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While developing tissue engineering strategies, inflammatory response caused by biomaterials is an unavoid-
able aspect to be taken into consideration, as it may be an early limiting step of tissue regeneration approaches.
We demonstrate the application of flat and flexible films exhibiting patterned high-contrast wettability regions
as implantable platforms for the high-content in vivo study of inflammatory response caused by biomaterials.
Screening biomaterials by using high-throughput platforms is a powerful method to detect hit spots with
promising properties and to exclude uninteresting conditions for targeted applications. High-content analysis of
biomaterials has been mostly restricted to in vitro tests where crucial information is lost, as in vivo environment
is highly complex. Conventional biomaterials implantation requires the use of high numbers of animals, leading
to ethical questions and costly experimentation. Inflammatory response of biomaterials has also been highly
neglected in high-throughput studies. We designed an array of 36 combinations of biomaterials based on an
initial library of four polysaccharides. Biomaterials were dispensed onto biomimetic superhydrophobic plat-
forms with wettable regions and processed as freeze-dried three-dimensional scaffolds with a high control of the
array configuration. These chips were afterward implanted subcutaneously in Wistar rats. Lymphocyte re-
cruitment and activated macrophages were studied on-chip, by performing immunocytochemistry in the min-
iaturized biomaterials after 24 h and 7 days of implantation. Histological cuts of the surrounding tissue of the
implants were also analyzed. Localized and independent inflammatory responses were detected. The integration
of these data with control data proved that these chips are robust platforms for the rapid screening of early-stage
in vivo biomaterials’ response.

Introduction

The choice of biocompatible materials in the de-
velopment of tissue engineering strategies is crucial, as

the lack of adequate immune response caused by biomate-
rials is one of the most common causes of failure of im-
plants due to tissue damage and chronic response.1,2

Although inflammatory response is commonly responsible
for implants failure, it was also reported to contribute to the
triggering of tissue regeneration. It is known that altered
levels of tumor necrosis factor alpha (TNF-a), interleukin
(IL)-1, and other proinflammatory molecules have a major
effect on the healing of bone fractures.3 Inflammation is
required in neural regeneration for enhancing the prolifer-
ation of neural progenitors and neurogenesis,4 and it has also
a necessary involvement in the salamanders’ limb regener-
ation, a process dependent on the presence of macrophages.5

Regeneration using mesenchymal stem cells was also pro-
ven to be dependent on recipient T lymphocytes, through the
interferon gamma-induced downregulation of Runx-2 and
enhancement of TNF-a signaling in cells.6 To discover
optimized formulations of biomaterials for tissue regenera-
tion, it is important to screen different and high numbers of
combinations of materials. In this complex process, one of
the key aspects to take into consideration is the inflamma-
tory response caused by such materials, and its role in im-
plant rejection or as regeneration adjuvants.

High-content approaches to study cell–biomaterial inter-
actions have allowed collecting large amounts of data about
single and combined molecular interactions affecting tissue
regeneration. The ultimate goal of these approaches is to
perform assays in a resource- and time-saving manner.7–9

Biomaterials with beneficial properties for stem cells cul-
ture10–15 and bacterial attachment prevention16 were spotted
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using microarray methods.17 Over time arrayed platforms
for high-content studies matured from platforms that al-
lowed studying cell-2D material interactions to platforms
compatible with cell encapsulation in hydrogels, allowing
for a closer in vivo-like approach. These studies were carried
out in in vitro environment. As such, information was lost
on inflammatory response of these materials, as well as
other phenomena resulting from the complexity of the
in vivo environment. The lack of established methods for
in vivo combinatorial analysis led us to develop the method
described herein.

Hereby, we propose the implantation of superhydrophobic
flexible and flat platforms with patterned arrays of wettable
regions where combinations of biomaterials are dispensed and
processed as independent porous scaffolds. These chips are
used to study foreign body response in localized spots in a high-
throughput manner.18–20 Similar platforms were used in vitro
for the study of protein–cell interactions in two-dimensional
(2D) environment, cell-laden three-dimensional (3D) hydro-
gels, and 3D scaffolds.19–21 We hypothesize that the miniatur-
ized size of the patterned biomaterials and the gap maintained
between them would be sufficient to observe distinct inflam-
matory cells recruitment while allowing for isolated responses
in each spot. Moreover, the low cell adhesion reported in su-
perhydrophobic surfaces would improve the independency
between spots.18,22 For the proof-of-concept, we designed an
array of 36 combinations of biomaterials from a small library of
four materials: chitosan (Chi), alginate (Alg), and two carra-
geenans: k-carrageenan (k-Carr) and i-carrageenan (i-Carr), the
latter having a higher number of sulfate groups. We aimed to
study the effect of distinct anionic surfaces combined with Chi,
as they were reported to promote higher levels of macrophages
and adherent lymphocytes, compared to materials with distinct
chemical features.23 The individual inflammatory response of
Chi24 and Alg25 applied as biomaterials was previously inves-
tigated. For carrageenans, inflammatory response in the form of
implantable biomaterials is still poorly described. However,
carrageenan solutions with high number of sulfate groups
(i-Carr and l-carrageenan) are widely used to trigger inflam-
mation for in vivo studies.26 Our proposed methodology has the
potential to be adapted to diversified combinations of bioma-
terials, allowing saving high numbers of animals. The direct
application of the method would result in an important ethical
achievement, along with the consequent optimization of costs
adjacent to animal experimentation.

