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Protein polymer hydrogels: Effects
of endotoxin on biocompatibility
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Abstract

Protein polymer-based hydrogels have shown potential for tissue engineering applications, but require biocompatibility

testing for in vivo use. Enzymatically crosslinked protein polymer-based hydrogels were tested in vitro and in vivo to

evaluate their biocompatibility. Endotoxins present in the hydrogel were removed by Trition X-114 phase separation.

The reduction of endotoxins decreased TNF-a production by a macrophage cell line in vitro; however, significant inflam-

matory response was still present compared to collagen control gels. A branched PEG molecule and dexamethasone

were added to the hydrogel to reduce the response. In vitro testing showed a decrease in the TNF-a levels with the

addition of dexamethasone. In vivo implantations into the epididymal fat pad of C57/BL6 mice, however, indicated a

decreased inflammatory mediated immune response with a hydrogel treated with both PEGylation and endotoxin

reduction. This study demonstrates the importance of endotoxin testing and removal in determining the biocompatibility

of biomaterials.
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Introduction

Biomaterials play a critical role in regenerative medi-
cine and tissue engineering through the generation of
specific biophysical and biochemical environments cap-
able of directing cellular behavior and function.1,2 Both
synthetic and natural polymers have been used for cel-
lular encapsulation, but have met varied success. A fre-
quent concern for biomaterials is biocompatibility,
which is important for the long-term survival and func-
tion of transplanted cells.3,4 Biomaterial implants have
the potential to trigger the wound healing process, lead-
ing to acute or chronic inflammation, formation of
granulation tissue, and development of a fibrous scar
or capsule.5 The formation of a fibrous capsule that
completely surrounds the biomaterial implant is of par-
ticular concern: the capsule creates a diffusion barrier,
depriving the transplanted cells of nutrients, oxygen
and metabolites while inhibiting the release of factors
and waste products from the cells.3 In addition, the
capsule can block the formation of blood vessels in
and around the cells, precluding revascularization,
and ultimately decreasing cell function and survival.

While there are several methods to improve the bio-
compatibility of a biomaterial, it is of primary import-
ance to ensure the material contains little or no
endotoxins (lipopolysaccharides). Endotoxins, which
are found in the outer cell membrane of Gram-negative
bacteria, activate cells of the innate immune system,
such as monocytes, macrophages and neutrophils,
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evoking the release of proinflammatory cytokines such
as tumor necrosis factor-a (TNF-a), interleukin (IL)-6
and IL-1.6–8 Although limited in vivo work has been
performed to show the exact effects of endotoxin,
their presence may complicate biocompatibility studies
and should be eliminated.6 Other methods to improve
biocompatibility of an implant include the addition
of polyethylene glycol (PEG) molecules or anti-
inflammatory drugs. PEGylation modulates the
immune response by shielding the implant from the
immune system and has shown previous success as
an immune-isolation barrier to microencapsulated
islets.9–12 Additionally, anti-inflammatory drugs, such
as dexamethasone, a synthetic glucocorticoid steroid,
have proven successful in reducing inflammation and
suppressing the immune system when incorporated
into biomaterials for tissue engineering.13,14

Our group has previously developed genetically
engineered, recombinantly expressed, monodisperse
protein polymers from tandem repeat blocks of amino
acid sequences.15–18 These polymers have several poten-
tial advantages over natural or synthetic polymers for
tissue engineering. Since these polymers are genetically
engineered, the sequence and structure are controlled,
in turn allowing for tunable control over mechanical
and chemical properties. These protein polymers may
also be less immunogenic than naturally-derived poly-
mers or synthetic materials, which may contain mito-
gens and show lot-to-lot variability or monomers,
catalysts and initiators, respectively.3,19,20 However, it
is important to note that the immune system is very
specific and the response can vary with protein
sequence, material preparation and implantation
site.21 Thus, it is critical to further explore the biocom-
patibility of these protein polymers.

