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Abstract

SU-8 negative photoresist is a high tensile strength polymer that has been used for a number of
biomedical applications that include cell encapsulation and neuronal probes. Chemically, SU-8
comprises, among other components, an epoxy based monomer and antimony salts, the latter
being a potential source of cytotoxicity. We report on the /n vitroand in vivo evaluation of SU-8
biocompatibility based on leachates from various solvents, at varying temperature and pH, and
upon subcutaneous implantation of SU-8 substrates in mice. MTT cell viability assay did not
exhibit any cytotoxic effects from the leachates. The hemolytic activity of SU-8 is comparable to
that of FDA approved implant materials such as silicone elastomer, Buna-S and medical steel. /n
vivo histocompatibility study in mice indicates a muted immune response to subcutaneous SU-8
implants.
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1. Introduction

The encapsulation and subsequent implantation of biotherapeutic molecules or cells may be
valuable in the clinical management of diseases because it can protect the therapeutic cells
or molecules from immunorejection [1, 2]. The long term viability of these grafts is
determined by the biocompatibility of the encapsulation material. Adverse reaction with host
tissue, resulting in fibrous tissue engulfment of the implant, can lead to loss of graft function
[3]. Hydrogel microbeads have been widely used for immunoprotective encapsulation [4-6].
Synthetic biocompatible polymers such as polyethylene glycol (PEG), 2-hydroxyethyl
methacrylate (HEMA), polylactic acid (PLA), polylactic-co-glycolic acid (PLGA) and
polyvinyl alcohol have also been used as encapsulation materials [7]. However, these
polymers have limited utility owing to their imprecise porosity that compromises long-term
impenetrability to immune molecules [8, 9]. Alternately, encapsulation can also be carried
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out by engineering microcapsules with precisely defined nanopores or channels on the
surfaces. We have reported on the fabrication of such nanoporous microcapsules using
SU-8, an epoxy based polymer [10-13]. SU-8 has been used in the fabrication of
microelectrodes for measuring electrical impedance in living tissues [14], monitoring neural
spikes [15-18] and for intraocular pressure sensing [19]. The biocompatibility of SU-8 as a
potential neural probe material was evaluated based on cytotoxicity assays using C6 rat
astrocytes [20]. The mechanical strength, biocompatibility and biostability of SU-8 are
favorable for the fabrication of long term implants such as neuronal probes. Balciunas et a/
[21] evaluated the biocompatibility of SU-8 for lab-on-chip applications and established cell
viability on SU-8 surfaces using rabbit muscle stem cells. SU-8 based microwells integrated
with SH-SY5Y human neuroblastoma cells have been used as biosensors [22]. The effect of
SU-8 based implantable neural probes on the viability of three types of cells; human skin
fibroblast cells, Schwann cells and explanted neurons from dorsal root ganglia was
evaluated by Cho et a/[15]. Others have shown that the antimony salts present in SU-8 do
not effect the proliferation of mouse embryonic stem cells and human induced pluripotent
stem cells on matrigel coated SU-8 surfaces [23].

Commercial SU-8 formulations comprise a monomer, containing 8 epoxy moieties (Fig. 1a),
a solvent such as cyclopentanone (Fig. 1b) and a photoacid initiator such as triarylsulfonium
hexafluoroantimonate (Fig 1c). On exposure to UV radiation, a photoacid is produced that
protonates the epoxy moieties, which then react with neutral epoxy groups on heating,
resulting in a cross-linked polymer network of high mechanical strength and thermal
stability. Process parameters, such as UV dose and baking time, determine the extent of
residual epoxy groups and antimony salts [24, 25]. The unreacted photoacid generator is
retained within the polymer matrix. Hence, it is essential to evaluate the potential toxicity of
leachates from SU-8 under the influence of storage conditions such as temperature, pH and
buffer composition. The biocompatibility of SU-8 surfaces has been evaluated using /in vitro
cell culture models [15, 26, 27]. We have earlier reported on cell viability and function in
microcapsules fabricated from SU-8 [11]. However, in addition to the established non-
cytotoxic nature of SU-8, a detailed evaluation of SU-8 biocompatibility is essential for
potential application as a substrate for long term encapsulation of cellular payload. Here, we
present a detailed evaluation of the biocompatibility of SU-8, including cytotoxicity and
tissue interaction with implanted substrates, based on the ISO 10993 recommendations for
the biological evaluation of medical devices and biomaterials. /7 vivo studies were
performed over a period of 8 weeks following subcutaneous implantation of SU-8 pads in
mice.

