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We report on the development of a new array-based screening flat platform with the potential to be

used as a high-throughput device based on biomimetic polymeric substrates for combinatorial cell/3D

biomaterials screening assays in the context of tissue engineering. Polystyrene was used to produce

superhydrophobic surfaces based on the so-called lotus effect. Arrays of hydrophilic regions could be

patterned in such surfaces using UV/ozone radiation, generating devices onto which combinatorial

hydrogel spots were deposited. The biological performance of encapsulated cells in hydrogels could be

tested in an in vitro 3D environment assuming that each site was isolated from the others due to the

high contrast of wettability between the patterned spots and the superhydrophobic surroundings.

Three different polymers—chitosan, collagen and hyaluronic acid—were combined with alginate in

different proportions in order to obtain combinatorial binary alginate-based polymeric arrays.

The effect of the addition of gelatin to the binary structures was also tested. The gels were chemically

analyzed by FTIR microscopic mapping. Cell culture results varied according to the hydrogel

composition and encapsulated cell types (L929 fibroblast cells and MC3T3-E1 pre-osteoblast cells).

Cell viability and number could be assessed by conventional methods, such as MTS reduction test

and dsDNA quantification. Non-destructive image analysis was performed using cytoskeleton and

nuclei staining agents and the results were consistent with the ones obtained by conventional

sample-destructive techniques. Briefly, L929 cells showed higher number and viability for higher

alginate-content and collagen-containing hydrogels, while MC3T3-E1 showed higher cell viability and

cell number in lower alginate-content and chitosan containing hydrogels. The addition of gelatin did

not influence significantly cell metabolic activity or cell number in any of the encapsulated cell types.

Introduction

In tissue engineering, the study of the interactions between

three-dimensional (3D) constructs and cells is traditionally

limited to a low number of combinations of materials, cell types

and external stimuli. Cell response to biomaterials is known to

be affected by a wide range of complex interdependent signals.1

In its majority, the function and interactions between these

signals still remain undisclosed and the variation of most of
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E-mail: jmano@dep.uminho.pt

b ICVS/3B’s—PT Government Associate Laboratory,
Braga/Guimarães, Portugal

w Electronic supplementary information (ESI) available. See DOI:
10.1039/c2ib00170e
z C.L.S. and M.B.O. contributed equally to this work.

Insight, innovation, integration

This paper reports the development of a new concept of flat

biomimetic platforms for high-throughput analysis of cell–3D

biomaterials interactions. Polystyrene superhydrophobic sur-

faces were treated by photolithography in order to obtain

hydrophilic regions where hydrogel precursors are deposited

and restricted by the contrast of wettabilities between the

superhydrophobic and the hydrophilic regions. The proof-of-

concept was carried out with combinations of alginate with

different natural-based polymers and two distinct cell lines. A

total of 48 different cell-biomaterials combinations were char-

acterized physicochemically by FTIR microscopy imaging. In

vitro cytocompatibility testing was also carried out both by

chip-destructive methods and by non-destructive/image-based

methods; the results obtained by both methodologies were

consistent, providing an indication that the developed plat-

forms permit a future complex and fast biological screening.
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these mechanisms has been usually studied individually. This

led to the necessity of developing efficient and cost-saving

platforms for the screening of biomaterials that act as artificial

extracellular matrices (ECMs) for tissue regeneration, in order

to study the systematic variation of diverse factors in a high-

throughput manner.

Although combinatorial biomolecular libraries of DNA and

drug microarrays have been widely reported,2 the synthesis of

polymeric libraries is still a recent challenge, especially if one

intends to reproduce the 3D environment felt by cells in vivo.

High-throughput analysis has allowed for the fast study of

arrays of biomaterials physicochemical characteristics3–5 and

cell response to combinatorial arrays of substrates and soluble

factors.6–9

The development of new platforms for a high-throughput

study of biomaterials and respective interactions with cells

must take into consideration three different aspects: (i) the

easy fabrication of the platform where the different materials

are deposited with controlled volumes; (ii) the easy generation

of combinatorial biomaterial arrays and combinations in the

desired shape and organizational structure, such as scaffolds

or hydrogels, optionally combined with other tissue engineering

components such as soluble factors or cells; (iii) the reliable

collection of results (either from physicochemical characteriza-

tion or biological response), ideally avoiding the destruction of

the whole final high-throughput platform.

Aiming to obtain substrates for the production of biomaterial

arrays, top-down techniques can be used to pattern substrates in

which polymeric materials can be further deposited. Regarding

this group of techniques, emphasis has been given to lithographic

methods, namely photolithography which uses patterned

hollow masks that allow for the substrate to be exposed to

radiation in some areas leading to selective crosslinking10 or

changes of the wettability of specific regions of the substrate,

as suggested herein.

