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In situ regeneration of bioactive coatings enabled by
an evolved Staphylococcus aureus sortase A
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Surface immobilization of bioactive molecules is a central paradigm in the design of
implantable devices and biosensors with improved clinical performance capabilities. However,
in vivo degradation or denaturation of surface constituents often limits the long-term per-
formance of bioactive films. Here we demonstrate the capacity to repeatedly regenerate a
covalently immobilized monomolecular thin film of bioactive molecules through a two-step
stripping and recharging cycle. Reversible transpeptidation by a laboratory evolved Staphy-
lococcus aureus sortase A (eSrtA) enabled the rapid immobilization of an anti-thrombogenic
film in the presence of whole blood and permitted multiple cycles of film regeneration in vitro
that preserved its biological activity. Moreover, eSrtA transpeptidation facilitated surface re-
engineering of medical devices in situ after in vivo implantation through removal and
restoration film constituents. These studies establish a rapid, orthogonal and reversible
biochemical scheme to regenerate selective molecular constituents with the potential to
extend the lifetime of bioactive films.
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edical devices in blood-contacting applications, such as

stents, heart valves, ventricular assist devices and

extracorporeal support systems, as well as vascular
grafts and access catheters are prone to failure due to maladaptive
host responses at the blood-material interface! . Immobilization
of bioactive molecules and drug eluting thin films on implantable
devices have yielded promising combination products that
abrogate thrombotic cascades and detrimental inflammatory
reactions’”, enhance device integration and local tissue
repair'® and inhibit microbial colonization'12, However, the
clinical translation of these strategies remains constrained by the
limited therapeutic duration afforded by a finite reservoir of
bioactive agents, as well as by the degradation or denaturation of
surface components by oxidation, hydrolysis and proteolysis
when exposed over time to a physiological environment!>!3-13,
Efforts to improve the stability and activity of thin film
constituents for both biomedical and biotechnological
applications have included attempts to judiciously alter surface
properties, such as hydrthiIicity, charge, topography!'®1® and
immobilization chemistry'>~22, as well as through rational and
evolutionary protein engineering®>?4, Despite recent progress in
these areas, a surface coating for implantable devices that reliably
retains biological activity over extended clinically relevant
timescales has not been developed.

In principle, enzyme ligation offers an opportunity for
catalysing reversible bond-forming reactions that could enable
the molecular regeneration of bioactive thin films in situ.
Staphylococcus aureus sortase A (SrtA) catalyses the covalent
transpeptidation of a C-terminal ‘sorting motif LPXTG to
N-terminal oligoglycine (for example, GGG) nucleophiles
through an acyl-enzyme complex forming an LPXT-GGG
bond*>?°, Because of its synthetic simplicity and the very
limited occurrence of the LPXTG motif in native proteins,
SrtA-catalysed transpeptidation has been broadly applied in
protein Euriﬁcation, labelling and immobilization onto solid
supports?’ 31, However, the low catalytic activity and substrate
affinity of wild-type (WT) SrtA necessitates high molar excess of
the enzyme and long incubation times to approach reaction
completion, limiting its effectiveness and applicability. An
evolved SrtA mutant (eSrtA) has recently been generated that
exhibits 120-fold higher LPETG-ligation activity than the WT
enzyme>?32, This enzyme suggested the possibility of multiple
rapidly catalysed cycles of removal and reversible assembly of
bioactive molecular films onto oligoglycine-modified surfaces
both in vitro and in vivo. Indeed, we observed that eSrtA
transpeptidation was reversible, enabling multiple cycles of
peptide bond formation and cleavage, and, thereby, facilitating
film regeneration in the presence of whole blood in vitro and
in vivo. These studies establish a rapid, orthogonal and reversible
scheme, which can be used to regenerate selective molecular
constituents with the potential to extend the lifetime of bioactive
films, or likewise, as a method to load and release any of a
number of material bound constituents for controlled drug
loading and delivery, or as a strategy for material dissolution.

Results

An evolved sortase catalyses rechargeable molecular assembly.
We have extensively characterized the ability of thrombomodulin
(TM) to limit tissue factor induced thrombin production under
venous and arterial flow conditions using both experimental and
computational models®!*3-38_ Surfaces functionalized with TM, a
major physiological inhibitor of thrombin generation®>*7, exhibit
reduced thrombogenicity in vitro and in vivo, thereb?/, suPporting
its potential utility in blood-contacting devices*?74!1=4° To
demonstrate the ability to reversibly assemble TM on oligoglycine
surfaces in a site-specific manner (Fig. la), we first generated a
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recombinant human TM fragment containing a C-terminal
LPETG motif (TM;pgrg). WT sortase (WT SrtA) and an eSrtA
produced by directed evolution using a yeast display system were
generated, as previously reported®2. Model pentaglycine surfaces,
which match the natural SrtA substrate on the S. aureus cell
wall®®  were constructed by immobilizing a biotinylated
pentaglycine peptide (NH,-GGGGGK-biotin) on surfaces pre-
coated with streptavidin. Surface immobilization of TM;pgrg
using eSrtA yielded a ~10-fold higher surface density than that
attained in the presence of an equivalent concentration of WT
SrtA. Further, despite a 20-fold increase in WT SrtA, only a
modest increase in TM surface density was observed (Fig. 1b).
Near-complete removal of immobilized TM films could be
achieved with eSrtA in 30min, whereas WT SrtA was
substantially less efficient under identical conditions (Fig. 1c).
In this system, the binding kinetics of TMypgrg by eSrtA roughly
approximated those of biotin-streptavidin (Fig. 1d). As illustrated
by 10 repetitive stripping and charging cycles using eSrtA, rapid
and reproducible regeneration of surface-bound TM films proved
feasible with preservation of surface catalytic activity and
sustained production of activated protein C (aPC) (Fig. le)(f).
TM perG-pentaglycine surfaces were incubated for up to 28 days
in Tris-buffered saline (TBS) at 37°C and subjected to three
cycles of stripping and recharging at 7-day intervals. We observed
no loss in efficiency of eSrtA stripping or recharging as
characterized by TM ELISA and TM co-factor activity over this
4-week period (Fig. 2a,b). These results confirmed that the
enhanced catalytic activity of eSrtA is a critical enabling step in
the application of a two-step strip/recharge scheme for rapid and
repetitive regeneration of biologically active molecular films.