Materials and Methods

Superhydrophobic surfaces with wettable
transparent spots

Polystyrene films (ST311190; Goodfellow) were cut into
4 · 4 cm2 squares. 6 · 6 arrays of polyvinyl stickers (Oracal)
were patterned in the surfaces. The arrays were constituted
by squares of 4 mm2, separated by 2 mm in all sides (Fig. 1).
The surfaces were treated by a phase-separation method, as
described elsewhere.27 Briefly, a solution of commercial
grade polystyrene in THF (Sigma) (70 mg mL - 1) and eth-
anol absolute (in proportions of 2:1.3) was poured onto the
polystyrene films. The solution was then removed and the
surfaces were immersed in ethanol absolute. After 1 min
under immersion, the surfaces were let to dry at room
temperature. The stickers were then totally removed and the

whole surface washed with pure ethanol to remove possible
traces of the stickers’ glue. The chips were afterward cut
into four geometrically equal squares with nine biomaterials
per square (3 · 3 array) for implantation.

Biomaterials array deposition

Our experimental design consisted of a matrix of 36
combinations of biomaterials. The processing of biomate-
rials followed two steps: first, we prepared freeze-dried
genipin-crosslinked scaffolds, with distinct concentrations
of Chi (‘‘A,’’ in Fig. 2D, E) in acetic acid (2% v/v) solution:
1%, 1.5%, and 2% (w/v). We previously proved that these
Chi concentrations are adequate for the preparation of po-
rous scaffolds on such chips.21 Nine scaffolds of each
concentration were prepared in the chips (Fig. 2D). After
freeze-drying the Chi structures, solutions of other polymers
(labeled ‘‘polymer B’’) were dispensed on the top of these
porous scaffolds in distinct concentrations (Fig. 2E).

Medium-molecular-weight Chi (ref. 448877, batch
MKBJ9698V; Sigma), with 75% to 85% of desacetylation,
was purified according to a reprecipitation method. A so-
lution of crosslinker was prepared with 4% (w/v) genipin
(Comercial Rafer, S.L.) in distilled water and ethanol
(90:10 v/v). The Chi scaffolds were prepared by pipetting
4 mL of Chi solutions and 2 mL of genipin in each wettable
spot of the chip. One additional condition of 1.5% (w/v) of
Chi was added to the array, where the volume of Chi
dispensed in the wettable regions was 6 mL. This condition
is referred as ‘‘1.5% + .’’ Crosslinking occurred at 37�C in
water saturated environment. Afterward, the chips were
frozen at - 20�C for 2 h and - 80�C overnight. Freeze
drying occurred at - 80�C, 0.3 bar. Polymers B (Fig. 2E)
were added afterward to the Chi freeze-dried scaffolds in
amounts of 2 mL. Polymers B were Alg (ref. W201502;
Sigma), k-Carr (ref. 22048; Sigma), and i-Carr (ref. 22045;
Sigma), in concentrations of 2% (H), 1% (M), and 0.5% (L)
(w/v). They were used as received. They were crosslinked
with KCl for k-Carr ( JMGS) or CaCl2 (VWR) for i-Carr and
Alg, both at concentration 1M. The chips were again frozen
at - 20�C for 2 h and - 80�C overnight. Freeze-drying oc-
curred at - 80�C, 0.03 bar.

Control samples

On-chip controls. On-chip control samples were pro-
cessed in an equivalent manner to the standard chips. Bio-
materials were dispensed in a randomized configuration,
indicated in Supplementary Table S1 (Supplementary Data
are available online at www.liebertpub.com/tec).

Implantable plugs. Two random conditions were se-
lected from the array of biomaterials: Chi 1% i-Carr 2%H
and Chi 1% Alg 2%H. Plugs with 5 mm diameter · 3 mm
height of these conditions were processed in commercially
available 96-well plates. A volume of 200 mL of Chi solu-
tions was dropped in each well, followed by 100 mL of
genipin solution, in the same proportions and concentrations
used for on-chip experiments. The well plate was then
placed at 37�C for 3 h, while the crosslinking reaction took
place. The samples were then frozen and freeze-dried, in the
same conditions as the on-chip ones. The solutions of
polymer B were dispensed on the top of the previously
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prepared Chi sponges according to the proportions used on-
chip and then crosslinked with 50 mL of the crosslinking
solutions. Freeze-drying was repeated. The samples were
washed and sterilized using the same procedure of on-chip
samples.

Sterilization of the chips and control plugs. The chips
with the scaffolds in their final stage of processing were
immersed in ethanol 70% (Panreac) for 30 min. Before
implantation, they were washed with sterile physiological
buffer solution (PBS; Fluka) for 15 min, three times. The
same procedure was performed for the plugs implants
prepared without the superhydrophobic film and to the
empty chips.

Implantation of the chips and control samples
in Wistar rats

The 36 spot chips were cut in 4 parts (with 9 miniaturized
scaffolds per part), the chips boarders were cut with rounded
shape as close to the scaffolds as possible, and a mark was
made on each chip, to identify the relative position of the
biomaterials after explantation. The chips were then im-
planted subcutaneously in Wistar rats for 24 h and 7 days
with the configuration indicated in Figure 2D and E.

To perform the in vivo assays, a total of 27 Wistar rats (8–
10 weeks old), weighing between 150–200 g, were used.
The project was conducted in accordance with the interna-
tional guidelines set for animal research. This study was
conducted in the animal research facility of the University

FIG. 1. Image of a part of
an array of patterns on the
chip with (A) protective
stickers and (B) after re-
moving the protective stick-
ers, with transparent wettable
spots. (C) Scanning electron
microscopy image of super-
hydrophobic domain of the
chip. (D) Representative
profile of a water droplet on
the superhydrophobic do-
main of the chip (contact
angle of 156.2� – 0.3�). (E)
Representative profile of
water droplet on the non-
treated part of the chip—
wettable region (contact
angle of 90.5� – 4.7�).