This concept relies on the contrast between surface wettability

for the construction of chips and was previously used in

2D studies to investigate the effect of pre-adsorbed proteins

in cell adhesion and growth11 or for the assessment of the

osteoconductivity of inorganic nanoparticles.12

The assessment of cell behavior into flat (2D) biomaterials

has been carried out by developing microarray systems to, for

example, study the interactions among biomaterials, adsorbed

proteins and human embryonic stem cells.13 However, in the

tissue engineering field, such tests should ideally be performed

in microenvironments that could mimic better the in vivo

conditions. Therefore, the extension of combinatorial assays

to 3D milieus is an important step in the improvement of

the reliability of the results obtained in high-throughput

platforms.14 Polymeric 3D arrays of well-characterized biodegrad-

able polymer blends were used to test the ability to efficiently

screen different materials with a range of different cell types6 and

to study stem cell behavior15,16 using techniques such as direct

printing of microlitre-sized gels.17 However, few solutions

have been proposed in the case of the comparison between

biomaterials exhibiting complex structures. In order to obtain

3D porous scaffolds combinations, commercially available

polystyrene (PS) well plates have been proposed.18,19 Porous

gradients with the single-factor variation of some property of

the material, e.g. crosslinking extent,20 or calcium phosphates

content,19 have also been suggested. The variation of the size

and shape of the structures in commercial PS well plates is

limited to the size of the wells, as their full characterization

inside the wells may be a difficult task in cases where image

analysis or insertion of probes may be needed. In the case of

gradients, the variation of more than one single factor may be

difficult due to the absence of a physical separation between

the different regions in the scaffold/hydrogel.

Herein, we propose a new concept of miniaturized device for

combinatorial screening of chemical composition and cyto-

compatibility of 3D biomaterials. The device is based on the

use of previously reported superhydrophobic substrates,21 in

which cell attachment seems to be decreased.22–24 UV/ozone

(UVO) irradiation could be used to locally modify the wetta-

bility of such substrates up to the superhydrophilic regime,

using hollow photomasks to generate spot regions. Different

biomaterials can be then dispensed in these regions. The main

objective of this work is to develop a combinatorial array-

based screening assay using such new polymeric chips to

evaluate different biomaterial/cell compositions for tissue

engineering applications by dispensing hydrogel-precursor

polymeric solutions with encapsulated cells followed by the

respective ionic crosslinking over controlled spatially modified

superhydrophobic substrates.

Natural-based polymers have been widely used as supports

for tissue engineering applications.25 In this work, combinations

of natural macromolecules including alginate (Alg), chitosan

(Chi), collagen (Coll), hyaluronic acid (HA) and gelatin (G)

were explored to demonstrate the applicability of the proposed

technology, since different kinds of conjugates with natural

polymers have been shown to be favorable for different cell

types in tissue repair.26

Materials and methods

Processing of superhydrophobic polymeric substrates

Commercially available PS plates (Corning) and PS flakes

(Mn = 69 000, Mw/Mn = 1.734) were used. Tetrahydrofuran

(THF) was purchased from Fluka (p.a. 499.5%) and ethanol

absolute from Panreac. The surfaces were modified according

to the protocol described elsewhere.11,21,27,28 The developed

superhydrophobic substrates were treated using a UVO lamp

(Bioforce, Nanosciences) for 20 minutes. In order to control

the wettability, an aluminium mask with 4 mm2 open squares

separated by 0.5 mm was used. The wettability of the studied

surfaces was assessed by contact angle (CA) measurements.

Static CA measurements were carried out using an OCA15+

goniometer (DataPhysics, Germany) using the Sessile drop

method. Distilled water (3 mL) was dropped on the surfaces

(hydrophilic and superhydrophobic) and pictures were taken

after stabilization of the water droplet.

Cell expansion and preparation of the materials for cell culture

A fibroblast cell line (L929, ATCC) and a pre-osteoblast cell line

(MC3T3, ATCC) were used as well established cell lines for

preliminary biocompatibility studies. Cells were expanded in basal

medium consisting of alpha-MEMmedium (a-MEM; Gibco, UK)
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supplemented with 10% heat-inactivated fetal bovine serum

(FBS; BiochromAG, Germany) and 1% antibiotic/antimyotic

solution (final concentration of penicillin 100 units mL�1 and

streptomycin 100 mg mL�1; Gibco, UK). Cells were cultured

at 37 1C in an atmosphere of 5% CO2. Prior to cell culture,

Alg, Chi and G solutions were sterilized in an autoclave for

15 minutes at 121 1C and 1 atm. HA and Coll solutions were

filtered, and PS superhydrophobic surfaces were immersed in

ethanol 70% solution overnight and then rinsed with sterile

phosphate buffer saline (PBS).

Production of 3D structural spots onto the hydrophilic regions of

the developed chips

The 3D structures were prepared by dispensing polymeric

solutions onto the hydrophilic spots of the PS substrates

prepared as described before. The hydrogels were prepared

using aqueous solutions of: sodium alginate, 1 wt/v% (Sigma,

USA); water soluble chitosan, 1 wt/v% (Novamatrix, Norway);

collagen type I, 1 wt/v% (Fluka, Switzerland); gelatin B, 0.2 wt/v%

(Aldrich, USA) and hyaluronic acid sodium salt, 1 wt/v%

(Sigma, USA). After trypsinisation from the cell culture flask,

cells were concentrated and mixed with the liquid polymeric

hydrogel precursors at a constant concentration of 5 � 104 cells

per spot. The liquid drops were solidified by the action of

crosslinker CaCl2 (0.5 M) (Merck) with 4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid (HEPES, 0.1 M) (Sigma, USA).