Repetitive molecular recharging can be performed in blood.
Because of the rarity of LPETG and GGG motifs in native
proteins, we postulated that the two-step strip/recharge reaction
mediated by eSrtA would provide a feasible in vivo strategy to
selectively regenerate molecular constituents on or within medical
implants in situ. As proof-of-concept, we demonstrated the ability
to immobilize TMjpgrg on pentaglycine surfaces in 50% v/v
whole blood at 37°C. We observed that eSrtA was capable of
efficiently functionalizing model surfaces greater than 20-fold
more effectively than WT SrtA (Fig. 3a). In addition, eSrtA was
capable of functionalizing surfaces in whole blood at levels
equivalent to that achieved in defined reaction buffer with only a
five fold increased concentration (0.1 equivalents versus 0.5
equivalents). We performed repeated cycles of stripping/
recharging in 50% v/v whole blood and observed both efficient
removal and regeneration of TM. Significantly, aPC generation
after five rounds of charging was equivalent to that observed on
our initial model surface (Fig. 3b,c). These results underscore the
enhanced activity of eSrtA as an important enabling step towards
in situ assembly of molecular films at the blood-contacting
interface of medical implants.

Sortase mediates molecular assembly and disassembly in vivo.
Polyurethane venous access catheters are widely used, but
continue to be limited by a risk of thrombosis and infection,
despite attempts to limit these risks by surface immobilization of
bioactive molecular films>1~>%, As venous catheters are available
in sizes compatible for small animal studies, they provide a
convenient model system to assess stripping and recharging
of surface-bound biologically active molecules in vivo. Initial
investigations focused on the application of eSrtA trans-
peptidation to immobilize and remove LPETG-tagged probes
on pentaglycine-modified polyurethane catheters deployed in the
mouse inferior vena cava. Catheters were modified with
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cyclooctyne motifs using a sequential scheme (Supplementary
Fig. 1), as previously reported®¥, and azide reactivity was
confirmed using rhodamine azide probes (Supplementary Fig. 2).
An azide-tagged pentaglycine peptide (NH,-GGGGG-N;) was
used to generate pentaglycine motifs on catheters. Reaction
parameters for eSrtA-mediated attachment and removal of a
biotin-LPETG probe on catheters were first determined under
in vitro conditions (Supplementary Figs 3-5). Using 6-8-week-
old C57BL/6 mice, pentaglycine-modified catheters were inserted
via the femoral vein into the inferior vena cava, followed by
intravenous administration of eSrtA with either biotin-LPETG or
triglycine (GGG) to charge or strip the catheter surface,
respectively (Fig. 4a). Analysis of explanted catheters confirmed
the selective immobilization or removal of biotin-LPETG probes
within 1h (Fig. 4b,c and Supplementary Figs 6-9). In a parallel set
of experiments using catheters bearing Alexa Fluor 750-LPETG,
real-time fluorescent imaging confirmed that the surface-bound
near-IR probe was nearly completely removed within 1h after
intravenous administration of eSrtA and GGG (Fig. 4d,e).

To determine whether nonspecific adsorption of plasma
proteins or other blood components limits surface accessibility