In the present study, the biocompatibility of enzy-
matically crosslinked protein polymer hydrogels made
from lysine- and glutamine-containing protein poly-
mers was investigated. Initially, these protein polymer
hydrogels contained a high level of endotoxins, which
can interfere with biocompatibility. Thus, a protocol
was developed to remove the endotoxins from the
hydrogel. Incorporation of a branched PEG and dexa-
methasone were explored as additional means to
decrease the immunogenicity of the endotoxin reduced
hydrogel. The hydrogels that caused the lowest cyto-
kine response in vitro were implanted into the epididy-
mal fat pad of mice to investigate the in vivo
inflammatory immune response. Through these efforts,
the ability to create protein polymer hydrogels with
favorable biocompatibility was demonstrated, provid-
ing the potential for better survival and function of cells
in contact with the material. Additionally, the impact of
endotoxins both in vitro and in vivo was explored,
demonstrating their effect on biocompatibility.

Methods

Materials

Unless otherwise stated, all materials were purchased
from Sigma Aldrich (St. Louis, MO).

Animals

Six- to eight-week-old C57/BL6 male mice were
obtained from Jackson Laboratory (Bar Harbor,
Maine, USA). All animals were housed in the
Northwestern University animal facility and used in
compliance with the Institutional Animal Care and
Use Committee (IACUC). Animal manipulations were
conducted using protocols approved by the IACUC.

Protein polymer synthesis

The DNA sequences and corresponding protein poly-
mers were synthesized as previously described.16 In sum-
mary, precisely designed DNA sequences were
constructed using controlled cloning methods22 and
then inserted into a modified pET-19b plasmid
(Novagen, Gibbstown, NJ) followed by transformation
into BLR(DE3) cells (Novagen). The modified cells were
cultured in shaker flasks with 1L of terrific broth
(Novagen) supplemented with 200 mg/mL ampicillin
and 12.5 mg/mL tetracycline (Fisher Scientific,
Pittsburgh, PA). Protein expression was induced at
OD600¼ 0.6–0.8 utilizing 0.5mM isopropyl thiogalacto-
side (U.S. Biologicals, Swampscott, MA) and allowed to
continue for 4 h before harvesting via centrifugation.
The cell pellets were resuspended in 6M guanidine
hydrochloride (U.S. Biologicals), 20mM sodium phos-
phate, 500mM NaCl, pH 7.8 buffer, lysed by three
freeze/thaw cycles and sonication to further break
down the cell walls. Centrifugation was used to separate
the insoluble portion from the soluble proteins in the
supernatant. The protein polymers were purified from
the remaining impurities by affinity chromatography
using chelating sepharose fast flow nickel-charged resin
(GEHealthcare, Piscataway, NJ) under denaturing con-
ditions with competitive elution using imidazole (Fisher
Scientific). Elutions containing the protein were identi-
fied using SDS-PAGE analysis and then dialyzed and
lyophilized to obtain pure protein. The molecular
weight was verified using matrix-assisted laser desorp-
tion ionization time of flight mass spectrometry
(MALDI-TOF MS) on an Autoflex III Series
MALDI-TOF (Bruker Daltonics, Billerica, MA) at
Northwestern University’s Integrated Molecular
Structure Education and Research Center (IMSERC).
A 10mg/mL sinapinic acid matrix in 50% acetonitrile
with 0.1% trifluoroacetic acid (TFA) was used.
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Endotoxin reduction and testing

The reduction of endotoxins from the protein polymers
was performed by phase separation. The protein poly-
mer was dissolved at 10mg/mL in endotoxin free water
and the pH was adjusted to �9.5. Triton X-114 was
added at 1% and stirred for 30min at 4�C. The solution
was heated to 37�C in a water bath for 10min and
centrifuged at 10,000 g and 37�C for 10min. The super-
natant containing the protein was removed and put in a
new conical tube for repeated rounds of phase separ-
ation with pH adjustments to �9.5 every 4 rounds. The
protein solution was then placed on degassed Bio-beads
SM2 Adsorbents (Bio-rad Laboratories, Hercules, CA)
to remove trace amounts of Triton X-114, dialyzed
against endotoxin free water, and lyophilized.
Endotoxin levels were tested using the QCL-1000
Endpoint Chromogenic LAL assay (Lonza,
Walkersville, MD). Endotoxin free water, tubes and
glassware were used during endotoxin reduction and
any further experiments.