In each spot, a total amount of 4 ml of polymeric solutions (the

amount of which depended on the weight proportion of alginate

being tested) and 1 ml of crosslinking solution were dispensed

using a digital micropipette, in a drop-by-drop logic. Different

proportions of the materials were analyzed (40 : 60; 50 : 50;

70 : 30 and 90 : 10—weight proportion of different materials/

alginate).

Characterization of the material distribution in the hydrogel spots

To assess the presence and distribution of the materials in each

spot and to verify if the semi-IPN could maintain its integrity

after 24 hours of immersion in a liquid medium, Fourier

Transform Infrared (FTIR) analysis was performed for all

samples. A whole chip with the polymeric mixtures—with no

encapsulated cells—was immersed in PBS for 24 hours. The

samples were then air-dried in order to minimize the absorp-

tion peaks of water in the FTIR analysis. A whole chip was

then placed in a Perkin-Elmer Spectrum Spotlight 200 FTIR

Microscope System and each spot was analyzed in

reflectance mode.

Characteristic absorption bands of each polymer were

selected29 and identified in FTIR collected data for each

control, i.e. the pure polymer dispensed and dried in the

platform. The main aim was to assess the polymers distribu-

tion in the air-dried structures. In the case of Alg/Coll

mixtures, the distribution of both polymers could be assessed.

However, in Alg/Chi and Alg/HA the overlapping of the

characteristic peaks of alginate did not allow for the simulta-

neous identification of both polymers in the maps. As a

consequence, the distributions of chitosan and HA in the

mixtures with Chi were identified individually. Regarding the

gelatin-containing structures, the identification of this polymer

in the mixtures containing collagen was not possible due to the

protein character of both of them. Since Chi and HA could not

be distinguished from alginate, we chose to analyze the Alg/

HAG and Alg/ChiG mixtures excluding the chemical mapping

of alginate and distinguishing gelatin from HA and Chi.

However, these are results that require a careful analysis, since

the peaks that identify these polymers are close in the infrared

spectrum and overlapping phenomena may be observed. The

chemical groups and the corresponding infrared peaks as well

as the respective chosen bandwidths used to identify each

polymer are specified in Table 1.

Regarding the colors used in the chemical mapping of the

mixtures, for the single identification of chitosan in Alg/Chi

mixtures, blue was the chosen color; dark yellow was used for

the single identification of HA in Alg/HA mixtures. In the Alg/

Coll mixtures, green was chosen for the identification of alginate,

while light yellow was used in the identification of collagen.

To distinguish gelatin from Chi in Alg/ChiG mixtures, gelatin

was considered red, while Chi was considered as blue. In the

same logic, in Alg/HAG mixtures, gelatin was considered red

while HA remained dark yellow.

Spectra were collected in continuous scan mode for sample

areas of 100 � 100 mm2, with a spectral resolution of 16 cm�1,

averaging 15 scans for each spectrum.

Cell culture in the superhydrophobic chips

For cell encapsulation experiments, the chips with the hydrogels

and cells were placed in a 6-well plate with 5 mL of complete cell

culture medium. PS substrates cut from commercial Petri dishes

were used as controls. All seeded samples and controls were

incubated for 24 hours in order to evaluate the cell viability and

quantify the cell number in the different materials combinations.

Cell response assessment

Destructive tests for viability assessment and cell quantifica-

tion.After 24 hours of cell culture, the hydrogels were removed

from the platform and disaggregated using 5 mL of sodium

citrate solution (100 mM). The cell viability was determined

Table 1 List of the characteristic peaks and restriction bandwidths used to identify each polymer in the FTIR mapping analysis

Polymer Identified simultaneously with Characteristic group(s) Corresponding peak/cm�1 Selected bandwidth/cm�1

Chitosan — Amine I B1650 1680–1620
Collagen Alginate Amine I (present in proline) B1650 1680–1620

Amine II (present in glycine) B1550 1580–1520
Hyaluronic acid — Ester B1045 1055–1035

Amine II B1550 1580–1520
Alginate Collagen Ester B1045 1000–1100
Gelatin Chitosan and hyaluronic acid Amine I B1650 1680–1620

Amide B1650 1680–1620
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using the CellTiter 96sAQueous One Solution Cell Proliferation

Assay (Promega, USA). This assay is based on the bioreduction

of a tetrazolium compound, 3-(4,5-dimethylthiazol-2yl)-5-(3-car-

boxymethoxyphenyl)-2-(4-sulfofenyl)-2H-tetrazolium (MTS), into

a water-soluble brown formazan product. The absorbance was

measured at 490 nm in a microplate reader (SynergieHT, Bio-Tek,

USA), being related to the quantity of formazan product and

directly proportional to the number of living cells in the

constructs. Samples were characterized in triplicate.

Cell number was quantified by the total amount of double-

stranded DNA (dsDNA). Quantification was performed using

the Quant-iTt Pico-Green dsDNA Assay Kit (Invitrogent,

Molecular Probest, Oregon, USA), according to the instruc-

tions of the manufacturer. Briefly, cells in the construct were

lysed by osmotic and thermal shock and the supernatant was

used for the dsDNA quantification assay. The fluorescence of

the dye was measured at an excitation wavelength of 485/20 nm

and at an emission wavelength of 528/20 nm, in a microplate

reader (Synergie HT, Bio-Tek, USA). The dsDNA concen-

tration for each sample was calculated using a standard curve

(dsDNA concentration ranging from 0.0 to 1.5 mg mL�1)

relating the quantity of dsDNA and fluorescence intensity.