2. Materials and Methods

2.1 Materials

SU-8, SU-8 developer, Omnicoat and PG remover were procured from Microchem Inc.
(www.microchem.com). Dulbecco’s modified eagle medium (DMEM) cell culture medium,
trypan blue and dimethylthiazol diphenyltetrazolium (MTT) were procured from HiMedia
(us.vwr.com). Hemolysis assay kit was procured from Haemoscan Inc.
(www.haemoscan.com).

2.2 Cell culture

9L glioma cells isolated from rat brain tumors (www.atcc.org) were used for cytotoxicity
studies. The cells were cultured in DMEM enriched with 10% fetal bovine serum, penicillin
(100 U/mL), and streptomycin (100 pg/mL). Cells were incubated at 37 °C in 5% CO,
atmosphere. Cell numbers were determined using a hemocytometer following trypan blue
staining.
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BALB/c mice, aged 8 weeks, were used for /n vivoimplantation studies and were procured
from Charles River (www.criver.com). All animal procedures were carried out in
accordance with Institutional Animal Care and Use Committee (IACUC) policies.
Biocompatibility studies were designed based on the ISO 10993 recommendations for the
evaluation of medical implants.

2.4 Fabrication of SU-8 substrates

SU-8 pads (2.5 mm x 2.5 mm x 200 um) were fabricated on a silicon wafer as reported
earlier [28]. Omnicoat was spun on a silicon wafer at 3000 rpm and baked at 200 °C for 2
min. On this layer, SU-8 2075 was spun at 900 rpm and pre-baked at 65 °C for 10 min
followed by 95 °C for 40 min. 2.5 mm x 2.5 mm squares were patterned on the SU-8 layer
using a photomask, followed by UV exposure (400 mJ/cm?). The patterned pads were then
baked at 65 °C for 10 min and 95 °C for 20 min. The wafers were then cooled to room
temperature and developed using SU-8 developer solution. The pads were then hard baked
at 150 °C for 15 min and released from the wafer using PG remover to dissolve the
Omnicoat layer and release the SU-8 pads. Released SU-8 pads were sequentially washed in
isopropanol, water and dried under a stream of nitrogen. The pads were steam sterilized
before use.

2.5 Evaluation of residual antimony in leachates

SU-8 formulations contain antimony (Sb) salts as photocatalysts, whose possible leaching
from SU-8 pads in various solutions was evaluated. SU-8 pads were incubated in phosphate
buffered saline (PBS), isopropanol, vegetable oil and phosphate buffers at different pH.
Sterile SU-8 pads (60 mg, i.e. approx. 60 pads) were transferred to clean glass vials. Vials
were filled with 2 ml of PBS (4 temperatures: 4° C, 37° C, 43° C and room temperature),
isopropanol (room temperature), vegetable oil (room temperature) and incubated for 72 h.
The effect of pH on Sb leaching was similarly evaluated following incubation in PBS at
room temperature (pH 5.5 and pH 6.51). Residual Sb in the extracts was analyzed by
inductively coupled plasma mass spectrometry (ICP-MS) using an Agilent 7500cx
instrument (www.chem.agilent.com).

2.6 Agar overlay assay

The effect of soluble leachates on cell viability was evaluated using an agar diffusion assay
[29]. 9L rat glioma cells were seeded in 100 cc culture dishes (10 cells/dish) and allowed to
adhere overnight. The medium was removed and the adherent cells coated with a layer of
2% agarose-DMEM medium (1:1). The agar layer was allowed to gel and SU-8 substrates
placed on the surface, followed by 72 h incubation. Then, the cells were stained with crystal
violet (1% solution) and the area under the pads was observed under an optical microscope.

2.7 Cytotoxicity of SU-8 leachates

The cytotoxic effect of leachates from SU-8 was evaluated by MTT (3-(4,5-
Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay [30]. Extracts from SU-8
samples, incubated in PBS for 72 h, were used for the study. 9L rat glioma cells were seeded
in a 96 well plate at a density of 2500 cells/well. Cells were incubated overnight in DMEM
medium to facilitate adhesion to the plates. The culture medium was replaced with fresh
medium supplemented with various concentrations of the SU-8 extract (0, 2.5, 5 and 10 %
by volume; each n = 6). The total volume of the additive was maintained constant by the
addition of PBS. Cells were incubated at 37 °C in 5 % CO,, 95 % relative humidity for 72 h.
Post-incubation, the medium was drained and MTT solution (5 mg/ml, 20 pl) was added to
each well and cells were further incubated at 37 °C for 4 h. Subsequently, the MTT solution
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was drained from the plate and 200 ul of DMSO was added to each well to dissolve the
formazan crystals. The density of viable cells was then determined by measuring the optical
density at 570 nm. Background correction was performed by measuring the optical density
at 670 nm.

