800-200 um) was targeted since it has been
described as appropriate for microengineering cells into tissues on biochips.

No leakage was detected even for the narrowest microstructures tested (fig. 53c). The
fluorescence intensity outside the microchannel is below the background level of the detector
(fig. S3). Confocal microscopy visualizations attest of the good confinement of the red solution
inside the microchannel (fig 53d) and microwell (fig 53e). The dye solution remained well-
confined into the microchannels. Using z-stack analysis, 3D reconstruction of the
microstructures was realized. The results confirm that the GEL-D bonding method can seal chips
featuring small microchannels without clogging them, as clearly showed in figure 53h,i.

The chemical resistance of the sealing in the presence of commonly used organic solvents
(ethanol and acetone) in microfluidics was also evaluated. These solvents were flowed into the
microchannels (880/880 pum) at 100 pL/min for 60 min. After this time, the fluorescence
intensity was analysedanalyzed yielding similar results than when flowing the only fluorescent
liquid (fig S4). In addition, the resistance at high temperatures was evaluated (fig S5). After 30
minutes of incubation in a hoven, the red fluorescent liquid was injected in the chip (1 day
dehydration). The temperature range tested was 30-80°C, with ramp of 10°C. No leakage was
observed for temperature below 70°C. The dehydrated gelatin starts to melt at ~80° C and the
chip de-bonds. This technical aspect pave the way for removing the gelatin coating inside the

bonded microchannel for other applications, where the gelatin film is not required.
3.2 Cell culture on chip and live/dead assay

Finally, the preliminary applicationbiity of the bonded chips for cell culture and
characterization after de-bonding was also explored. The durability (ie. the time before which

leakage of reagent solution was observed) of the sealing into a cell culture incubator was studied,



considering the rate of gelatin re-hydration compared to the time needed to culture the cells. The
chips tested were the PMMA/PMMA and Glass-PDMS (880/880 pum), obtained after 1, 2, 3 and
4 days of dehydration at room temperature. The bonded microchannels were filled with a cell
culture medium and incubated at 37°C. The cell culture medium was re-filled on a daily basis,
using an injection by micropipette. The results are reported in figure 64a. Every test has been
repeated 3 times. The PMMA/PMMA chip obtained after 3 days of dehydration remained sealed

until 11 days, while the Glass-PDMS held for 6 days (Figure 64a). Fhis-durability-is-in-Hne-with

solution-in-PBSfor-15-h-at-4°C-After the chip sterilization, Fthe HT-29 cells were seeded onto

the PMMA/PMMA chip at a concentration of 10° cells/mL. Using a syringe pump the 50-p-—of
cells suspension was injected-using-a-standard-pipette. The live/dead assay reported in figure 64b
shows the vitality of the cells after 1 day of cultivation. The staining was performed on-chip
using fluorescent dyes: Calcein AM and Sytox orange nucleic acid stains at concentrations of 1
uM and 0.250 pM, respectively. As showed in figure 46, no dead cells have been detected (Sytox
orange), while live cells were stained using Calcein AM. The live/dead assay confirms the
biocompatibility of the as-prepared chips.



The applicability to grow on-chip a tumor microtissue was also investigated, extending
the cell culture incubation until day 7. The confocal images (fig. 6¢) shows a microtissue of
around 220 pum in diameter obtained after 7 day of culture. The microtissue fixation was
performed on-chip using an Image-iT® Fixation/Permeabilization Kit. Consequently, the fixed
microtissue was stained with DAPI (nuclei) and Alexa Fluor™ 488 Phalloidin (actin
cytoskeletons). The cell characterizations were carried out after manually de-bonding the chip, as
the two parts are easily separable, as reported in the movie 2. We demonstrated that the chip can
resist for loading at pressure up to 0.7 mPa. During the cell culture incubation with cell culture
medium the chip de-bonded spontaneously after 3, 4, 6 or 11 days depending on the time of
dehydration (1, 2, 3 and 4 days) and material combinations. This can be advantageous to simply

de-bond the chip when recovery of the cells constructs is needed.