Samples were characterized in triplicate.

Non-destructive image-based tests for cell viability and quanti-

fication assessment. After 24 hours of cell culture, cell viability

was evaluated by a non-destructive live/dead assay. After

washing the samples with PBS, the samples were incubated

with 100 mL of calcein AM solution (2 mg mL�1) and 100 mL of

propidium iodide solution (consisting of 1 mg mL�1 of propidium

iodide and 10 mgmL�1 of RNAase A in PBS, prepared from stock

solutions of 1 mg mL�1 of propidium iodide in distilled water,

and 1 mg mL�1 of RNAase A in distilled water). The incuba-

tion time was of 30 minutes at 37 1C for all samples. Cell

quantification could be performed by staining the cells nuclei

with 40,6-diamidino-2-phenylindole (DAPI—1 mg mL�1).

In both cases, fluorescence microscopy (Reflected/Transmitted

Light Microscope, Zeiss) was used for image analyses on

WCIF Image J software, using 10 images of 200� magnifica-

tion per sample, and the same threshold criterions were used in

all images.

A schematic resume of the procedure performed in this

study can be seen in Fig. 1.

Results and discussion

Superhydrophobic biomimetic substrates with a water contact

angle of 151.7 � 3.11 (see contour of the water droplet in

Fig. 1) were obtained by phase-separation of PS.25 This

polymer was used since it is the gold standard material for

in vitro cell culture. Hydrophilic patterns were obtained after

20 minutes of UVO exposure covered with a photomask, and

the contact angle of the treated regions decreased to 72.4 � 2.31

(see contour of the water droplet in Fig. 1). Controlled volumes

of liquid precursors with mixed cells could be dispensed in such

wettable spots using a micropipette and were kept confined in

that area during crosslinking and after 24 hours of immersion in

cell culture medium due to the surface tension contrast between

the wettable spot and the surrounding superhydrophobic

regions (Fig. 2A). The contrast of hydrophobicity between

the patterned spots and the surrounding area allows for an

easy variation of the volume of the hydrogels, as already

proven by Neto et al.11 with the deposition of simple liquids

in the spots, by the variation of the spots area and volume of

the deposited solution. Also, these platforms allow for the

sloping and transportation of the whole platform without the

mixture of the individual volumes dispensed in each

hydrophilic spot.

In this work, the size of the hydrogels differs from biological

chips of previously referred proposed systems, in which the

dispensed spots have sizes in the micrometric range. In this

new platform, the size of material structure can be easily

varied, simply by varying the size of the hollows in the masks

and the volume of the liquid precursors. The millimetric sizes

of the hydrophilic spots open the possibility of, in the future,

producing structures with hierarchical organization such as

porous scaffolds exhibiting pore sizes adequate for tissue

engineering applications.

Volumes of 4 ml of aqueous polymeric solutions with a

constant density of encapsulated cells were dispensed in the

wettable regions of the platform, and crosslinked afterwards

with CaCl2, in order to obtain arrays of hydrogel spots with

sizes of ca. 4 mm2 (Fig. 2A). The whole chip was incubated in

Fig. 1 Schematic representation of the process used to create hydrophilic spots in the initially superhydrophobic substrate using a hollow mask to

imprint wettable spots by the action of UVO irradiation. Images of the contours of water droplets in the original (superhydrophobic) and surface

modified (hydrophilic) substrates are included. The characterization of each construct can be carried out by individual destructive tests or using

colorimetric/image analysis in which the biomaterials are kept in the chip.
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cell culture medium right after the crosslinking reaction (Fig. 2B).

For the proof-of-concept, alginate-based hydrogels were used

since alginate is largely used in cell encapsulation.30 To obtain

arrays of alginate-based natural polymer hydrogels, alginate was

mixed with Chi, Coll and HA in 40, 50, 70 and 90% (weight/

weight) ratios. We also analyzed the effect of the addition of

gelatin in all binary alginate–natural polymer mixtures. A total of

24 different combinations of materials were obtained per

platform. These were tested with 2 different encapsulated cell

types, resulting in a total of 48 cell per polymer combinations,

which were tested in triplicate. In order to show the stability of

the chips over time, those were kept in cell culture medium for

3 days and no delamination of the spots was observed.

In a first set of arrays, Alg was mixed with Chi, which is one

of the most commonly used polymers in biomaterials produc-

tion. Chi has already been conjugated with a wide range of

polymers, including alginate.31 Coll was also used to produce a

set of arrays; it is the most abundant protein in the body and

shows characteristics such as high mechanical strength, good

biocompatibility and low antigenicity. Combinations of Coll

with several materials have been prepared, such as Coll

microsponges impregnated into previously prepared synthetic

polymeric scaffolds, enhancing biological performance.32 HA

was another polymer tested in binary combinations with Alg.