to systemically delivered eSrtA, catheters were deployed in the
jugular vein for 7 days using a rat model. Pentaglycine-derivatized
polyurethane catheters were inserted and after 1 week, Texas
Red-labelled TM;prrg was administered intravenously with or
without eSrtA. Catheters were explanted 1 h later and TM surface
conjugation was confirmed using fluorescence microscopy
(Fig. 5a and Supplementary Fig. 10). In situ stripping of Texas
Red-TMperc and recharging efficiency was examined in a
similar manner. Specifically, pentaglycine catheters functionalized
with Texas Red-TM; prrg were deployed within the jugular vein
for 7 days. Catheters were removed 1h after intravenous
administration of GGG with or without eSrtA and stripping
verified by fluorescence imaging (Fig. 5b and Supplementary
Fig. 10). In situ recharging was assessed by first initiating the
in vivo removal of TMjpgrg from catheter surfaces after
deployment within the rat jugular vein for 7 days, as detailed
above, followed 24 h later by intravenous administration of Texas
Red-TM; perg with or without eSrtA. Significantly, TM surfaces
could be charged, stripped and once again recharged with TM
to levels observed before catheter implantation (Fig. 5b,c and
Supplementary Fig. 10).
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Figure 1 | Sortase-catalysed rechargeable surface assembly. (a) Two-step ‘rechargeable’ surface assembly cycle initiated by sortase-catalysed charging
of LPETG-tagged biomolecules on pentaglycine-modified surfaces, followed by sortase-catalysed stripping to regenerate pentaglycine anchor sites for
additional surface reaction cycles. (b) Immobilization of TuM TM perg On pentaglycine-coated microwells using 0.1 molar equivalents evolved sortase
(eSrtA), 0.1 and 2 molar equivalents WT SrtA, or no sortase as a negative control. (¢) Following immobilization of 1uM TMpetg on pentaglycine-coated
microwells using 0.1 molar equivalents eSrtA, removal of bound TM was carried out using 20 pM of either evolved eSrtA or WT SrtA with TmM triglycine.
(d) Sortase-catalysed binding of TM pe1g on pentaglycine-modified model surfaces following Th and 16 h reactions were compared with the binding of
biotinylated TM (TM-biotin) directly on streptavidin-coated microwells. In parallel, TM_pgrg Was incubated in microwells without sortase as a negative
control. (e) Rapid repetitive recharging of TM petg on pentaglycine surfaces by eSrtA. Sequential eSrtA-catalysed charging (red) and stripping (blue) cycles
of TMiperg On pentaglycine surfaces (n=4). (f) Co-factor activity of immobilized TM to catalyse production of activated protein C (aPC) following the

initial assembly of TMpetg, stripping by eSrtA, and regeneration of TM perg by eSrtA. **P<0.01, ***P<0.001 (Student's t-test), error bars denote
s.d. (n>3).
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Figure 2 | Repetitive surface assembly and removal over 28 days in vitro.

(a) Sequential eSrtA-catalysed charging and stripping of TMpetg

performed at 7-day intervals over a 28-day incubation. (b) aPC activity was confirmed on initial surfaces and after three strip/charge events
performed on days 7, 14 and 28. N.S. (not significant), error bars denote s.d. (n>3).
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Figure 3 | Repetitive surface recharging in the presence of whole blood. (a) Direct sortase-catalysed assembly of TMpgtg in 50% v/v heparinized whole
blood (20 U heparin per ml of blood) at 37 °C for 1h without additional calcium. Evolved and WT sortases were tested at two different TM petg
concentrations as well as TM perg/sortase ratios. (b) Sequential eSrtA-catalysed charging (red) and stripping (blue) cycles of TM petg performed

on model pentaglycine surfaces in 50% v/v heparinized whole blood (20 U heparin per ml of blood) at 37 °C for 1h without additional calcium.

(e) TM co-factor activity (nM aPC/well) was characterized on initial surfaces and after the fifth generation of charging. Blank wells were included

as control. N.S. (not significant), *P<0.05, ***P<0.001 (Student's t-test), error bars denote s.d. (n>3).

Discussion

Current techniques to covalently modify surfaces with bioactive
compounds have largely involved bioconjugation schemes that
link nucleophilic motifs such as amines, thiols and hydroxyls to
respective partner electrophiles®®. The abundant presentation of
these motifs in the complex chemical landscape of biological
systems reduces the efficiency of targeting payloads to regenerate
device reservoirs or surfaces. Recent efforts to modify blood-
contacting surfaces with bioactive molecules have led to the
application of a variety of bio-orthogonal coupling chemistries,
notably Staudinger ligation and native chemical ligation, as well
as click cycloaddition and intein-mediated splicing>”*7~62,
However, these irreversible bond-forming approaches prohibit
the in situ removal and regeneration of surface assemblies.
Non-covalent strategies for recharging bioactive surfaces have
been proposed through the use of metal-affinity®3, N-halamine
structures®, disulfide bonds®> as well as through biotin-avidin
interactions®®. Nonetheless, even under controlled in vitro
conditions, repetitive regeneration using these schemes is
challenging and would not be easily adaptable to surface
regeneration in vivo. eSrtA demonstrates promising utility for
the targeted regeneration of molecular constituents in vivo that
are bound on or potentially within a device. While eSrtA is a
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bacterial protein and further studies to characterize its
immunogenicity are ongoing, precedent does exist for the
clinical use of bacterially sourced therapeutics, such as
streptokinase, uricase and asparaginase.