FIG. 2. (A) Preparation of superhydrophobic patterned chips using removable stickers (B) allowing to imprint complex
geometrical wettable features surrounded by superhydrophobic domains (step 1 refers to the stickers in the polystyrene-
untreated film; step 2 shows the superhydrophobic polystyrene chip where the protecting sticker is being removed so the
wettable area is exposed). Liquid precursors can be dispensed in wettable regions with distinct sizes and shapes (B) (see
examples delimited by dashed lines) and with different volumes (C). (D) Setup used to prepare the implanted chips, where
Chi (‘‘A’’) was patterned in distinct concentrations (1%, 1.5%, 2%, and 1.5 + %) and separated by different distances (d1,
d2), as described in the Results section. (E) Biomaterials (‘‘B’’) were added to the previously freeze-dried Chi scaffolds in
distinct dilutions (H, M, and L for lower, medium, and highest dilution factor of polymer ‘‘B’’), to obtain chips with distinct
combinations of biomaterials. The implanted chips with 9 scaffolds were cut from the previous chip with 36 scaffolds. Chi,
chitosan. Color images available online at www.liebertpub.com/tec
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of Beira Interior. Housing and animal care were provided
according to procedures set for animal research. Animals
were individually anesthetized with an intraperitoneal in-
jection of ketamine (40 mg kg - 1) and xylazine (5 mg kg - 1).
Subsequently, each animal was immobilized and the dorsum
was shaved, washed, and disinfected with ethanol (96%). To
perform chip implantation, a 1.5- to 2-cm skin incision was
done in four different sites of animal dorsum (Fig. 3A). The
animals were divided in several groups. The first group
corresponded to animals where the 4 different chips (with
Chi in the different concentration: 1%, 1.5%, 2%, and
1.5 + %) were implanted (n ‡ 4). All biomaterials faced the
muscle side of the cut. Four chips with random configuration
of the spotted biomaterials (as indicated in Supplementary
Table S1) were implanted in rats (n = 3). The second group
was similar to the first group; however, in these animals, the
chip with the condition ‘‘1.5 + %’’ was substituted by a chip
without any spotted biomaterials (empty chip) (n = 2).
Control groups were set as one group with two empty chips
implanted (n = 2). One biomaterial plug was implanted by
animal (n = 2) to be explanted after 24 h and 7 days of im-
plantation. Subsequently to samples implantation, the skin
flaps were sutured. During the study, animals were kept in
separate cages and fed with commercial rat food and water
ad libitum. Animals were sacrificed by CO2 asphyxiation
after 24 h and 7 days.

Immunocytochemistry

After the explants of the 4 chips in each animal, the chips
were fixed and kept in paraformaldehyde (Fig. 3E). The
explanted chips were incubated with primary antibodies
CD25 (AbD Serotec) (specific for IL-2 produced by lym-
phocytes) or CD163 (AbD Serotec) (specific for macro-
phages) in concentration of 1:100 overnight, at 4�C.
Nonspecific binding was blocked by incubation with 3%
bovine serum albumin (BSA) solution in PBS for 30 min, at
room temperature. After 1 h of incubation with Alexa-
Fluor488 (Alfagene) for CD25, or AlexaFluor594 (Alfa-
gene) for CD163, both at a concentration of 1:250, in BSA
1%, at room temperature, the cells were washed in PBS and
counterstained with DAPI (Invitrogen) nuclear staining. The
presence of surface markers was analyzed using an Ax-
ioplan Imager Z1 fluorescence microscope (Zeiss). Images
in a total height of 500mm were acquired in 20 layers of

25 mm. The images used for the analysis were the ones
corresponding to the final stacking of the 20 layers.

Histological analysis

Tissue specimens were obtained from the implantation
area by sharp dissection at 24 h and 7 days and then fixed
with paraformaldehyde and paraffin embedded. To obtain a
full analysis of all materials present in the chips, different
perpendicular sections to the chip were obtained from the
tissue in contact with different samples. Histological cuts
were performed in the first 2 mm of the tissue in contact
with the chip, followed by 4 mm cuts. A 3-mm section ob-
tained from each paraffin block was stained with hematox-
ylin and eosin.

Lymphocytes quantification

Images acquired by microscopy (Axiovision; Zeiss) with
a 50 · magnification were cut into four equal images. Using
ImageJ (NIH) software, the background caused by the nat-
ural fluorescence of natural polymer in each image was
removed or minimized. Automatic nuclei counter (ITCN,
ImageJ; NIH) was used to quantify the lymphocytes. Images
with the green staining were analyzed considering cells with
6 mm of diameter and a separation dependent on the density
of cells, varying from 2 to 6mm. Representative images of
the steps performed for the cell quantification can be con-
sulted in Supplementary Figure S1.

Score attribution for histological cuts and macrophages
immunocytochemistry

For histological sections, scoring was attributed to each
part of the histological cuts (divided according to Fig. 3C)
according to the following scale: 0—absence of inflamma-
tory cells; 1—presence of lymphocytes and polymorpho-
nuclear (PMN) cells; 2—higher presence of lymphocytes
and PMN, and low amount of macrophages; 3—higher
presence of lymphocytes; 4—high concentration of macro-
phages and presence of lymphocytes; 5—very high density
of macrophages; 6—vascularization with very high con-
centration of macrophages. Images of on-chip macrophages
were scored (0–6) according to the relative amount of
macrophages in the scaffold, where 0 corresponded to the
lowest relative amount and 6 to the highest relative amount.

FIG. 3. (A) Dorsal view of an animal after the implantation of the four chips in the used configuration. (B) Tissue
surrounding the chip after 7 days of implantation. (C) Example of a histological cut performed to explanted tissue around
the chip. (D) Removal of one chip after 1 day of implantation. (E) Explanted chip after 24 h of implantation. (F) Image of
immunocytochemistry performed to lymphocytes in one of the conditions of the chip after 24 h of implantation. Color
images available online at www.liebertpub.com/tec
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Generation of intensity maps

The color attributed to each spot of the intensity maps
corresponded to the average values of the studied variables
(e.g., quantified cell number or attributed score). Numerical
values and respective standard deviations can be consulted
in Supplementary Figures S2–S7. The colors of the intensity
maps were generated with Microsoft Office Excel (Micro-
soft�) according to the following criteria: lower value cor-
responded to turquoise blue and higher value to bright red.
The middle color was allocated to the 50% value of the
distribution of the maximum and minimum values registered
in the groups of values analyzed. This attribution was per-
formed according to the groups of results presented in the
same figure or section of figures.