2.8 Hemolysis assay

The hemolytic activity of SU-8 substrates was evaluated using a commercial hemolysis
assay kit, following the manufacturer's protocol. Briefly, the red blood cells (RBC) supplied
with the kit were resuspended in 5ml of the requisite dilution buffer. Four SU-8 pads were
placed in a sterile tube. Similarly, the three polymer reference substrates (silicone elastomer,
Buna-S and medical steel) provided with the kit were also placed in separate tubes. Then,
0.5 ml of the RBC suspension was added to each tube. Tubes containing the RBC
suspension alone served as negative control. Total hemoglobin was determined by the
addition of lysis buffer. The tubes were then incubated overnight at 37 °C with end-to-end
rotation. Released hemoglobin concentration was measured spectrophotometrically using the
equation

A, =2A450 — Ag15 — Asso

where Ay, is the absorbance of hemoglobin, Asgg, As1s and Aggg are the absorbances at
450, 410 and 380 nm. Hemoglobin content was quantified against a standard curve
generated using the hemoglobin standard provided.

2.9 Evaluation of in vivo biocompatibility in mice

Eight-week-old male BALB/c mice (n=24) were used for the study. The animals were
randomly divided into 4 groups (n = 6) corresponding to time points of 1, 2, 4 and 8 weeks
at which the animals were euthanized for analysis. Animals were monitored for distress
during the course of the study. Implantation procedures were carried out under aseptic
conditions. National Institute of Health (NIH) guidelines for the care and use of laboratory
animals were observed. Prior to implantation, mice were anesthetized using an IP injection
of ketamine (80 mg/kg)-xylazine (10 mg/kg). An incision of approximately 5 mm was made
on both the right and left flanks and a subcutaneous pocket formed. Two SU-8 pads were
placed in the right flank and the incision closed with sutures. The left flank, without any
implants served as control. At the end of 1, 2, 4 and 8 weeks, mice were euthanized by
carbon dioxide inhalation and tissue surrounding the implant site was excised. The excised
tissue was fixed in buffered formalin for 24 h, dehydrated and embedded in paraffin wax.
Tissue sections were mounted on glass slides and stained with hematoxylin and eosin (H&E)
for histopathological evaluation.

A 1.0 mm linear segment of the best oriented interface between SU-8 and surrounding tissue
was identified and the following parameters were evaluated; a) number of eosinophils and
neutrophils, b) fibrotic capsule thickness, ¢) number of mast cells and d) percent of SU-8
interface occupied by multinucleated giant cells (MNGC).

2.10 Statistics

Exact Wilcoxon Rank Sum Tests were used to determine statistical differences, with p <
=0.05 considered statistically significant (Origin Lab, Version 8.6, http://
www.originlab.com).
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3.0 Results and Discussion

3.1 Antimony leaching from SU-8

The effect of various solvents and buffers on Sb leaching from the SU-8 substrates was
evaluated by ICP-MS. Table 1 shows that, at room temperature, maximum leaching of Sh
occurs at pH 5.5 and in isopropanol. Reduced leaching was observed in vegetable oil
(hydrophobic) and PBS (hydrophilic). Sb leaching in PBS was the highest at 43 °C and was
comparable to the values observed in isopropanol. Enhanced Sbh leaching was observed at
acidic pH (pH 5.5) as compared to near neutral pH. It has been reported that exposure to an
acidic environment results in the etching of SU-8 surfaces [31]. The presence of trace levels
of residual antimony, on the surface of processed SU-8 polymers has been reported [32].
Surface treatments including oxygen plasma treatment, which etch the surface of the
polymer lead to the migration of antimony from the inside to the surface of the polymer.

The cytotoxic and genotoxic effects of Sb compounds have been widely studied. It has been
reported, that Sb(V) compounds are less toxic than Sh(l11) [33]. Soluble forms of Sb(V) are
used in the treatment of leishmaniasis [34]. Sb(V) can be reduced to the toxic ionic form
Sb(111) under acidic conditions [35]. However, under normal physiological conditions,
Sb(V) is reported to be non-toxic in humans [36]. The abundance of Sb in natural waters is <
5 ppb [36]. The United States Environmental Protection Agency (USEPA) recommends a
daily limit of 6 ppb in drinking water [37]. Our results indicate that under normal
physiological conditions Sb leaching from SU-8 is minimal and is below the
recommendations of the USEPA.