In this report, we demonstrate a site-specific covalent
immobilization of recombinant TM that has been specifically
engineered for enhanced protease stability and oxidation
resistance. We observed no decrease in surface-bound TM over
4 weeks in vitro; indeed, TM has been characterized with
remarkable stability and as such it is a promising candidate for
device functionalization. Despite the intrinsic stability of TM, we
anticipate the need to regenerate surface activity on permanent
blood-contacting prostheses with continuing efforts focused on
characterizing the bioactive half-life of surface-bound TM in vivo.
Importantly, we have determined that eSrtA permits the
engineering of covalently bound molecular assemblies onto
material surfaces that can be selectively and rapidly ‘recharged’
to sustain surface activity. In comparison with other chemoenzy-
matic approaches®’ =%, the enhanced kinetics and bond-forming
efficiency afforded by directed evolution of SrtA was a critical
enabling technology for this concept. We confirmed the capacity
of eSrtA to catalyse multiple cycles of rapid assembly and removal
of LPETG-tagged biomolecules and established that such a
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Figure 4 | Sortase-catalysed reversible surface assembly in vivo. (a) Reversible assembly of LPETG-labelled probes (biotin-LPETG or Alexa Fluor 750-
LPETG) on pentaglycine-modified catheters deployed in vivo was achieved by intravenous delivery of eSrtA and triglycine peptide. (b) In situ eSrtA-
catalysed immobilization of LPETG-tagged biotin (biotin-LPETG) probes on pentaglycine-modified catheters in the mouse inferior vena cava, 1h after
intravenous delivery of biotin-LPETG and eSrtA, catheters were explanted and incubated with Cy3-streptavidin to assess biotin surface density. (¢) In situ
eSrtA-catalysed removal of LPETG-tagged biotin probes from pentaglycine-modified catheters deployed in the mouse inferior vena cava, 1h after
intravenous delivery of triglycine (GGG) and eSrtA, catheters were explanted and incubated with Cy3-streptavidin to assess biotin surface density. (d) In
situ removal of LPETG-tagged near-IR probes from pentaglycine-modified PU catheters deployed in mouse vena cava. Representative real-time fluorescent
imaging of a pentaglycine-modified polyurethane catheter functionalized with LPETG-labelled Alexa Fluor 750 deployed in the mouse vena cava and
stripped by intravenous delivery of eSrtA and triglycine. Catheters modified with pentaglycine peptide and conjugated with LPETG-labelled Alexa Fluor 750
were stripped by |V delivery of triglycine (400 pg) and eSrtA (700 pg). The near-IR fluorescent signal from the modified catheter was monitored using the
Maestro multi-spectral fluorescence imaging system in real time over 70 min and (e) quantitative image analysis was performed to evaluate the
fluorescent signal intensity of the modified catheters. ***P<0.001 (Student's t-test), error bars denote s.d. (n>3).

strategy could be performed in the presence of whole blood
in vitro and in vivo. Taken together, our findings establish
the capacity to rapidly and reproducibly regenerate selective
molecular constituents after device implantation with the
potential to substantially extend the lifetime of bioactive films
and enhance clinically related performance characteristics. It is
anticipated that such a strategy could be applied to stripping and
regenerating any of a number of potential material bound
constituents that display finite stability or activity.

Methods

Materials. Unless otherwise specified, all reagents were purchased from Sigma-
Aldrich and used without further purification. The peptides NH,-GGGGG-N3,
NH,-GGGGGK-biotin, biotin-LPETG and NH,-LPETG were obtained from
GenScript.

Synthesis of GGG-PEGS5k-biotin. A total of 100 mg of biotin-PEG(5k)-NH2
(Creative PEG works) and 32.3 mg Fmoc-Gly-Gly-Gly-COOH (Santa Cruz
Biotechnology) were dissolved in 500 pl anhydrous dichloromethane. A total of
22.3mg of HBTU and 12.0 mg of hydroxybenzotriazole were dissolved in 1 ml of
anhydrous dimethylformamide. The resulting mixture was sonicated for 5min
before the addition of 13.7 ul of N,N-diisopropylethylamine and then reacted
overnight with stirring at room temperature. The mixture was quenched on ice by
the addition of 10 pl of trifluoroacetic acid and then precipitated by addition to
20 ml of cold diethyl ether. The material was then filtered, dried under reduced
pressure and subsequently dissolved in 1 ml of 20% piperidine in dichloromethane
and incubated at room temperature for 30 min to remove the Fmoc group.

The reaction was quenched by the addition of 0.2ml trifluoroacetic acid on ice,
precipitated with cold ethyl ether and recrystallized twice from cold isopropyl

alcohol. The precipitated sample was dissolved in 5ml of deionized water, dialyzed
(MWCO 2kDa) against deionized water for 24 h, and then lyophilized.

Alexa Fluor 750-LPETG synthesis. A total of 25 mg Alexa Fluor 750 NHS Ester
(Invitrogen) was dissolved in 45 pl of 0.4 M NH,-LPETGG peptide in DMSO and
incubated at room temperature for 6h. A total of 2.5 ul DIPEA was then added
and incubated at room temperature overnight. Reactions were quenched by the
addition of 450 pl of 1 M Tris, pH 7.5, which were incubated on ice for 2h. The
reaction product was purified on a preparative Kromasil 100-5-C18 column
(21.2 x 250 mm, Peeke Scientific) by reverse phase HPLC (flow rate: 9.5 ml min ~ L
gradient: 10-70% acetonitrile with 0.1% TFA in 0.1% aqueous TFA gradient
over 30 min; retention time 8 min) before pooling and lyophilizing the collected
fractions. The concentration of the peptide was determined by the known molar
extinction coefficient of Alexa Fluor 750, €749nm = 290,000 M ~!cm — L.