Factorial analysis

Exploratory factor analysis is a technique within factor
analysis statistic methods used to uncover the underlying
structure of sets of variables. Three-factor analysis was
performed using the Design of Experiments DesignExpert7
Software (Stat-Ease, Inc.). Response surface models were
generated for the analyzed conditions and the contribution
of each factor was then quantified. The three factors con-
sidered were: concentration of Chi in the scaffold (% Chi,
factor A), type of polymer ‘‘B’’ (polymer, factor B), and
dilution of polymer B (dilution, factor C). The variables
were considered as numerical, for factor A and factor C, and
nominal for factor B. Three levels were considered for
factor A: 1%, 1.5%, and 2%. Three levels were considered
for factor B: Alg, k-Carr, and i-Carr. Factor C was analyzed
also considering three levels: H—for lower dilution factor
(i.e., higher concentration of polymer B: 2%), M—for in-
termediate dilution factor (concentration of polymer B: 1%),
and L—for higher dilution factor (concentration of polymer
B: 0.5%). For histology scores analysis, the Chi concen-
tration 1.5% was isolated, so a three-factor analysis was
performed considering a new factor: the volume of Chi
dispensed (factor D): 4 (1.5% Chi) or 6mL (1.5% + Chi).

We developed three distinct surface response models for
each time point: 24 h and 7 days after implantation. Each
model was developed according to the quantified number of
lymphocytes, scores attributed to on-chip macrophages, and
to each part of the histological cuts performed in the tissue
collected around the chips. The results were analyzed by the
software by ‘‘sequential model sum of squares’’ to select the
highest order polynomial where terms were significant and
the results were not aliased. For most of the models, re-
sponse surface 2FI models were suggested and furtheron
generated. For lymphocyte and macrophage quantifications
after 24 h of implantation, main effect models were gener-
ated. Results were then analyzed by analysis of variance
(ANOVA). Each model allowed concluding about the per-
centage contribution of each factor. The effect of each factor
and the combined effect of factors were also analyzed.

Statistical analysis

Two-way ANOVA with Bonferroni post-test was per-
formed to obtain the results of standard chips (main exper-
iment), resulting from the implantation in the first group of
animals, considering the results of lymphocyte quantifica-

tion and scoring of macrophages on-chip, as well as of
histology images. Three distinct variables were considered:
effect of polymer B, effect of dilution of polymer B, and
effect of Chi concentration. The results of significant dif-
ferences can be consulted in Supplementary Table S2.

Results and Discussion

We implanted 36 miniaturized combinations of biomateri-
als in single animals using chips based on extreme water re-
pellency (Figs. 1–3) with patterned arrays of wettable regions
(Figs. 1 and 2A–E) where combinations of biomaterials (Fig.
2D, E) were dispensed and processed as independent porous
scaffolds (Fig. 3E). The chips are versatile, allowing patterning
a high diversity of shapes, sizes (Fig. 2A, B), and amounts of
biomaterials (Fig. 2C), processed by several techniques and
with the possibility of showing anisotropic features and dis-
tinct and geometrical configurations between them (Fig. 2B).
These chips—where the surface of biomaterials is totally ex-
posed to the in vivo environment (Fig. 3E)—were used to study
foreign body response in localized spots in a high-throughput
manner. The liquid biomaterial precursors were strongly re-
stricted in the wettable regions due to the high-contrast of
surface tensions (Fig. 2A–C).18–20 Superhydrophobic surfaces
prepared by phase separation methods showed low cell ad-
hesion,18 including substrates prepared using polystyrene.22

Therefore, we expect that the scaffold spots could be main-
tained relatively isolated from each other, avoiding cell pas-
sage between spots and minimizing the interaction of the
platform with the in vivo milieu.

All biomaterials patterned in the chips remained attached
to the wettable regions of the chip after 24 h of implantation
(an example of an explanted chip can be observed in Fig.
3E). After 7 days of implantation, a small percentage of the
scaffolds was integrated in the animals muscle, as the ma-
jority of the scaffolds remained attached to the chip. The
response to biomaterials that remained attached to the chip
was studied by immunocytochemistry along with the his-
tological cuts performed in tissue surrounding the chip.

From here on, the set of polymers added to the Chi
scaffolds—Alg, k-Carr, or i-Carr—will be labeled as poly-
mer B, and the dilution of such polymers will be indicated as
H (indicating the lowest dilution; 2% w/v polymer con-
centration), M (indicating an intermediate dilution; 1% w/v
polymer concentration), and L (indicating the highest dilu-
tion; 0.5% w/v polymer concentration).