Hydrogel formation

Protein polymer hydrogels were formed through
enzymatic crosslinking of two protein polymers,
K8-30 [GH10SSGHIDDDDKHM(GKAGTGSA)30G]
and Q6 [GH10SSGHIDDDDKHM[(GQQQLGGAG
TGSA)2(GAGQGEA)3]6G]. All procedures were per-
formed with aseptic technique in a laminar flow hood
to maintain sterility. Tissue transglutaminase (tTG)
from guinea pig liver was dissolved at 0.04 units/mL
in 2mM ethylenediaminetetraacetic acid (EDTA),
20mM dithiothreitol (DTT), pH 7.7. The lysine con-
taining protein, K8-30, was dissolved at 10wt% in
200mM 4-Morpholinepropanesulfonic acid (MOPS),
20mM CaCl2, pH 7.6. The glutamine containing pro-
tein, Q6, was resuspended at 15wt% in 2mM EDTA,
pH 7.3. The three components were combined at a
volumetric ratio of 2:3:3 for tTG:K8-30:Q6 solutions
followed by incubation at 37�C until gelation occurred.

Collagen gels with a final concentration of 2.97mg/
mL were formed with rat tail collagen Type I (BD
Biosciences, San Jose, CA), dissolved on ice at
3.375mg/mL in a solution of a 1:5 ratio of 1N cold
NaOH and 10� phosphate buffered saline (PBS). The
gels were then incubated at 37�C until gelation
occurred.

Protein polymer PEGylation

After endotoxin reduction, a 3-armed branched 2420
Da (Methyl-PEG12)3-PEG4-NHS Ester (TMS-PEG)
(Fisher Scientific) was chemically conjugated to the
K8-30 protein utilizing amide bond formation between

the free amines of the lysines on the protein polymer
and the NHS ester of the PEG molecules. The branched
2420 Da TMS-PEG was dissolved in dry dimethylfor-
mamide (DMF) to a concentration of 250mM and
added to K8-30 dissolved at 2mg/mL in endotoxin
free phosphate buffered saline at 5� and 20� molar
excess. Reactions were carried out with 1.5mL of
K8-30 solution and incubated at room temperature
for 30min followed by lyophilization and salt removal
with a CENTRI-SEP spin column (Princeton
Separations, Freehold, NJ). The branched PEG mol-
ecule was chemically conjugated onto the K8-30 protein
polymer and formed bonds with �5 and �9 of the 31
lysine residues when reacted at 5� and 20� molar
excess, respectively. For all samples, gels were
formed by mixing K8-30, conjugated K8-30 (K8-
30-TMS-PEG), and Q6 with tTG. In all cases, the
percentage of K8-30 modified with PEG was varied
while keeping the total amount of K8-30 constant.
Smaller linear PEG molecules were also conjugated
onto the K8-30 protein before endotoxin reduction
and included at various concentrations (Supplemental
Material). In vivo studies were completed using the
K8-30-TMS-PEG at 20x molar excess. The extent of
PEGylation was determined through molecular weight
determinations of the conjugated products by MALDI-
TOF MS.