Expression of TMpe7 and sortase variants. Detailed DNA sequence, bacterial
expression and purification of TMjpgrg and sortase variants are provided in the

Supplementary Methods section (Supplementary Table 1). Met-388 was mutated to
Leu, which has been previously shown to result in a construct that is more resistant

to oxidative inactivation’?,

Preparation of fluorescently labelled TM pgrg. TM was modified with an
amine-reactive fluorescent probe. A total of 4.0 ml of TMypgrg stock in PBS
(Imgml~ 1y was prepared at 4 °C and 100 pl of Texas Red NHS ester (Invitrogen)
at 10 mM in DMSO was added dropwise. The mixture was reacted for 1h at room
temperature with stirring followed by an overnight incubation at 4 °C. The solution
was then dialyzed against PBS at 4°C for 72h to remove unreacted fluorescent
dye and passed through a PD10 column with TBS buffer (25 mM Tris, 150 mM
NaCl, pH 7.5). The purified Texas Red-TM conjugate was analysed by UV-vis
spectroscopy and SDS-polyacrylamide gel electronphoresis performed by
illumination on a standard UV light box.
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Figure 5 | In situ molecular recharging of venous catheters after in vivo deployment. (a) To characterize in situ charging of a chronically implanted venous
catheter, pentaglycine-modified polyurethane catheters were initially deployed in the rat jugular vein for 7 days. Texas Red-labelled TM petg With or without
eSrtA was systemically administered by intravenous injection via the dorsal penile vein. Catheters were removed 1h later and imaged using fluorescence
microscopy. Representative images are shown (scale bar, Tmm). (b) To characterize in situ stripping, pentaglycine catheters linked to Texas Red-TM were
deployed in the rat jugular vein for 7 days. GGG with or without eSrtA was delivered intravenously and 1h later catheters were removed and imaged. To
examine in situ recharging, Texas Red-TM catheters were first stripped by intravenous administration of GGG and eSrtA and 24 h later, Texas Red-TM_pet16
and eSrtA was administered intravenously. Catheters were removed 1h later for imaging. Representative images are shown (scale bar, Tmm). (¢) Catheter
fluorescence intensity was quantified using ImageJ and plotted as. *P<0.05, **P<0.01, ***P<0.001 (Student's t-test), error bars denote s.d. (n>3). A.U.,

arbitrary units.

Immobilization of TMypgrc on model substrates. Direct sortase-mediated
immobilization of TMypgrg on pentaglycine surfaces was tested in streptavidin-
coated 96-well microplates (Pierce). A total of 200 pM NH,-GGGGG-biotin or
biotin-PEG5k-GGG was incubated for 1h in each well, and washed with TBS
(20 mM Tris, 100 mM NaCl, pH 7.5) with 0.05% Tween 20. Various concentrations
of TMypgrG were immobilized using 0.1-2 molar equivalents of WT SrtA or eSrtA
for 1h at room temperature. All sortase reactions were performed in a defined
reaction buffer consisting of 25 mM Tris-HCI, 150 mM NaCl, 0.5 mM CaCl,,

pH 7.5. Stripping of immobilized TM was performed using 20 pM SrtA and 1-mM
GGG peptide. SrtA-catalysed assembly of TM|pgrg was performed in heparinized
(20 Uml ~ 1) whole blood, which was obtained from healthy volunteers under
approval of the BIDMC Institutional Review Board. Whole blood was diluted 50%
v/v with normal saline containing SrtA, TM|pgrg, or GGG with reactions carried
out at 37°C for 1h without additional calcium. As a reference binding reaction,
TMiperc was biotinylated in a solution containing 100 molar equivalents of
NH,-GGGGG-biotin and 0.1 molar equivalents of eSrtA for 2h to generate
TM-biotin, which was then incubated in streptavidin-coated microplates for

1 or 16 h. To examine eSrtA-mediated TMpgrg charging and stripping over a
28-day-incubation period, a GGG-functionalized substrate was generated by
incubating 200 ul of biotin-PEG5k-GGG for 2 h, followed by a wash in TBS with
0.05% Tween 20. TMpgrg was immobilized using 5 mM TM pgrg and 0.5 mM of
eSrtA for 1 h at room temperature in TBS. TM immobilized in 96 wells was washed
three times with TBS buffer with 0.5% Tween 20 and then incubated with

200 pl of TBS buffer at 37 °C for 7, 14, and 28 days. At designated time points,
sortase-mediated stripping and charging reactions were repeated over three cycles.

6

The quantity of TM immobilized in each well was determined by an ELISA
assay per manufacturer’s instructions (American Diagnostica). Surface activity of
immobilized TM was determined by incubating 100 ul of 0.2 pM human protein C
(Calbiochem, Gibbstown), 5mM calcium chloride and 2 nM human o-thrombin
(Haematologic Technologies) in Tris buffer (20 mM Tris, 100 mM NaCl, pH 7.5)
with 0.1% bovine serum albumin at 37 °C for 1 h. Activated protein C generation
was determined using an enzymatically digestible chromogenic substrate
Spectrozyme PCa (Sekisui Diagostics). Experiments from three independent
replicates were averaged.