Analysis of on-chip immunocytochemistry

After being explanted, scaffolds were analyzed on-chip by
immunocytochemistry, for the presence of both lymphocytes
and macrophages. The lymphocytes were labeled with a
green secondary antibody and macrophages with a red one.
Figure 4 depicts representative examples of fluorescence
microscopy performed to the chips where the presence of
both cell types can be seen after 24 h and 7 days of im-
plantation. Figure 5 depicts the representative histological
cuts surrounding the biomaterials, which were analyzed
complementarily with the on-chip biomaterials. Lympho-
cytes present on each formulation were quantified by im-
age analysis using ImageJ software; the procedure is
explained in Supplementary Figure S1. The presence of
macrophages in each formulation was evaluated according
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to a score explained previously in the Materials and Meth-
ods section. After the quantification of lymphocytes and
score attribution to macrophages presence in each condition,
an intensity map was built (Fig. 6). By color analysis of the
maps in Figure 6, all conditions on-chip can be rapidly
compared in terms of average mean values obtained for
lymphocytes quantification and macrophages scores. The
numerical values with respective standard deviations can be
found in Supplementary Figures S2–S7. Further on, the re-
sults will also be reported and discussed taking into con-
sideration the statistical analysis of such results. Both on-
chip data and histological sections results were analyzed with
two-way ANOVA with Bonferroni post-test. For the on-chip
data obtained from the quantification of immunocytochem-
istry images, analysis was performed to all combinations of
the ionic networks with both 1% Chi and 2% Chi. All con-
ditions from the histological examination were analyzed for
statistical significance (results in Supplementary Table S2).

After 24 h of implantation, the presence of lymphocytes
in the scaffolds was very similar in all conditions containing
i-Carr; no significant differences were observed between
any of these conditions. The effect of dilution factor of
polymer B was observed between H and M, H and L, as well
as M and L, mainly for Alg-containing conditions, where L
led to lower lymphocytes number than M, and those to
lower scores than H conditions. Conditions containing
i-Carr were significantly different from both conditions

containing k-Carr and Alg, and k-Carr conditions were
different from those containing Alg. i-Carr conditions
showed higher lymphocytes numbers, followed by k-Carr
and Alg. For k-Carr- and Alg-containing conditions, sig-
nificant differences were registered with 1% Chi and 2%
Chi. Higher concentration of Chi (2%) was responsible for
higher concentration of lymphocytes. Lymphocytes have
been shown to adhere to surfaces in vitro.28 In lymphocyte/
macrophage cocultures, lymphocytes have been observed to
associate with macrophages and foreign body giant cells.1

Regarding the presence of macrophages in the biomaterials
after 24 h of implantation, no significant differences were
observed between the conditions.

We observed a transient presence of lymphocytes after
24 h of implantation. The evolution of inflammatory re-
sponse until day 7 was also monitored by analysis of dif-
ferent inflammatory cells present in the distinct biomaterials.
Lymphocytes registered a transition from 24 h to 7 days:
their amount decreased significantly in all conditions,
mainly in the ones containing Alg, where their presence was
almost inexistent (Fig. 6A). Their presence was also very
low in k-Carr-containing conditions. Increasing concentra-
tions of Chi in the substrate scaffold led to higher number
of lymphocytes attached to the biomaterials, namely in the
2% k-Carr condition and in i-Carr conditions. We also
observed that the lymphocytes withdrawal gave place to the
increase of macrophages in the biomaterial. Lymphocytes

FIG. 4. (A) i: Immunocytochemistry pictures of macrophages (in red) in each scaffold of the chips. ii: Magnified pictures
of conditions D1 1% Chi i-Carr H (left) and D1 1% Chi k-Carr L (right) where the morphology of the lymphocytes can be
observed. (B) i: Immunocytochemistry pictures of lymphocytes (in green) and staining of the nucleus (DAPI, in blue)
present in each scaffold of the chips. ii: Magnified pictures of conditions D7 2% Chi i-Carr H (left) and D7 1% Chi k-Carr
M (right), where the morphology of the macrophages can be observed. Some macrophages are indicated with white arrows.
Scale bar = 50 mm. k-Carr, k-carrageenan; i-Carr, i-carrageenan. Color images available online at www.liebertpub.com/tec
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were previously reported to be transiently present at the
implant site.23 They have been shown to interact with
monocytes and macrophages resulting in mutual effects on
each other in terms of activation and enhanced inflamma-
tory responses. The conditions with more concentration of

macrophages were the ones with k-Carr and i-Carr. These
results were consistent with the dilution of polymer B
present in the combinatorial biomaterials, since H and M
materials showed higher amount of macrophages than those
with dilution factor L.

FIG. 5. i: Pictures of histological sections of 2% Chi and 1.5% + Chi conditions. ii: Magnification of the condition 2% i-Carr
in 2% Chi scaffold (image framed in i). The presence of higher amount of blood vessels (indicated by black arrows) can be
observed in this condition. Scale bars = 50mm. The nomenclatures H, M, and L correspond to high, medium, and low dilution
factors of polymer B, respectively. More detailed information on cell type identification can be observed in Figure 9. Color
images available online at www.liebertpub.com/tec
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Analysis of histological cuts

After collecting the chips from the animals, the tissue that
surrounded each chip was also collected for histological
analysis. The analysis of the tissues was performed by the
attribution of histological scores to three different parts of
the histological cuts (performed in the tissue perpendicularly
to the chip position during implantation), exemplified in
Figure 3C. Figure 5 shows representative images of the parts
of the histological parts that were in contact/closer to each
biomaterial patterned on the chips. The scoring scale is
explained in the Materials and Methods section. An inten-
sity map with colors corresponding to the ranking of the
average values attributed to each region of the histological
cuts can be observed in Figure 5B. Average scores values,
standard deviations, and significant differences between all
conditions can be found in Supplementary Figs. S2 and S3
and Supplementary Table S2.

According to the general tendencies observed in Figure
6B, after 24 h of implantation, higher histology scores were
attributed to the conditions containing i-Carr and k-Carr
when compared to the ones containing Alg. Biomaterial
conditions with lower dilution factor (H) were significantly
different between i-Carr and Alg, and k-Carr and Alg. We
did not observe any significant differences between bioma-
terials containing i-Carr and k-Carr. The increase of dilution
factors of the polymer B (from H to L) led to a decrease in
the general tendencies of histology scores in all conditions,
regardless of polymer B. The majority of statistical differ-
ences were observed while comparing H with L dilution
factors. Conditions containing k-Carr as polymer B were the
ones more sensitive to changes in the dilution factor from H
to M (intermediate dilution factor) and M to L. The presence
of distinct polymers B in the biomaterials combinations also
led to differences in the histology scores, namely in the H
dilution condition. Statistical differences were found
between biomaterials containing i-Carr/k-Carr and bioma-
terials containing Alg. No statistical differences between
materials with i-Carr and k-Carr were observed.