3.2 Agar overlay assay

Cytotoxic leachates from SU-8 can diffuse through the agar barrier and potentially inhibit
cell proliferation at localized regions, resulting in bare patches when cell surfaces are stained
with crystal violet. We did not observe any inhibition of cell proliferation resulting from the
presence of SU-8 pads on the agar layer (Fig. 2). Crystal violet staining was uniform under
the region where the SU-8 substrates were placed on the agar layer, indicating that under
these conditions, SU-8 was not toxic to cells. This is in agreement with reports
demonstrating viable cell growth on SU-8 surfaces without any observable cytotoxic effects
[15, 38].

3.3 MTT cell viability assay

Cytotoxicity of SU-8 leachates was evaluated by a quantitative MTT cell viability assay on
9L glioma cells (Fig. 3). MTT assay provides a quantitative assessment of cellular response
to toxic agents which can impair mitochondrial function and cell viability. Bisphenol A, the
primary constituent of SU-8, is cytotoxic and is known to induce apoptosis [39]. SU-8
extracts from PBS did not cause a significant inhibition of viable cell growth for 2.5% and
5% extracts while exhibiting significant inhibition for the 10% extract. The negative control
containing PBS alone had no effect on cell viability.

3.4 Hemolysis assay

SU-8 displayed higher hemolytic activity in comparison to the biocompatible reference
standards provided with the kit (Fig. 4). Hemoglobin release from the reference standards
and SU-8 was corrected for spontaneous lysis observed in the control. The quantity of
hemoglobin released from RBCs after 24 h incubation at 37 °C was 1.1% of the total
hemoglobin, which is significantly higher than the reference standards (p<0.05), but is
below the recommended limit of 2%. There were no statistical differences between the
controls and any of the other polymer reference substrates. It should be noted that the
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control samples showed a higher concentration of Hb than recommended by the
manufacturer. This may be due to the degradation of the RBCs during storage and transport.

The interaction of implantable polymers with blood can result in the release of hemoglobin
from RBC. Hemolysis is influenced by a variety of factors including geometry and surface
profile of the polymer (which influences shear stress) and chemical interaction of RBC with
leachates. including metal ions [40]. Our study demonstrates the favorable hemolytic
characteristic of SU-8 as an implant material.

3.5 In vivo biocompatibility

Macroscopic inspection of the implantation site reveals an immediate mild inflammatory
reaction to SU-8 implantation, evidenced by the presence of eosinophils and neutrophils.
The intensity and number of the eosinophils and neutrophils decreases after week 1
suggesting that their formation is primarily due to the stress of implantation rather than
interaction with SU-8 (Fig. 5).

SU-8 interfaces with either adipose tissue or skeletal muscle in the mice evaluated. The
fibrotic capsule thickness is larger when SU-8 contacts skeletal muscle, probably due to the
friction/irritation with muscle contraction. The capsule is approximately twice as thick at the
interface with skeletal muscle as compared with adipose tissue (Fig. 6). SU-8 exhibits
minimal reactivity with the adipose tissue and elicits the formation of a thin capsule at the
interface involving a few strands of collagen. As observed from a lower magnification
image of Fig. 5, this begins with a thicker band of loose, reactive connective tissue at week
1, and matures to a thin fibrous capsule at week 8 (Fig. 7).

When SU-8 substrate had serrated edges resulting from breakage during implantation,
macrophages and multinuclear giant cells were observed to intercalate between surface
irregularities (Fig 8). The periodicity of these surface defects indicates a mechanical cause
rather than a biological effect. No such effect was observed in a majority of the samples
where the SU-8 surface had smooth edges. During the course of the study over 8 weeks, no
degradation of the SU-8 by macrophages was observed. There is no tissue necrosis
associated with the SU-8 substrates. No increase in the number of mast cells was observed.
A single cell layer of mast cells was recruited early and covers most of the SU-8 substrate.
Multinucleated giant cells cover between 30 and 60% of the SU-8 surface over a period of 8
weeks with an average of 30% involvement as early as the first week.

The reaction between mice varies somewhat in intensity at each time interval, as might be
expected from factors such as 1) slightly different anatomic location of implantation within
the animal and 2) introduction of other material, such as hair strands, at the time of
implantation. It was observed that naked hairs adjacent to SU-8 elicited a brisk
inflammatory response, which dwarfs the response to SU-8 alone (Fig. 9).