Modification of catheters in vitro. Polyurethane catheters (1 Fr, 2 cm length, SAI
Infusion) were derivatized with pentaglycine motifs. For mouse studies, inner and
outer catheter surfaces were reacted with 16% v/v hexamethylene diisocyanate
(HDI) and 4% v/v triethylamine (TEA) in toluene for 1 h at 50 °C and then rinsed
in toluene for 6 h. Isocyanate activated catheters were then reacted overnight at
40 °C with 1 mgml ~ ! dibenzocyclooctyne (DBCO)-amine linker (Click Chemistry
Tools) and TEA (1% v/v) in toluene, rinsed with toluene for 6 h, and dried
overnight under vacuum at 25 °C. For rat studies, catheter lumens were heat sealed
before surface modification and after isocyanate activation, as described above,
catheters were reacted overnight with 2 mgml ~! DBCO-PEG2k-amine linker
(Nanocs) and TEA 1% v/v in acetonitrile at 40 °C and then rinsed with acetonitrile
for 3h. To confirm surface cyclooctyne reactivity, DBCO-activated catheters were
reacted with 1 mgml ~! tetramethyl-rhodamine-5-carbonyl azide (Invitrogen) in
1:4 tert-butanol/PBS at 37 °C for 24 h followed by rinsing in methanol for 24 h.
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DBCO activated catheters were reacted overnight with NH,-GGGGG-N; at 37 °C
and rinsed with TBS buffer. Pentaglycine-modified catheters were incubated with
biotin-LPETG or LPETG-labelled Alexa Fluor 750 peptide (2 to 100 uM) and 0.1
molar equivalents of eSrtA relative to the LPETG probe concentration for 30 min
or 1h and rinsed for 4h in TBS. Biotinylated catheters were incubated in

0.1 mgml ~! Cy3-labelled streptavidin in TBS with 0.05% Tween 20 for 30 min and
rinsed overnight in TBS. Imaging of catheters was carried out using the Zeiss
Discovery V20 Stereo Microscope and quantitative image analysis by Image] was
performed to determine fluorescence intensity.

In situ modification of catheters deployed in mice. All animal studies were
conducted under the approval of the BIDMC Animal Care and Use Committee.
Pentaglycine-modified catheters were deployed ~ 1cm within the inferior vena
cava via the femoral vein in 6-8-week-old C57BL/6 mice. All animals were
maintained under anaesthesia with isoflurane or ketamine on a heating pad. To
functionalize pentaglycine-modified catheters in situ, a 200 pl solution containing
4nmol eSrtA, 40 nmol LPETG-tagged biotin and 20 U of heparin was administered
intravenously through the catheter inlet followed by a 100 pl saline flush. To
demonstrate in situ removal of LPETG-tagged biotin probes from pentaglycine-
modified catheters, a 200 pl solution containing 40 nmol eSrtA, 2 pmol GGG
peptide and 20 U of heparin was injected intravenously through the catheter inlet
followed by a 100 pl saline flush. Mice were sacrificed 1h later and catheters were
explanted and incubated in streptavidin-Cy3 (30 min) and washed with TBS buffer
(2h). Fluorescent and bright field microscopy images were obtained to detect
biotin groups on the catheter surface. Real-time imaging of in situ removal of
LPETG-tagged Alexa Fluor 750 was performed using a Maestro Multi-Spectral

in vivo fluorescence imaging system with near-IR filter sets. Images were taken
using a monochromatic 12-bit camera and analysed using Image] to determine
fluorescence intensity.

In situ modification of catheters deployed in rats. DBCO-activated PU catheters
were generated as described above, reacted overnight with NH,-GGGGG-Nj; at
37°C, and rinsed in TBS buffer. Free cyclooctyne groups were blocked with
2-azidoethanol (25 mM) in TBS at RT for 1h and catheters then rinsed with TBS
overnight in the dark. Pentaglycine catheters were subsequently reacted with 10 pM
Texas Red-TM|pgrg and 1 uM eSrtA for 1h at 37 °C. Under anaesthesia,
pentaglycine or Texas Red-TM catheters were deployed within the external jugular
vein of Wistar rats (75-100 g, male). The external end of the catheter was trimmed
and tucked into the subcutaneous soft tissue and held in place with a suture.
Catheters were maintained in vivo without administration of a systemic
anti-coagulant or anti-platelet agent. Seven days after catheter implantation,

rats were anaesthetized and ‘stripping’ or ‘charging’ reagents were delivered
intravenously via the dorsal penile vein (n = 5/test group). To charge pentaglycine
catheters, 80 nmol Texas Red-TMj prrg with or without 8 nmol eSrtA was delivered
(400 pl, saline). To strip catheters, 8 umol GGG with or without 160 nmol eSrtA
was delivered (400 pl, saline). For recharging experiments, catheters were stripped
in vivo and 24 h later, rats were anaesthetized and charging agents delivered
intravenously. Reagents were allowed to circulate for 1h before catheter removal
and imaging by fluorescence microscopy (Axio Zoom, Zeiss). Fluorescent intensity
was quantified using Image J64. Catheters displayed no sign of adherent thrombus
upon removal (Supplementary Fig. 11).

Statistical Analysis. Mean and s.d. were calculated for each parameter. Tests for
significance between two groups were conducted with the Student’s t-test. Tests
between three or more groups were conducted with analysis of variance. Values of
P <0.05 were considered statistically significant.

References

1. Gorbet, M. B. & Sefton, M. V. Biomaterial-associated thrombosis: roles of
coagulation factors, complement, platelets and leukocytes. Biomaterials 25,
5681-5703 (2004).

2. Yau, J. W. et al. Mechanism of catheter thrombosis: comparison of the
antithrombotic activities of fondaparinux, enoxaparin, and heparin in vitro and
in vivo. Blood 118, 6667-6674 (2011).

3. Eikelboom, J. W. et al. Dabigatran versus warfarin in patients with mechanical
heart valves. N. Engl. J. Med. 369, 1206-1214 (2013).