After 7 days of implantation, significant differences be-
tween H and M dilution factors were observed in biomate-

rials containing i-Carr. Materials with M dilution factor
were attributed with lower histological scores. No other
correlations between the dilution factors were observed. In
several dilution conditions and Chi concentration biomate-
rials containing i-Carr were attributed with higher scores
than the ones with k-Carr and Alg. No statistically relevant
differences between materials containing k-Carr or Alg were
found.

Factorial analysis

We developed three distinct factorial analysis models for
each time point: 24 h and 7 days after implantation. Each
model was developed according to the quantified number of
lymphocytes (obtained from microscopy images as the ones
represented in Fig. 4B), scores attributed to macrophages
analyzed on-chip (attributed to microscopy images as the
ones represented in Fig. 4A), or to the histological scores
attributed to each part of the histological cuts (as the ones
represented in Fig. 5) performed to the tissue collected
around the chips. The analysis was performed considering
the average values for each of these parameters (as re-
presented in Fig. 6). Each model allowed concluding about
the percentage contribution of each factor affecting the re-
sults. For the models generated from the data collected on
24 h time point, histology scores allowed obtaining a robust
surface response model (with 99.9% of confidence), where
not only the main effects but the effect of interacting factors
could be analyzed. The contribution of each factor and in-
teractions between factors for each time point can be seen in
Figure 7.

For lymphocyte and macrophage analyses after 24 h of
implantation, the model was not significant to analyze the
effects of combined factors, so a model analyzing only the
main effects was applied. For the case of histological scores,
all individual factors contributed significantly to the variation
of inflammatory phenomena. The main effect contributing
was the dilution of polymer B (factor C, in Fig. 7), with 63%
of contribution, followed by the type of polymer B (factor B),
with 17% of contribution. Regarding the analysis of lym-
phocytes after 24 h of implantation, the only factor considered

FIG. 6. Intensity map, according to the
color gradient (right), with colors attributed
to average values obtained for (A) the
quantification of lymphocytes (Lymph.),
macrophages (Macro.) and (B) for scores
attributed to histological analysis, after 24 h
and 7 days of implantation. Color images
available online at www.liebertpub.com/tec
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relevant to the results was the type of polymer B present in
the biomaterials. For macrophage scores, both percentage of
Chi (factor A) and type of polymer B (factor B) were con-
sidered significant for the surface response model.

After 7 days of implantation, data obtained both from
on-chip and histological scores analysis allowed obtaining
robust models, with 99.9% of confidence. All individual
factors showed a significant effect in the histological scores
attributed to the distinct biomaterials. The individual factor
with more relevance was the dilution of polymer B (factor
C), with 48% of contribution to the model. The effect of Chi
percentage of the substrate porous scaffold (factor A) con-
tributed with 6%, and the dilution of polymer B (factor B),
with 34%. Moreover, BC interactions were also considered
as statistically relevant, although with less impact than in-
dividual factors. Regarding on-chip analysis, lymphocytes
number was affected mainly by factors A (27%) and B
(46%), whereas macrophages score was affected by factors
B (48%) and C (31%).

Regarding the factorial analysis performed to the histo-
logical scores of conditions 1.5% Chi and 1.5% + Chi—
which is a condition where the scaffolds were not prepared
from 4 mL volume of Chi, but from a higher volume of
6 mL—(Fig. 7B), the main effects affecting the inflammatory
response observed after 24 h of implantation were the type
of polymer B (with 21% of contribution) and the dilution of
polymer B (with 55% of contribution). In this time point, all
factors and combined effects were statistically relevant for
the scores attributed. After 7 days of implantation, the main
effects contributing to the attributed scores of the histology
images were the type of polymer B in the biomaterials
(43%), as well as the volume of Chi (factor D) used in the
Chi scaffold (32%). Except for the interaction DC, all fac-
tors and combined effects were significantly relevant for the
developed surface response model.

Correlation between on-chip and histology results

For 24 h of implantation, the results obtained for on-chip
analysis and histology analysis were not directly correlated.
This may be explained by the lack of robustness of the
models obtained for on-chip cell analysis (for macrophages
analysis, a low value for predicted R2 - 0.20—was ob-
tained). Moreover, after 24 h of implantation, cells involved

in inflammatory response may have not reached the mate-
rial, and may still be migrating to the materials. Histology
showed that, in fact, lymphocytes along with PMN and
some macrophages were present in the tissue around the
biomaterials (Fig. 5).

After 7 days of implantation, the effect of the factors on-
chip and obtained from the analysis of histological scores
were easily correlated (Fig. 7). The effects obtained for
the histological analysis were similar to the combined
analysis of the effect of both lymphocytes and macrophages.
Therefore, after 7 days of implantation, the results can
probably be directly obtained from on-chip image-based
methods, without the loss of any important information.
This is an important outcome of the method that permits
assessing information on biomaterial–tissue interaction in a
high-throughput form, without the need of time-consuming
histology analysis.

General analysis of biomaterials’
inflammatory response

Regarding the general response from the explanted chips,
no fibrotic capsule or macroscopic signs of inflammation
were observed (Fig. 3D). The histology analysis performed
to the tissue around the chips (Fig. 10C) suggests that the
reaction observed in each chip is totally independent be-
tween the four implanted chips. Moreover, animals showed
a normal behavior during the implantation period (Supple-
mentary Video S1).