Dexamethasone incorporation

Dexamethasone (DEX) was incorporated into the pro-
tein polymer hydrogels by directly dissolving the steroid
in the K8-30 buffer (200mM MOPS, 20mM CaCl2, pH
7.6). The compound was first dissolved at 0.62mg/mL
and then further diluted with the MOPS buffer to
obtain lower concentrations. The K8-30 protein was
then dissolved at 10wt% utilizing the DEX solution
at the desired concentration. Three concentrations of
DEX gathered from literature values were used for
in vitro studies: 0.1 mM, 1 mM and 10 mM based on the
well volume utilizing a 10 mL gel.23,24 Based on hydro-
gel volume, these concentrations correspond to
5.92 mM, 59.2mM and 592 mM DEX. All in vivo studies
were performed using the highest concentration of
DEX.

In vitro testing

The mouse macrophage cell line, RAW 264.7
(American Type Culture Collection, Manassas, VA)
was cultured in high glucose Dulbecco’s Modified
Eagle Medium (DMEM) (Invitrogen, Carlsbad, CA)
with 10% fetal bovine serum (FBS) (Gemini Bio-
Products, West Sacramento, CA) in a humidified incu-
bator at 37�C and 5% CO2. Cells were plated in 48-well
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plates at 1.5� 105 cells/mL and allowed to adhere over-
night. 10 mL gels were formed in 0.5mL microcentrifuge
tubes and transferred into wells containing 580 mL
media. Aliquots of media were removed at various
time points and frozen at �20�C for later analysis.

Mouse TNF-a levels were measured using enzyme
linked immunosorbent assay (ELISA) kits
(eBiosciences, San Diego, CA) following the
manufacturer’s protocol. Samples were read using a
M5 Spectramax plate reader (Molecular Probes,
Sunnyvale, CA) at the Institute for Bionanotechnology
in Medicine (IBNAM) at Northwestern University. To
standardize across experiments, TNF-a values were nor-
malized to the highest value in the measured plate.

For the endotoxin reduced, PEGylated and DEX
incorporated samples, n� 16, 7 and 10, respectively.

In vitro biocompatibility

Protein polymer hydrogels showing the lowest cytokine
response in vitro, were further tested in vivo in the epi-
didymal fat pad of male C57/BL6 mice (n¼ 5).
Hydrogels formed with proteins before endotoxin
reduction were implanted as positive controls (n¼ 3).
Collagen gel implants and sham surgery were used as
negative controls (n¼ 3).

Briefly, 6- to 8-week old C57/BL6 mice were anesthe-
tized with 2% isoflurane before administering a 300 mL
injection of avertin; through an abdominal incision, the
epididymal fat pad was exposed for implantation of the
preformed hydrogel, wrapped around the gel, and
stitched together with an Ethilon 8-0 suture, before
closure of the abdomen wall. The implants were
removed 4 days after implantation and slides were pre-
pared for histological evaluation.

Histology

Implants were excised and placed immediately in
10% neutral buffered formalin (Fisher Scientific), pro-
cessed on a Leica TP 1050 tissue processor (Leica
Microsystems, Germany), and paraffin embedded on
a Sakura Tissue Tek embedding unit (Sakura Finetek
U.S.A., Torrance, CA). Sections, cut with a 5 mm thick-
ness on a Leica 2135 microtome (Leica Microsystems),
were stained with hemotoxylin and eosin (H&E), and
imaged using a Nikon Eclipse 50i upright microscope
(Nikon, Melville, NY) equipped with Spot Advanced
software (Diagnostic Instruments, Sterling Heights,
MI) at Northwestern University’s IBNAM facility.
The thickness of the inflammatory infiltrate surround-
ing each hydrogel was measured using ImageJ software
(National Institutes of Health, Bethesda, MD). For
each implant, 4 measurements were taken on each of
2–3 slides, averaged, and recorded. Slides were further

evaluated by a pathologist (S.A.M) using standard
histological criteria.

Statistical analysis

Statistics were performed using Origin 7 (OriginLab
Corporation, Northampton, MA) with a one-tailed,
two-sample T-test. A p-value less than 0.01 was con-
sidered significant.