4. Starling, R. C. et al. Unexpected abrupt increase in left ventricular assist device
thrombosis. N. Engl. J. Med. 370, 33-40 (2014).

5. Shemesh, D. et al. A prospective randomized study of heparin-bonded graft
(Propaten) versus standard graft in prosthetic arteriovenous access. J. Vasc.
Surg. 62, 115-122 (2015).

6. Makkar, R. R. ef al. Possible subclinical leaflet thrombosis in bioprosthetic
aortic valves. N. Engl. J. Med. 373, 2015-2024 (2015).

7. Jordan, S. W. & Chaikof, E. L. Novel thromboresistant materials. /. Vasc. Surg.
45, 104A-115A (2007).

8. Lindholt, J. S. et al. The Scandinavian Propaten trial. 1-year patency of PTFE
vascular prostheses with heparin-bonded luminal surfaces compared to

10.

1

—

12.

13.

14.

15.

1

(=2}

1

~

1

e}

20.

21.

22.

23.

24.

25.

2

[=2)

2

N

28.

29.

30.

31.

32.

33.

34.

ordinary pure PTFE vascular prostheses: a randomised clinical controlled
multi-centre trial. Eur. J. Vasc. Endovasc. Surg. 41, 668-673 (2011).
Lumsden, A. B. & Morrissey, N. J. Randomized controlled trial comparing the
safety and efficacy between the FUSION BIOLINE heparin-coated vascular
graft and the standard expanded polytetrafluoroethylene graft for
femoropopliteal bypass. J. Vasc. Surg. 61, 703-712 €701 (2015).

Macdonald, M. L. et al. Tissue integration of growth factor-eluting
layer-by-layer polyelectrolyte multilayer coated implants. Biomaterials 32,
1446-1453 (2011).

. Banerjee, I, Pangule, R. C. & Kane, R. S. Antifouling coatings: recent

developments in the design of surfaces that prevent fouling by proteins,
bacteria, and marine organisms. Adv. Mater. 23, 690-718 (2011).

Oderich, G. S. et al. In situ rifampin-soaked grafts with omental coverage
and antibiotic suppression are durable with low reinfection rates in

patients with aortic graft enteric erosion or fistula. J. Vasc. Surg. 53, 99-106
(2011).

Devine, C., Hons, B. & McCollum, C. Heparin-bonded Dacron or
polytetrafluoroethylene for femoropopliteal bypass grafting: a multicenter trial.
J. Vasc. Surg. 33, 533-539 (2001).

Olsen, S. M., Pedersen, L. T., Laursen, M. H.,, Kiil, S. & Dam-Johansen, K.
Enzyme-based antifouling coatings: a review. Biofouling 23, 369-383 (2007).
Pedersen, G., Laxdal, E., Ellensen, V., Jonung, T. & Mattsson, E. Improved
patency and reduced intimal hyperplasia in PTFE grafts with luminal
immobilized heparin compared with standard PTFE grafts at six months in a
sheep model. J. Cardiovasc. Surg. (Torino) 51, 443-448 (2010).

. Talbert, J. N. & Goddard, J. M. Enzymes on material surfaces. Colloids Surf. B

Biointerfaces 93, 8-19 (2012).

. Secundo, F. Conformational changes of enzymes upon immobilisation. Chem.

Soc. Rev. 42, 6250-6261 (2013).

. Rodrigues, R. C,, Ortiz, C., Berenguer-Murcia, A., Torres, R. &

Fernandez-Lafuente, R. Modifying enzyme activity and selectivity by
immobilization. Chem. Soc. Rev. 42, 6290-6307 (2013).

. Mateo, C., Palomo, J. M., Fernandez-Lorente, G., Guisan, J. M. &

Fernandez-Lafuente, R. Improvement of enzyme activity, stability and
selectivity via immobilization techniques. Enzyme Microb. Technol. 40,
1451-1463 (2007).

Sheldon, R. A. Enzyme immobilization: the quest for optimum performance.
Ady. Synth. Catal. 349, 1289-1307 (2007).

Liu, Y. et al. Molecular orientation of enzymes attached to surfaces through
defined chemical linkages at the solid-liquid interface. J. Am. Chem. Soc. 135,
12660-12669 (2013).

Barbosa, O. et al. Heterofunctional supports in enzyme immobilization: from
traditional immobilization protocols to opportunities in tuning enzyme
properties. Biomacromolecules 14, 2433-2462 (2013).

Worn, A. & Pluckthun, A. Stability engineering of antibody single-chain Fv
fragments. J. Mol. Biol. 305, 989-1010 (2001).

Hernandez, K. & Fernandez-Lafuente, R. Control of protein immobilization:
coupling immobilization and site-directed mutagenesis to improve
biocatalyst or biosensor performance. Enzyme Microb. Technol. 48, 107-122
(2011).

Marraffini, L. A., DeDent, A. C. & Schneewind, O. Sortases and the art of
anchoring proteins to the envelopes of gram-positive bacteria. Microbiol. Mol.
Biol. Rev. 70, 192-221 (2006).

. Hendrickx, A. P., Budzik, J. M., Oh, S. Y. & Schneewind, O. Architects at the

bacterial surface. Sortases and the assembly of pili with isopeptide bonds. Nat.
Rev. Microbiol. 9, 166-176 (2011).