Surface chemistry influences the biocompatibility of implant materials with the host tissue.
Though most implant materials are designed to be non-toxic, non-immunogenic and
chemically inert, they induce an acute inflammatory response at the time of implantation.
This culminates in the formation of a fibrous capsule around the implant which acts as a
diffusion barrier and impedes the exchange of nutrients, metabolites and therapeutic drugs
exchange with the host environment. Multinucleated giant cells penetrate the implants and
degrade them [41, 42]. Our results indicate that SU-8 implants are surrounded by a thin
fibrous capsule which can facilitate efficient diffusion and can hence support long term
viability of cellular payload. We didn't observe excessive formation of MNGC's, except on
serrated SU-8 edges generated due to the breaking of the substrates during implantation. Our

Mater Sci Eng C Mater Biol Appl. Author manuscript; available in PMC 2014 October 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Nemani et al. Page 7

study indicates the biocompatibility and biostability of SU-8 and its suitability as an implant
material.

4.0 Conclusions

The biocompatible nature of polymerized SU-8 is evidenced by cell viability and minimal
hemolytic activity. The effect of leachates from SU-8 is comparable to the effect of normal
saline. Residual antimony analysis by ICP-MS indicates minimal leaching in PBS under
physiological conditions but an enhanced leaching in isopropanol and acidic buffer.
Residual antimony levels can be further reduced by additional UV photoexposure and
increased baking times during fabrication. /n vivo histocompatibility studies indicate
minimal interaction with host tissue, with the number of eosinophils and neutrophils
reducing over time, indicating an initial transplant related stress. SU-8 elicits a very thin
fibrous capsule formation, facilitating efficient exchange of metabolites and nutrients with
the host environment. Our study indicates the suitability of SU-8 as an implant material,
supporting cell viability and hence its potential application as a biocompatible matrix for
biomolecular encapsulation. Biocompatibility may be further enhanced by surface
treatments including oxygen plasma treatment [32], chemical treatment with acid and base
[43], ethanolamine and grafting of the surface with polyethylene glycol [44].
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Fig. 1.

Chemical composition of SU-8 photoresist. SU-8 2075 comprises SU-8 monomer (a), a
solvent, cyclopentanone (b) and a photoacid initiator, mixed triarylsulfonium
hexafluoroantimonate salts (c).
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Fig. 2.
Crystal violet staining of 9L glioma cells cultured under an agar diffusion layer, directly
below a SU-8 substrate pad.
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Fig. 3.

MTT cell viability assay of 9L glioma cells cultured with DMEM medium supplemented 0,
2.5, 5 and 10% of SU-8 leachate in PBS. Culture medium supplemented with 10% PBS was
used as a control. Cells were incubated for 72 h before the MTT assay and the viable cell
population was quantified by the absorbance at 570 nm.
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Fig. 4.

Hemolysis assay of SU-8 substrate pads. The hemolytic activity of SU-8 substrates was
compared to the activity of three FDA approved biocompatible reference materials, i)
Silicon elastomer (SE), ii) Buna N and iii) Medical steel (MS) supplied with the assay kit
and a control without any polymer additive.
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Fig. 5.
H&E staining of excised tissue surrounding SU-8 implant after 1 wk (a) and 8 wk (b) shows

a reduction in the number of eosinophils (black arrows) and neutrophils (yellow arrow) over
time.
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Fig. 6.
H&E staining of excised tissue surrounding SU-8 substrates implanted adjacent to skeletal

muscle (a) and adipose tissue (b). The fibrous capsule (black arrow) thickness formed due to
the interaction with the skeletal muscle is approximately twice that formed due to interaction

with the adipose tissue.
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Fig. 7.
H&E staining of excised tissue surrounding SU-8 substrates indicates the formation of loose

connective tissue (black arrow) after 1 wk (a) which matures into a thin capsular layer at wk
8 (b).
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Fig. 8.
Immune response to the serrated edges of SU-8 substrate broken during implantation (a).

Inset (b) macrophages (red arrow), neutrophils (black arrow) and eosinophils (yellow
arrow); (c) multinucleated giant cells (blue arrow).
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Fig. 9.
Acute inflammatory response elicited by a hair shaft (yellow arrows) embedded into the
tissue during implantation.
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Inductively coupled plasma mass spectrometry (ICP-MS) analysis of antimony in SU-8 leachates. SU-8
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substrates (60 mg) were incubated in 2 ml of each of the solvents and incubated for 72 h prior to analysis.

S.No. Sample Sb (ppb)
1 PBS 4 °C 75

2 PBS (room temp) 1.60

3 PBS 37 °C 35

4 PBS 43 °C 23.39

5 Isopropanol 21.2

6 Vegetable oil * 10

7. Phosphate buffer; pH5.50 23.4

8. Phosphate buffer; pH 6.51 2.6

*
Leachate from vegetable oil was diluted in isopropanol (1:10).
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