It is a water-soluble and high-swelling polymer which can form

hydrogels, which are enzymatically degraded by hyaluronidase,

existing in cells and blood serum. It is mainly used in cartilage

tissue engineering since it is part of this native tissue. Combined

with Alg and Chi, the presence of HA allowed for the production

of an artificial ECM that permitted the growth of the embedded

chondrocytes.33,34 We also investigated the potential biological

effect of the addition of gelatin—obtained from the denaturation

of collagen—to the previously described mixtures, obtaining

ternary combinations. Gelatin was reported to improve

mesenchymal stem cell attachment for further chondrogenic

differentiation in hyaluronic acid hydrogels35 and to improve

cell adhesion.36

The choice of the processing method for the polymeric

structures focused on the easiness, rapidness and compatibility

with cell encapsulation. Thereby, the materials were processed

as semi-IPNs,37,38 using Alg as the mesh-forming crosslinkable

polymer by simple ionic gelling, in a drop-by-drop based

technique to spot the hydrogels in the hydrophilic patterns.

Besides cytocompatibility studies, the proof of concept of the

functionality of this platform opens the path for its use in

more complex and long term studies in the future involving,

for example, stem cells differentiation.

This study aimed to test the suitability of the developed

superhydrophobic platforms by performing a preliminary

rapid screening of biomaterials for two different cell types.

FTIR mapping analysis was performed in order to (i) check

for the distribution of the polymers after 24 hours of immersion

in PBS, (ii) observe the differences in the amount of each

polymer in the gradients and (iii) check for the existence of

vestiges of all polymers in the mixtures after 24 hours of

immersion in PBS. In Fig. 3 the images resulting from the

infrared bandwidth restriction can be seen for the selected

colors for each polymer (corresponding to the bandwidth

restrictions indicated in Table 1). A first analysis of the FTIR

maps can be performed regarding the amount of each polymer

in the increasing Alg-content mixtures. Considering Chi single

quantification results in the Alg/Chi mixtures, it seems that a

decrease in the intensity of the blue color in the FTIR maps

occurred with the increase of alginate amount, which is related

to the decrease in the amount of polymer in the structure. The

same tendency could be seen in Alg/HA mixtures, even in a

more clear way, observing the decrease in the dark yellow-

colored regions. Regarding Alg/Coll mixtures, the presence of

both polymers—Alg and Coll—could be detected. From the

mixture with 40% content of alginate to the one with 90%

content, a decrease in the yellow color in the maps (corresponding

Fig. 2 (A) Hydrogel samples dropped into the hydrophilic spots.

(B) Magnified image of the hydrogel alginate based materials after

24 h of immersion in culture medium.

Fig. 3 Chemical maps of the 40%, 50%, 90% and 100% alginate

(labeled as A) formulations. Respective FTIR spectra of the poly-

meric mixtures in which corresponds to 40% alginate-content

hydrogels, to 50% alginate hydrogels, to 90% alginate-

content hydrogels and to 100% alginate-content hydrogels.

The area of each chemical map corresponds to 100 � 100 mm2.
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to collagen) can be observed, accompanied by an increase in

the ratio of green color (corresponding to alginate).

It was possible to assess the presence of gelatin in the

mixtures in the case of the systems containing Chi and HA.

However, considering the proximity of the peaks used to

identify gelatin from the ones present in these two polymers,

the analysis of the results is not straightforward. For these two

cases, it seems that in the higher (90%) Alg content mixtures,

more spots corresponding to the gelatin color—red—can be

seen. This may be explained by the higher crosslinking extent

of the network due to a larger amount of crosslinked matrix

(Alg), resulting in a more stable retention of the gelatin on

the spots. Control spots with 100% Alg were analyzed in the

characteristic bandwidths of the mixed polymers and the

results show the almost complete absence of color in these

FTIR chemical maps. Moreover, the FTIR spectra in Fig. 3

show the characteristic peaks of the polymers in the mixtures

evidenced by grey bars. In general, peaks of higher intensity

can be seen in 60% non-crosslinked polymer formulations

(i.e., 60% of Chi, Coll, HA or their mixtures with gelatin), while

lower intensity peaks can be seen in 10% non-crosslinked

polymer formulations.

Regarding the distribution of the mixed polymers in the Alg

network, apparent phase separation in some materials combina-

tions could be observed. Also, these phase separations presented

different sizes according to the type of mixture. For example,

in the case of Alg40/Coll60 and Alg40/60HAG mixtures,

the aggregates of the phase separation have sizes around

10 mm. In the case of 40Alg/60HA and 40Alg/60ChiG, the

phase separation aggregates seem to be around 20 mm. This

difference of sizes between the aggregates may possibly be

explained by the charges of the polymers while they are mixed

in the liquid precursor. In the case of Alg/Coll mixtures, the

polymers present opposite charges: the net charge of Coll is

positive, while the charge of sodium alginate is negative. This

may lead to favorable electrostatic interactions between the

polymers during their mixing, forming smaller aggregates,

resulting in a more homogeneous distribution of the non-

crosslinked polymer in the further crosslinked Alg matrix.

On the other hand, in cases in which the polymers show

equivalent charge (for example, HA/Alg and Chi/G), the

repulsion between the polymeric chains due to the charges

may lead to the formation of larger aggregates of each

polymer, as could be verified in 40Alg/60HA and 40Alg/

60ChiG mixtures.