Chi crosslinked with genipin was used as the base ma-
terial for all biomaterials studied in this approach. Chi in-
flammatory response was previously described for the mice
model.29 In this work, histological assessment indicated
marked neutrophil accumulation within the implant, and
antibody-specific analysis showed a very low incidence of
Chi-specific reactions.24 It was then described as a relatively
inert biomaterial that does not elicit a chronic immune re-
sponse. The inflammatory response to Alg crosslinked with
CaCl2 was previously reported with contradictory conclu-
sions. Some studies described it as a material with high
immunogenicity30 as after 14 days of its implantation fi-
broblasts began to secrete collagen and macrophages were
still present in the tissue.25 However, in other studies, it has
been described as a material with no specific inflammation

FIG. 7. Contribution of the effect (%) of
each factor and combination of factors in the
surface response models. Data to generate
the surface response models was obtained
for lymphocyte, macrophage, and histologi-
cal scores evaluation with distinct biomate-
rials after 24 h and 7 days of implantation.
(A) Models considering factor A as % Chi
and (B) models considering factor A as
volume of Chi for the 1.5% and 1.5 + %
conditions. Significant effects are labeled
with ‘‘*.’’ The total value of the addition of
factor contribution is not 100%, as the val-
ues attributed to residues of the model are
not shown herein. Color images available
online at www.liebertpub.com/tec
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or reactive granuloma formation.31 Carrageenans biocom-
patibility has been questioned in the literature.32,33 Carra-
geenan is used to induce paw edema in the rat and mouse
and induces IL-8 production through distinct Bcl10 pathway
in normal human colonic epithelial cells.32,33

We concluded that the presence of Chi in the combina-
torial conditions explored in this approach produces a
concentration-dependent effect. Porous Chi scaffolds with
concentration of 2% led generally to significantly higher
inflammatory responses than the ones with 1% or 1.5%
(Supplementary Table S2). However, the major effect ob-
served with Chi scaffolds was not their concentration, but
the volume of solution used to process the biomaterials.
In the conditions 1.5% + Chi (prepared with 6mL of Chi,
instead of 4 mL, as in other conditions), the amount of
polymer B was maintained. Regardless of the type of
polymer B added to the Chi scaffold, the 1.5% + Chi condition
led to higher inflammatory responses regarding histology
analysis. We believe that the increase in inflammation with
the volume of Chi solution used to prepare the scaffold would
be related with the higher biomaterial surface area exposed to
the animal tissue. For this, we consider that the total surface
exposure of the scaffolds is a major advantage of the system
proposed herein, as it allows studying biomaterial volume-
dependent phenomena.

Alg was the polymer present in the studied array of ma-
terials that led to lower inflammatory responses. k-Carr
led to a slightly higher response, in most conditions, not
significantly different from Alg. Such polymers showed
concentration-dependent effects on inflammatory response.
i-Carr was the material that showed a higher inflammatory
response. This effect was concentration-dependent: 2%
Chi was the condition that triggered higher inflammatory
responses. This fact, along with the lower inflammatory
response observed in k-Carr samples, suggests that the in-
flammatory response triggered by i-Carr is related to its
higher amount of sulfate groups.

Another interesting feature observed in scaffolds con-
taining i-Carr in all concentrations was the higher amount of
blood vessels present in the tissue sections that surrounded
the biomaterial after 7 days of implantation (Fig. 5ii). The

method could be probably extended to studies of crossed
effects of inflammation, vascularization, and regeneration of
tissues.

Validation of the method

Chips with scaffolds disposed in randomly rearranged
positions were prepared (indicated in Supplementary Table
S1; on-chip immunocytochemistry images can be seen in
Supplementary Figs. S8 and S9). This allowed confirming
that the obtained results were not dependent on the relative
position of the scaffolds in the chips evidencing the inde-
pendence of the tissue reaction to the biomaterials with
respect to their relative location (Fig. 8A, B), for both his-
tological analysis and immunocytochemistry results.

Implantation of single scaffolds with conventional size was
carried out to compare the response observed with the im-
plantation of four chips with distinct biomaterials in a single
animal with two randomly chosen conditions. This step of
validation of the method consisted in the direct implantation of
two distinct biomaterials without using the superhydrophobic
platform, with the size of conventionally implanted plugs in
tissue engineering field (5 mm diameter · 3 mm height). This
was performed in single animals, that is, one plug/animal.
Results regarding implantation of biomaterial plugs can be
seen in Figure 9. We observed that the adherence of lym-
phocytes to the scaffold containing i-Carr was higher and
more evenly distributed than to the one containing Alg.
Images of histology sections showed that for 24 h of im-
plantation, PMN cells were prevalent around the biomaterial
in the Alg-containing scaffolds. For the scaffolds containing
i-Carr, the presence of PMN cells was similar to the Alg-
containing scaffolds. However, the presence of lymphocytes
was detected around the implanted material (blue arrows for
lymphocytes and green arrows indicating the material, Fig.
9). After 7 days of cell culture, in the Alg-containing scaffold,
the presence of PMN cells (orange arrows, Fig. 9) was still
prevalent. In the scaffold i-Carr, histology showed macro-
phages adhered to the biomaterial (black arrows, Fig. 9).
These results were consistent with the results observed on-
chip, for both on-chip lymphocyte analysis and histology

FIG. 8. (A) Intensity maps of the scores attributed to histological analysis of the tissue surrounding the implanted control
chips with biomaterials in a random configuration, according to Supplementary Table S1. The results obtained according to
the configuration of the chip (randomized chip), the same results ordered according to the order of the conventional chips
(ordered randomized chip), and the results obtained in the normal chips (main experiment chip), for the same conditions
(1% Chi, 24 h of implantation). (B) On-chip analysis of the results obtained for lymphocyte analysis (left) and macrophages
scores (right) after 24 h of implantation, for 1% Chi conditions. The conditions in ‘‘Randomized chips’’ are the ones as
indicated in Supplementary Table S1. Color images available online at www.liebertpub.com/tec
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analysis. After 24 h of implantation, the amount of lympho-
cytes detected on-chip was lower for Alg-containing scaffolds
compared to the ones with i-Carr. The amount of macrophages
after 24 h of implantation on both conditions studied on-chip
was not significantly different. After 7 days of implantation,
the amount of macrophages adhered to the scaffolds con-
taining i-Carr was clearly higher than in the ones containing
Alg, as was corroborated by the plugs results. As such, we
conclude that the results obtained for on-chip analysis with
miniaturized scaffolds were coherent with the implantation of
single plugs without the superhydrophobic film.