Results

Endotoxin testing and reduction

Initial endotoxin testing was performed using a quan-
titative Limulus Amebocyte Lysate endpoint assay
(Lonza, Hopkins, MA). Before endotoxin reduction,
Q6 contained �90 endotoxin units per mg of protein
(EU/mg) and K8-30 contained �7.5EU/mg. Phase sep-
aration with Triton X-114 was used to reduce endo-
toxins from both protein components based on a
protocol described by Liu et al.7 The number of
rounds of phase separation, pH and removal of trace
amounts of Triton X-114 were all optimized to reduce
endotoxin contamination to an acceptable level for
transplantation.8,25 Approximately 24 rounds of phase
separation for Q6 brought the contamination down to
0.12EU/mg and 16 rounds for K8-30 brought it down
to 0.06EU/mg. Figure 1(a) shows representative results
of EU/mg after every 4 rounds of separation.

In vitro testing after endotoxin reduction

Protein polymer hydrogels of various endotoxin levels
were incubated with RAW 264.7 cells to investigate the
inflammatory immune response in vitro. Collagen gels
and lipopolysaccharide (LPS, the prototypical endo-
toxin) at 600EU/mL of media were used as the negative
and positive control, respectively. Hydrogel endotoxin
levels varied from 100EU/mL media for non-treated
hydrogels to 0.16 EU/mL media for the hydrogels
with the fewest endotoxins (600-fold decrease). The
lowest level of endotoxin resulted in the lowest level
of TNF-a (55% decrease from baseline) (Figure 1(b));
however, it remained �13 times higher than with
collagen gels and cells alone. Following 24 h in vitro
incubation, IL-1b was found to be undetectable
(Supplemental Material).

In vitro testing after endotoxin reduction and the
addition of PEGylated molecules

K8-30-TMS-PEG conjugates with �5 and �9 PEG
molecules were incorporated into the hydrogel by
substituting either 50% or 100% of the K8-30 with
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the K8-30-TMS-PEG. In vitro testing for macrophage
response to PEGylation showed no statistical improve-
ment at any amount of PEGylation when compared to
the hydrogel after endotoxin reduction (Figure 2). The
100% PEGylated gel with �9 grafted PEG molecules,
however, did result in a statistically significant decrease
in TNF-a level when compared with the other PEG
conditions, (�7% decrease) (p< 0.01).

In vitro testing after endotoxin reduction and the
addition of DEX

Three different concentrations of DEX were included in
the K8-30 protein polymer hydrogels or with 600 EU/
mL LPS. After 48 h incubation, the TNF-a levels of the
LPS (LPS: 5.92 mM) and hydrogels with DEX at
5.92 mm (ER: 5.92 mM) were decreased by 39% and

33%, when compared to LPS (LPS: 0 mM) and ER
(ER: 0 mM) with no DEX, respectively (Figure 3).
TNF-a levels reached a low plateau with DEX concen-
trations of 59.2mM or greater (ER: 59.2 mM and ER:
592 mM), reducing the levels by �65% and �70% of
the LPS (LPS: 0 mM) and hydrogel samples (ER: 0 mM),
respectively (Figure 3). A Griess reaction, which pro-
vides a measure of NO and is another indica-
tion of inflammation, validated these results with
similar trends at both 24 and 48 h of incubation
(Supplemental Material).