Taken altogether, these findings indicate that: (i) the GEL-D method is useful to bond
thermoplastic polymer microfluidics and other materials; (ii) the permeability of the gelatin film
can be adjusted operating on dehydration times and (iii) the bonded microchannels are pertinent
substrates for cell culture and growth of microtissues, making possible on and off-chip live and
post fixation fluorescence imaging.

Conclusions

In this communication, a cost-effective, reproducible and reversible gelatin-based
bonding method to fabricate closed microfluidic chips was introduced for the first time. The
protocol was validated for a wide range of materials commonly used by the microfluidics
community. The unique properties of the biocompatible and cheap gelatin have been exploited to
obtain a strong chip sealing. This is, therefore, an interesting alternative to more costly and
complex bonding procedures that are often performed in clean room-like facilities, making it
suitable and convenient for industrial applications and also for academic practical course. The
maximum pressure resistance measured exceeded 0.70 MPa, covering the majority of
microfluidic applications. The sealing is also resistant to cell culture conditions and therefore
useful in organ and tissue on chip. Furthermore, the possibility to easily de-bond the chip makes
it very useful for off-chip cells analysis. The dehydrated gelatin film interface is very transparent
and makes possible high quality on-chip imaging and analysis, such as the live/dead assay

reported here. Advantageously, the proposed bonding method makes it possible to manufacture



cell culture chips with a gas-permeable intermediate layer, opening new routes for the use of
plastic materials instead PDMS. Therefore, we believe that this GEL-D method could be a
versatile and simple bonding solution for a wide range of microfluidic platforms, especially

pertinent for cell-based applications.
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Figure legends

Figure 1. Microfabrication protocol and bonded chips. (a) Schematic illustration of the GEL-D
bonding method. (b) The pictures of the chips fabricated using the proposed method.

Figure 2Seheme-1. Scheme of the gelatin coating process. (a) Deposition of gelatin dispersion,
(b) thin layer formation by spin coating technology and (c) gelatin coated microchannel ready for
the “assembling/clumping” step.

Figure 23. Sealing test of bonded chips. The red fluorescent solution was injected at 100 puL/min.
() A bright field microscopy image of the PMMA/PMMA microchannel filled with the liquid
solution. (b-d) Epi-fluorescence images of the half-part PMMA/PMMA microchannel after 1 (b),
30 (c) and 60 (d) minutes of flow injection. (e-g) Epi-fluorescence images after 60 minutes of
flow into the other configurations: Glass/PMMA (e), Glass/PDMS (f) and NOA/PMMA (q). (h-i)
Analysis of the fluorescent intensity across the microchannels (after 60 min of flow) in the chip
bonded after 1 (h) and 3 (i) days of dehydration.

Figure 4} Bond strength of the proposed method for different configuration chips. The
pressures at which a bonding burst occurred are shown for each chip. The highest tested pressure
was 0.7 MPa.

Figure 53. Bonding of narrower microchannels. (a-b) Photograph of the bonded chip featured
with linear microchannels connected to microwells. (c) The detailed design developed to show
the versatility of the GEL-D bonding method. (d-e) Top view of the fluorescent solution
confined in the miniaturized channel. (f-g) A 3D reconstruction of confocal microscopy images
showing that gelatin not alter the initial configuration. (h-i) Relative sections of the
microchannel connected to the microwell.

Figure 64. Application of the fabricated chips for cell culture. (a) The graph shows different
durability times in a cell culture incubator for the PMMA/PMMA and Glass/PDMS chips
bonded with a dehydration time of 1, 2, 3 and 4 days. (b) Live/dead assay of HT-29 cells after 1
days of culture, scale bar 10 um. (c) Growth of a tumor microtissue after 7 days of culture on-
chip, scale bar 50 um. The confocal microscopy characterization was made off-chip, after the de-
bonding of the device.