Two distinct cell types were used in the in vitro biological

tests: the fibroblast cell line L929, which is widely used for

cytotoxicity experiments, and the pre-osteoblast MC3T3-E1

cell line, which is a well-characterized model for osteoblasts

since it follows the typical stages of osteogenesis during culture

in both 2D and 3D environments.39

Regarding the risk of crosstalk and cell passage between the

different spots, it has been proved that this type of super-

hydrophobic surfaces impairs the adhesion and inhibits the

proliferation of several cell types.22,24,28 Moreover, in this

application the cells are encapsulated in the hydrogels, making

their mobility more difficult than if they were simply seeded in

the hydrophilic patterned regions.

After 24 hours of cell culture, all the materials were analyzed

using both indirect (or image analysis-based) and direct

(conventional destructive) methods for cell quantification

and cell metabolic activity assessment. According to the

24 different hydrogels compositions, the behavior of both cell

types was expected to vary with the presence of specific

proteins (such as Coll) and chemical nature. Indirect methods

were performed by image analysis of each spot using fluorescent

staining for cell nuclei (Fig. 5) and live (green)/dead (red) for

cell cytoskeletons (Fig. 4).

Fig. 4 (A) Fluorescent microscopy images of viable cells in the hydrogels stained with calcein AM after 24 h of culture. Images scale bar

corresponds to 700 mm. (B) Calcein AM (green)/propidium iodide (red) (live/dead) staining with the magnification used for the calcein AM pixel

quantification (200�). (C) Live/dead staining images (merged and with the live cells staining and dead cells staining shown separately) of three

different polymeric mixtures in which the ratio of viable cells per total amount of cells (which was calculated by the MTS/dsDNA quantification

values) is decreasing from the upper mixture to the lower mixture, as indicated by the arrow.
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The direct methods were performed by extracting the cells

from the materials spots and incubating them in MTS solution

or by quantification of extracted dsDNA from lysed cells,

according to the methods usually performed in single scaffold

analysis. The results obtained from the indirect tests were treated

and are represented as intensity maps in Fig. 6A1 and B1.

The validation of the non-destructive assessment of the data

in a high-throughput manner is important since it eliminates

the necessity of taking the hydrogels from the platform and

decreases analysis time. The hydrogels/cells constructs were

evaluated by a dye combination of calcein AM for cellular

viability/propidium iodide for dead cells and DAPI for nuclei

quantification. The specific biological properties of the spots in

the hydrogel arrays could be assessed through image analysis

in which the cell number could be quantified. The corresponding

heat map of such data is presented in Fig. 6A2 and B2. In

Fig. 4A, the calcein AM staining of viable cells in each

hydrogel can be observed in a magnification that allows for

the visualization of the whole hydrogel structure. For the

visualization of the merged calcein AM and propidium iodide

staining, more magnified images—which are used for the

viable cells quantification—are presented in Fig. 4B.

In Fig. 4C, in order to show the live/dead staining for low

magnification images (which allow for the observation of the

whole hydrogel), we show the merged live/dead images and the

independent stainings for 3 different combinations. Since in

the images an apparent increase in the number of non-viable

cells could be seen from the mixture HAG40 (with low dead

cells number) to the Coll40 mixture (with an apparent high

dead cells number), we compared the results with the ratio

between MTS reduction test and dsDNA quantification values

(MTS/dsDNA), in order to compare the number of viable cells

with the total amount of cells in the hydrogels. We could

observe that the ratio between dead cells and live cells was

effectively higher in the Coll40 mixture, followed by the Coll50

mixture, and much lower in the HAG40 mixture.

Most biological results that were observed by fluorescence

microscopy (Fig. 4 and 5, with the tendencies represented in

the intensity maps of Fig. 6A2 and B2) are consistent with

those obtained by MTS reduction and dsDNA extraction

protocols (with the tendencies represented in the intensity

maps of Fig. 6A1 and B1). Such finding seems to indicate

that the indirect colorimetric assays on the spots could provide

data consistent with the results obtained by the conventional

destructive tests. The findings obtained by the observation of

the cellular behavior in quite distinct materials and using two

cell types provide a good indication that this methodology

could be extended to other cell-3D materials interactions.

For both MTS test absorbance results (Fig. 6B1) and the

calcein AM fluorescence microscopy image analysis

(Fig. 6B2), higher number of viable L929 fibroblast cells could

be seen in 70% Alg content hydrogels. This tendency could be

observed especially in the presence of Coll and HA, which are

macromolecules present in connective tissues, highly populated

by fibroblasts. In the analyzed formulations hydrogels containing

Chi showed the lowest viability results.