In vitro biocompatibility

Prior to endotoxin reduction, protein polymer hydro-
gels were completely surrounded by a dense infiltrate of
acute inflammatory cells, including many neutrophils
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and some macrophages (Figures 4(a), 5(a) and (b),
Table 1). Many of the inflammatory cells were apop-
totic or necrotic. There was also a scant infiltrate of
inflammatory cells in the surrounding fat (Figure 5(a),
‘f’). The endotoxin reduced gels also induced an acute
inflammatory response surrounding the hydrogels
(Figures 4(b), 5(c) and (d)), but the mean thickness of
the infiltrate decreased by �35% when compared to the
hydrogels before endotoxin reduction (Figures 4(a),
5(a) and (b), Table 1) (p< 0.01). Endotoxin reduction
also decreased the infiltrate into the surrounding fat

(Figure 5(a) and (c)). The addition of DEX to the
hydrogels after endotoxin reduction further decreased
the cell infiltrate by �50% when compared to decreas-
ing endotoxins alone (Figure 4(c), Table 1) (p< 0.01).
The addition of 100% K8-30-PEG, or 100% K8-30-
PEG and DEX, to the hydrogel after endotoxin reduc-
tion led to a significant decrease in the thickness of the
surrounding infiltrate, as compared to endotoxin reduc-
tion alone (Figures 4(d) and (e), and 5(e) and (f),
Table 1). The scant infiltrate surrounding the 100%
K8-30-PEG-containing gels was composed mainly of
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macrophages and was similar in histologic appearance
to that of the infiltrate surrounding the collagen control
gel (Figures 4(f), 5(g) and (h)). A sham procedure
showed very little inflammation, indicating minimal
inflammatory response to the procedure itself
(Supplemental Material).

The 100% K8-30-PEG (with or without DEX)
hydrogel material differed in appearance from the
hydrogel material without PEG: specifically, the PEG-
containing hydrogels stained weakly with eosin, had
a bubbly appearance, and contained small numbers
of inflammatory cells, most likely macrophages
(Figures 4(d) and (e) and 5(e) and (f)). In contrast,
the hydrogels without PEG (Figures 4(b) and (c) and
5(c) and (d)) stained strongly with eosin and contained
few, if any, inflammatory cells.

Gels formed with several different PEGylated pro-
tein polymers without endotoxin reduction were exam-
ined at 3–5 days and 1 month after implantation and
showed extensive inflammatory cell infiltrate
(Supplemental Material).

Discussion

Endotoxins, which are lipopolysaccharides found in the
cell wall of Gram-negative bacteria such as E. coli, are
commonly found in recombinantly expressed pro-
teins.26 Endotoxins are composed of monomers of
fatty acid chains and negatively charged sugar units

that can self assemble into larger complexes. They are
known to be potent activators of macrophages, a first
responder in the immune cascade, and have proven dif-
ficult to remove as they are heat stable and can bind to
both hydrophobic and cationic moieties.6 In vivo stu-
dies of protein polymers, a relatively new class of
materials, do not indicate that endotoxin reduction is
necessary,27,28 but most of these focus on elastin-based
protein polymers that utilize an inverse transition
cycling purification method, which may remove endo-
toxins in the process.29

Endotoxins are potent activators of the innate
immune system. By FDA regulations, endotoxin
levels for drugs must be less than 5 EU/kg/h, and for
medical devices less than 0.5 EU/mL based on a 40mL
rinse.8,25 In initial testing, high levels of endotoxins
were found in the lysine- and glutamine-containing
recombinantly expressed protein polymers. During
endotoxin testing, the higher endotoxin levels asso-
ciated with the Q6 protein were unexpected. It was
hypothesized that the negatively charged sugars on
the LPS would bind more tightly with the positively
charged lysines in the K8-30 protein. This finding indi-
cates other binding types may play a significant role in
endotoxin association.

Phase separation with Triton X-114 was found to
be the most effective method to reduce endotoxins.
An affinity chromatography method with a protein-
aceous ligand derived from a bacteriophage to bind
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Figure 4. H&E staining of protein polymer hydrogels removed from epididymal fat pad 4 days after implantation. The white round

cells are fat, the light pink/red is the hydrogel or collagen, and the purple marked cells denote nuclei. (a) Before endotoxin removal;

(b) after endotoxin removal; (c) after endotoxin removal with 592 mM dexamethasone; (d) after endotoxin removal with 100% K8-30-

TMS-PEG; (e) after endotoxin removal with 100% K8-30-TMS-PEG and 592mM dexamethasone; (f) collagen alone. Images are at 4�

magnification.
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endotoxin was abandoned after insufficient endotoxin
reduction and low yields. High performance liquid
chromatography (HPLC) did effectively reduce endo-
toxins, however it proved difficult to maintain an endo-
toxin free environment. Optimization of the phase
separation provided consistent endotoxin levels below
0.12 EU/mg protein, while often being much lower.