Polystyrene chips without biomaterials were also im-
planted in the rats. We verified that general cell adhesion to
the superhydrophobic side of the chip was much lower than
to the wettable domains on both time points (see DAPI blue
staining of cell nuclei). Regarding the adhered cells, we
could see that after 24 h of implantation, the lymphocyte
adhesion on the wettable spots occurred, whereas in the
superhydrophobic domains of the chip was almost totally
avoided. After 7 days of implantation, no macrophages were
detected in the superhydrophobic domain of the chips (Fig.
10A). Histological analysis (Fig. 10B) showed that inflam-

matory response observed after 24 h (Fig. 10B1) of im-
plantation was very mild. The presence of a low amount of
PMN cells was registered very close to the site of implan-
tation. After 7 days of implantation (Fig. 10B2), the in-
flammatory response seemed to increase slightly around the
chips. The cells present around the chip were PMN, along
with some lymphocytes and macrophages. Also in the empty
chips implanted in one animal along with three chips with
biomaterials with the conditions 1% Chi, 1.5% Chi, and 2%
Chi, the observed inflammatory response was very mild.
After 24 h (Fig. 10C1) of implantation, a low presence of
macrophages and PMN cells was observed. After 7 days of
implantation (Fig. 10C2), a very low presence of inflam-
matory cells was registered. This suggests that the water
repellence that characterizes these surfaces and its propen-
sity to decrease protein adhesion29 lowers the tissue re-
sponse in the superhydrophobic sites. The lower surface
contact between the tissue and the materials was previously
reported to decrease inflammatory response.34 Along with
the previously described control results, these observations
strengthen the idea that the response between patterned
biomaterials will be independent of spot to spot in the chip.

FIG. 9. Results obtained
from the analysis of im-
planted scaffold plugs with
conventional sizes (5 mm · 3
mm). Lymphocyte immuno-
cytochemistry images (upper
line images). Images of his-
tology sections (middle and
lower lines images) after 24 h
and 7 days of implantation.
Blue arrows indicate lym-
phocytes, and green arrows
indicate the biomaterial.
PMN cells are indicated with
orange arrows and the scaf-
fold is indicated with black
arrows, for 7 days images.
Scale bars in histological cuts
figures = 200 mm. PMN,
polymorphonuclear. Color
images available online at
www.liebertpub.com/tec

EVALUATION OF 3D SCAFFOLDS BIOCOMPATIBILITY 11



Significance of the method

High-throughput methods are increasing and expanding
their areas of application, allowing rapidly answering com-
plex questions in the field of biomaterials. We demonstrated
the possibility of performing high-throughput in vivo analysis
of inflammatory response to distinct biomaterials using af-
fordable superhydrophobic patterned thin and flat surfaces.
We validated the method by distributing the arrays of bio-
materials randomly and by comparing the results from im-
planting conventional-size biomaterial plugs in individual
animals. This approach allowed studying new combinations
of biomaterials and assessing their inflammation-triggering
potential. The patterning of biomaterials in the proposed
platforms allowed having biomaterials with total surface ex-
posure, to maximize the contact with the in vivo environment.
We saw that a combined analysis of on-chip and histology
observation leads to an accurate evaluation of the materials’
performance. Moreover, after 7 days of implantation, the on-
chip analysis was correspondent to the histology scores at-
tribution. This may allow, in the future, shortening the time
of results analysis, working solely with on-chip results
that can be assessed rapidly through direct image analysis.
This method allows reducing the number of animals while
screening biomaterials for inflammatory response.

This work demonstrated the feasibility of the method by
analyzing different combinations of a few polysaccharides, a
class of natural materials widely used in biomedical appli-
cation.35 These studies could be easily extended to many
combinations of other materials and may be complemented
with long-term regeneration studies, where the combined
effect of inflammation may be beneficial for the vasculari-
zation and regeneration of the implants. In such studies,
biomaterials that promote an ideal balance of inflammatory
cells recruitment to promote tissue regeneration and do not
induce the rejection of the biomaterial by the host would be
hit-spotted. Biomaterials with distinct shapes and aniso-

tropic features may also be patterned and implanted, and the
performance of the materials in both sides of the chips may
also be studied to assess the response of distinct tissues in
contact with two faces of the film. Moreover, we foresee the
development of new chips with distinct flexibility and
stiffness. Those would be useful not only as subcutaneous
implants but also to be used in other anatomic sites where
tissues require adaptation of the shape of the chip, such as
cardiac, vascular tissue, or bone.

Conclusion

We demonstrated the application of superhydrophobic
chips patterned with wettable regions as implantable plat-
forms for the high-content in vivo study of inflammatory re-
sponse caused by biomaterials. We tested 36 combinations of
biomaterials in the form of freeze-dried 3D scaffolds simul-
taneously in one animal. The integration of the data obtained
from the on-chip lymphocyte and macrophage analyses, as
well as histological analysis of the surrounding tissue, with
control data showed the applicability of these chips as plat-
forms for the rapid screening of in vivo biomaterials’ re-
sponse. We believe that in the future such methodology may
be applied in distinct approaches regarding, for example,
complex multivariable tissue regeneration studies.
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