MC3T3-E1 cells showed increased cell viability in structures

with higher Chi content: Alg40/Chi60, Alg40/ChiGel60 and

Alg50/Chi50, which can be seen in both MTS and calcein

AM data in Fig. 6B1 and B2. The presence of HA improved

MC3T3 viability in the Alg50/HA50 condition up to values

corresponding to chitosan-containing hydrogels with lower

Alg content. Also, in the lowest ratio of Alg hydrogel

(40%), the presence of Coll improved cell viability, which

was expectable since Coll fibers constitute the most abundant

protein structure in the pre-bone (osteoid) and bone native

tissue.40

Both dsDNA quantification (Fig. 4B) and analysis of DAPI

staining images (Fig. 5) showed that L929 cells preferred higher

Alg content hydrogels (50% to 90%, especially for formulation

containing 90% Alg). Contrarily, MC3T3-E1 cells showed

higher number in lower alginate content hydrogels, with

prevalent higher number in 40% and 50% of Alg compositions.

In general, the intensity corresponding to the cell number

observed for the L929 cell line was stronger than the one

observed for the MC3T3-E1 cell line, which is related to the

threshold of proliferation of each of the cell lines: L929

typically shows faster proliferation rate than MC3T3-E1.

Fig. 5 Fluorescent microscopy images of hydrogels stained with DAPI for the cell nuclei blue staining. In left, randomly selected 200�magnification

used for DAPI pixel quantification can be observed (the scale bar corresponds to 350 mm). In right, images of 50� magnification can be observed for

the conditions 90% Alg, which allows for a general observation of the distribution of the cells in the hydrogels.
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The exact values obtained for dsDNA and DAPI quantifica-

tions can be consulted in Fig. S1 and S2 (ESIw), respectively,
for hydrogels with encapsulated L929 cells and MC3T3-E1

cells (see ESIw).
In the analysis of the ratio between viable cells and total

number of cells (MTS/dsDNA; Fig. 6C), some differences could

be verified while comparing these values with the straight analysis

of the viable cells in the hydrogels. For example, in the case of

MC3T3-E1 cells in the mixtures A90/Chi10, A90/ChiG10 and

A90/Coll10, the number of viable cells was apparently low

(Fig. 6B2). However, the ratio of viable cells per number of total

cells in the hydrogels is high in the intensity map scale, meaning

that although the number of cells in the hydrogels was low these

cells were living. This probably means that these hydrogels allow

for the maintenance of viable cells, but do not promote cell

proliferation. In contrast, in the mixture A70/Coll30 in the L929

cell line, the high value of the measured optical density measured

for theMTS reduction test contradicts the low value of theMTS/

dsDNA ratio, meaning that in this case, although the cell number

is high, the corresponding living cells in the hydrogel is propor-

tionally low, meaning that probably cell proliferation occurred in

the 24 hours of cell culture, but not all of these cells could

remain alive in the hydrogel for this period of time.

In the case of HA-containing mixtures, the MTS and calcein

AM single analysis suggested that the HA-containing combina-

tions impaired cell viability. However, the comparison with cell

amount (dsDNA) revealed that although Alg/HA mixtures

seem not to promote cell proliferation in both cell types, they

allow for high cell viability values.

Despite the previously presented cases, in a broad sense the

tendencies for cell viability normalized with dsDNA amount

in the different compositions were corresponding to the

previously discussed MTS and calcein AM staining for both

cell types.

For the particular set of studied materials, the presence of

gelatin in the hydrogels did not lead to an improvement of

biological performance, neither in the viability nor in the cell

number, in any of the cell lines. The only condition in which

the presence of gelatin in the system seemed to improve the

cell adhesion was in L929 cell culture in the Alg90/HAG10

condition. Such results clearly demonstrate that the effect of

specific combinations of biomaterials may be not evident and

combinatorial evaluations are clearly necessary in the tissue

engineering field.

The obtained results constitute a proof-of-concept on the

development of an innovative method to create a cheap and

simple device to evaluate cell-materials interactions (namely,

cytocompatibility) using patterns of extreme wettability in a

single-polymer flat surface. It was clear that the hydrogel

network chemistry and encapsulated cell type could influence

the cell number and viability after 24 hours of cell culture. The

fabricated arrays are versatile and could be used to explore the

influence of other combinations of natural polymeric materials

and eventually soluble factors on the viability and prolifera-

tion of multiple cell types. A particular advantage of this

approach is the ability to screen the influence of different

conjugated biomaterials or signals on the behavior of distinct

cell types cultured in a 3D environment, avoiding the use

of complex and costly fabrication techniques. Further

approaches could allow for the assessment of the materials

degradation and other physicochemical characteristics within

each individual spot.

Fig. 6 (A1) dsDNA quantification of the cell number of fibroblast (L929) and osteoblast (MC3T3-E1) in different hydrogel samples after

24 hours of cell culture. (A2) MTS evaluation of cell metabolic activity of fibroblast cells (L929) and pre-osteoblast cells (MC3T3) in different

hydrogel samples after 24 hours of cell culture represented in an intensity map. (B1) dsDNA content (DAPI—blue) calculated using fluorescence

microscope images treated with the WCIF image J program and (B2) calcein AM fluorescence (viable cells—green) calculated using fluorescence

microscope images treated with the WCIF image J program. (C) MTS/dsDNA ratio results intensity map.
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In conclusion, array-based chips, with the potential to be

used as high-throughput devices, were obtained by the local

treatment of superhydrophobic surfaces, in which polymeric

precursors were dispensed in hydrophilic spots, and main-

tained in the spot due to the contrasting wettability between

the spot area and the surrounding area. Two cell types were

used in the study of alginate-based hydrogels obtained by the

mixture of alginate with other natural polymers and cells,

followed by ionic crosslinking. Analysis of cell viability and

cell number after 24 hours of cell culture was performed by

conventional methods, which require the destruction of the

whole chip integrity. Non-destructive methods based on image

analysis were also performed and the results of these tests

match the tendencies shown by the conventional destructive

tests. This new chip allows not only for the performance of

several cell tests in new hydrogel combinations encapsulating

different cell types, but also for their analysis without the

destruction of the whole platform.