The macrophage cell line, RAW 264.7, was used to
analyze the in vitro effect of endotoxin reduction.
Endotoxins stimulate the secretion of pro-inflammatory
factors such as TNF-a and IL-1b from leukocytes.
Cytokine secretion from macrophage cell lines has
been used to analyze inflammatory potential for other
biomaterials.30 TNF-a, specifically, is one of the key

(a) (b)

(d)(c)

(e) (f)

(h)(g)

Figure 5. H&E stained images of gels after 4 days implantation of in the epididymal fat pads. (a,b) Gel before endotoxin removal: The

gel (g) is surrounded by a dense inflammatory infiltrate (i) composed mainly of neutrophils. Most of the neutrophils in the inner part of

the infiltrate (close to the gel) appear viable while those in the outer portion (nearest the fat) are necrotic. The infiltrate extends into

the surrounding fat (f ). (c,d) Gel after endotoxin removal: The gel is surrounded by a thin band of inflammatory cells, most of which

are necrotic. There is minimal infiltration into the surrounding fat. (e,g) Gel after endotoxin reduction with 100% K8-30-TMS-PEG and

(g,h) collagen gel. In both cases, there is minimal inflammation, consisting of a few macrophages at the junction of the gel and the fat; a

few macrophages are indicated by arrows (f,h). There are scattered cells within the PEGylated gel. The boxed area (100� magnifi-

cation) in a, c, e, and g is seen at higher power (600�) in b, d, f, and h, respectively. The spaces between the gel and the infiltrate, most

notable in panels A and D, are artifacts due to shrinkage of the tissue during fixation.

402 Journal of Biomaterials Applications 28(3)

 at Stanford University Libraries on November 10, 2016jba.sagepub.comDownloaded from 

http://jba.sagepub.com/


cytokines involved in macrophage response towards
foreign materials.6,31 Endotoxin reduction from the
protein polymer hydrogels showed a stepwise decrease
in TNF-a levels with continued decrease in endotoxin
levels. The TNF-a levels for the hydrogel with the
lowest level of endotoxins were less than half of what
they were before the phase separation process.
However, the hydrogels still showed a TNF-a level
�13 times greater than with collagen, a commonly
used protein-based hydrogel, included here as a nega-
tive control. The elevated TNF-a levels seen after
reducing endotoxins may be due to recognition of the
non-natural repetitive amino acid sequence of the pro-
tein polymer as foreign. Further studies could be per-
formed to better understand the difference in TNF-a
secretion caused by the proteins themselves and that
caused by the endotoxins present in the hydrogel.
Nevertheless, in vivo endotoxin reduction also led to a
decrease in the extent of the inflammatory infiltrate
around the protein polymer, confirming the in vitro
data.

After reducing the endotoxins, the effects of
PEGylation were also evaluated in vitro to determine
if it could shield the hydrogel from the immune
system and limit the foreign body response. PEG
is known to suppress the immune response by
decreasing protein adsorption through its hydrophilic
nature and its steric barrier from its high bond
mobility.32,33 Monodisperse PEG molecules were
attached to the K8-30 protein to better help deter-
mine the extent of conjugation. While smaller PEG
molecules are desired because they will cause the
least chemical and mechanical changes to the gel, a
high molecular weight, branched TMS-PEG was
conjugated here onto the K8-30 protein to effectively
block the cellular response of a potentially immuno-
genic protein polymer. In vitro testing of the K8-30-
TMS-PEG at different weight percentage and degrees
of conjugation indicated no change in TNF-a levels
compared to non-PEGylated hydrogels. In vivo bio-
compatibility testing, however, showed significantly
diminished inflammatory infiltrate, no necrotic
tissue, and minimal infiltrate in the surrounding
fat. A proposed hypothesis for the difference seen
between these studies is that PEG shields the protein
polymer in the in vivo studies, such that macro-
phages are not activated. However, in the in vitro
model, the gels are in direct contact with the macro-
phages, negating the protective effects. In vivo testing
of PEGylated gels without endotoxin reduction,
however, does not show the same reduction in
inflammatory cell infiltration, instead invoking a
response similar to hydrogels formed before endo-
toxin reduction (Supplemental Material). Despite
the general application of PEGylation to modulateT
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immune responses, this strategy appears to be suc-
cessful only after endotoxin reduction. This indicates
that both endotoxin reduction and PEGylation are
necessary to down regulate the inflammatory
response.

A drug-mediated solution was also explored as an
alternative method for decreasing the immune response
of protein polymer hydrogels. DEX is a well-studied
and commonly used glucocorticoid class steroid hor-
mone serving as an anti-inflammatory and immunosup-
pressant and has been previously used in conjunction
with biomaterials.13,14,34,35 It was included at three dif-
ferent concentrations through dissolution in the protein
polymer hydrogel. The measurement of both TNF-a
and nitric oxide in vitro indicates that the addition of
a corticosteroid impacts macrophage response to pro-
tein polymer hydrogels. While in vivo testing incorpor-
ating the highest concentration of DEX did show
decrease in necrosis and in the immune cell infiltrate,
compared to controls (hydrogels after endotoxin reduc-
tion), it was not to the same extent as the TMS-PEG
hydrogel. Furthermore, when added to the TMS-PEG
hydrogel, DEX did not produce a significant improve-
ment in vivo. Therefore, PEGylation elicits a down
regulation of the inflammatory mediated immune
response in vivo, but the addition of DEX is not
necessary.

At this time point, the PEGylated protein polymer
hydrogel after endotoxin reduction could be considered
to have a favorable immune response, with similar cell
infiltration to collagen gels in vivo. The histology images
of these protein polymer hydrogels with full endotoxin
reduction and PEGylation indicate a similar immuno-
genic response to that of an elastin-based protein poly-
mer hydrogel, presenting with a mild foreign body
response,36 but longer time studies would be needed
to fully assess the host response to make ultimate deter-
mination of its biocompatibility. Lastly, it is important
to take into account that the host response to soft
tissue injury following any biomaterial implantation
initiates a series of events that mimic a foreign body
reaction and the resolution of this tissue response
may affect the efficacy of the transplanted biomaterial.
An appropriate host response is one that allows for
the intended function without interference from the
immune system.

Conclusions

The biological response of an implanted biomaterial is
critical to its in vivo function. The complex foreign body
response and wound healing process are difficult to pre-
dict and model in vitro. The effect of endotoxins on the
immune response both in vitro and in vivo has been

shown through the incubation with macrophage cells
and implants in the epididymal fat pad of mice.
Specifically, endotoxin reduction decreases TNF-a
levels in vitro and decreases inflammatory infiltration
both in and around the material in vivo. Additionally,
PEGylation of endotoxin reduced proteins further
decreased cellular infiltration and necrotic tissue

This study shows the importance of properly iden-
tifying potential inflammatory triggers such as endo-
toxins. Here the in vivo effects of endotoxins on the
inflammatory response were demonstrated. Without
endotoxin reduction, PEGylation does not improve
the immune response. Although previous work has
shown the importance of endotoxin reduction
in vitro,37–39 limited work has been done in vivo.40,41

This study indicates the importance in detecting endo-
toxins and how their presence can complicate biocom-
patibility studies.
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