Conclusions

We propose a new concept of miniaturized devices for combi-

natorial biological screening of 3D biomaterial structures/cells

interactions. Those are based on the use of biomimetic super-

hydrophobic substrates in which UVO modification could be

used to locally modify the wettability to hydrophilic charac-

teristics. Masks were used to spot wettable regions where

different combinations of natural biomaterials with encapsu-

lated cells were deposited and further ionically crosslinked.

Chemical mapping showed that the combined polymers were

dispersed in the crosslinked matrix and that vestiges of all

polymers could be identified in the hydrogels after 24 hours of

immersion.

The different materials combinations showed different

effects on two encapsulated cell types: L929 and MC3T3-E1

cell lines. Local and non-destructive cytotoxicity and cell number

assessment were developed using cell dying agents and an image

analysis program. Results corroborate the conventional destruc-

tive MTS and dsDNA quantification results, showing that this

new method allows for rapid and non-destructive array-based

analysis of the cytotoxicity of biomaterial combinations.

Regarding cell culture results a tendency can be seen in both

cell types, according to the addition of different biomaterials,

especially of collagen in the case of L929 cells, or chitosan in

the case of MC3T3-E1 cells. The addition of a highly viscous and

highly hydrating material such as HA decreased MC3T3-E1

viability and cell number. Also, L929 culture showed enhanced

results in high-content alginate hydrogels, whereas osteoblasts

showed opposite tendency. The addition of gelatin to the

binary polymeric hydrogels analyzed did not show any effect

in biological performance.

Besides cytotoxicity analysis, this platform shows to be

promising for more complex analysis of 3D biomaterials–cells

interactions for tissue engineering purposes.

Acknowledgements

M.B. Oliveira acknowledges Fundação para a Ciência e para a

Tecnologia for the PhD grant SFRH/BD/71396/2010.

References

1 E. S. Place, N. D. Evans and M. M. Stevens, Nat. Mater., 2009, 8,
457–470.

2 R. Macarron and R. P. Hertzberg, Mol. Biotechnol., 2011, 47,
270–285.

3 C. Moraes, G. Wang, Y. Sun and C. A. Simmons, Biomaterials,
2010, 31, 577–584.

4 J. M. Kranenburg, C. A. Tweedie, K. J. van Vliet and
U. S. Schubert, Adv. Mater., 2009, 21, 3551–3561.

5 J. A. Burdick and F. M. Watt, Nat. Methods, 2011, 8, 915–916.
6 F. Khan, R. S. Tare, J. M. Kanczler, R. O. C. Oreffo and
M. Bradley, Biomaterials, 2010, 31, 2216–2228.

7 A. L. Hook, D. G. Anderson, R. Langer, P. Williams, M. C. Davies
and M. R. Alexander, Biomaterials, 2010, 31, 187–198.

8 A. A. Chen, G. H. Underhill and S. N. Bhatia, Integr. Biol., 2010,
2, 517–527.

9 J. P. Jung, J. V. Moyano and J. H. Collier, Integr. Biol., 2011, 3,
185–196.

10 B. Yuan, Y. Li, D.Wang, Y. Xie, Y. Liu, L. Cui, F. Tu, H. Li, H. Ji,
W. Zhang and X. Jiang, Adv. Funct. Mater., 2010, 20, 3715–3720.

11 A. I. Neto, C. A. Custodio, W. Song and J. F. Mano, Soft Matter,
2011, 7, 4147–4151.

12 G. M. Luz, A. J. Leite, A. I. Neto, W. L. Song and J. F. Mano,
Mater. Lett., 2011, 65, 296–299.

13 Y. Mei, S. Gerecht, M. Taylor, A. J. Urquhart, S. R. Bogatyrev,
S.-W. Cho, M. C. Davies, M. R. Alexander, R. S. Langer and
D. G. Anderson, Adv. Mater., 2009, 21, 2781–2786.

14 L. G. Griffith and M. A. Swartz, Nat. Rev. Mol. Cell Biol., 2006, 7,
211–224.

15 N. F. Huang, B. Patlolla, O. Abilez, H. Sharma, J. Rajadas,
R. E. Beygui, C. K. Zarins and J. P. Cooke, Acta Biomater.,
2010, 6, 4614–4621.

16 O. Z. Fisher, A. Khademhosseini, R. Langer and N. A. Peppas,
Acc. Chem. Res., 2010, 43, 419–428.

17 S. Neuss, C. Apel, P. Buttler, B. Denecke, A. Dhanasingh, X. Ding,
D. Grafahrend, A. Groger, K. Hemmrich, A. Herr, W. Jahnen-
Dechent, S. Mastitskaya, A. Perez-Bouza, S. Rosewick, J. Salber,
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