. Parthasarathy, R., Subramanian, S. & Boder, E. T. Sortase A as a novel

molecular “stapler” for sequence-specific protein conjugation. Bioconjug. Chem.
18, 469-476 (2007).

Chan, L. et al. Covalent attachment of proteins to solid supports and surfaces
via sortase-mediated ligation. PLoS One 2, e1164 (2007).

Ito, T. et al. Highly oriented recombinant glycosyltransferases: site-specific
immobilization of unstable membrane proteins by using Staphylococcus aureus
sortase A. Biochemistry 49, 2604-2614 (2010).

Dorr, B. M., Ham, H. O,, An, C., Chaikof, E. L. & Liu, D. R. Reprogramming the
specificity of sortase enzymes. Proc. Natl Acad. Sci. USA 111, 13343-13348
(2014).

Qu, Z. et al. Immobilization of actively thromboresistant assemblies on sterile
blood-contacting surfaces. Adv. Healthc. Mater. 3, 30-35 (2014).

Chen, I, Dorr, B. M. & Liu, D. R. A general strategy for the evolution of
bond-forming enzymes using yeast display. Proc. Natl Acad. Sci. USA 108,
11399-11404 (2011).

Tseng, P. Y., Rele, S. S, Sun, X. L. & Chaikof, E. L. Membrane-mimetic films
containing thrombomodulin and heparin inhibit tissue factor-induced
thrombin generation in a flow model. Biomaterials 27, 2637-2650 (2006).
Tseng, P. Y., Rele, S. M., Sun, X. L. & Chaikof, E. L. Fabrication and
characterization of heparin functionalized membrane-mimetic assemblies.
Biomaterials 27, 2627-2636 (2006).

| 7:11140 | DOI: 10.1038/ncomms11140 | www.nature.com/naturecommunications 7


http://www.nature.com/naturecommunications

ARTICLE

35. Tseng, P. Y., Jordan, S. W., Sun, X. L. & Chaikof, E. L. Catalytic efficiency of a
thrombomodulin-functionalized membrane-mimetic film in a flow model.
Biomaterials 27, 2768-2775 (2006).

36. Jordan, S. W. & Chaikof, E. L. Simulated surface-induced thrombin generation
in a flow field. Biophys. J. 101, 276-286 (2011).

37. Qu, Z. et al. A biologically active surface enzyme assembly that attenuates
thrombus formation. Adv. Funct. Mater. 21, 4736-4743 (2011).

38. Dydek, E. V. & Chaikof, E. L. Simulated thrombin generation in the presence
of surface-bound heparin and circulating tissue factor. Ann. Biomed. Eng.
pp 1-13 doi 10.1007/s10439-015-1377-5 (2015).

39. Qu, Z. & Chaikof, E. L. Interface between hemostasis and adaptive immunity.
Curr. Opin. Immunol. 22, 634-642 (2010).

40. Esmon, C. T. Regulation of blood coagulation. Biochim. Biophys. Acta 1477,

349-360 (2000).

. Kishida, A., Ueno, Y., Maruyama, I. & Akashi, M. Immobilization of human
thrombomodulin on biomaterials: evaluation of the activity of immobilized
human thrombomodulin. Biomaterials 15, 1170-1174 (1994).

42. Kishida, A., Ueno, Y., Maruyama, I. & Akashi, M. Immobilization of human
thrombomodulin onto biomaterials. Comparison of immobilization methods
and evaluation of antithrombogenicity. ASAIO J. 40, M840-M845 (1994).

43. Sperling, C. et al. Immobilization of human thrombomodulin onto PTFE.

J. Mater. Sci. Mater. Med. 8, 789-791 (1997).

44. Vasilets, V. N. et al. Microwave CO2 plasma-initiated vapour phase graft
polymerization of acrylic acid onto polytetrafluoroethylene for immobilization
of human thrombomodulin. Biomaterials 18, 1139-1145 (1997).

45. Li, . M. et al. Immobilization of human thrombomodulin to expanded

polytetrafluoroethylene. J. Surg. Res. 105, 200-208 (2002).

. Sperling, C., Salchert, K., Streller, U. & Werner, C. Covalently immobilized
thrombomodulin inhibits coagulation and complement activation of artificial
surfaces in vitro. Biomaterials 25, 5101-5113 (2004).

47. Wu, B, Gerlitz, B., Grinnell, B. W. & Meyerhoff, M. E. Polymeric coatings that
mimic the endothelium: combining nitric oxide release with surface-bound
active thrombomodulin and heparin. Biomaterials 28, 4047-4055 (2007).

48. Yeh, H. Y. & Lin, J. C. Bioactivity and platelet adhesion study of a human
thrombomodulin-immobilized nitinol surface. J. Biomater. Sci. Polym. Ed. 20,
807-819 (2009).

49. Jiang, R,, Weingart, J., Zhang, H., Ma, Y. & Sun, X. L. End-point immobilization
of recombinant thrombomodulin via sortase-mediated ligation. Bioconjug.
Chem. 23, 643-649 (2012).

50. Popp, M. W. L. & Ploegh, H. L. Making and breaking peptide bonds: protein

engineering using sortase. Angew. Chem. Int. Ed. 50, 5024-5032 (2011).

. Nichols, A. B. et al. Effect of heparin bonding on catheter-induced fibrin
formation and platelet activation. Circulation 70, 843-850 (1984).

52. Heyman, P. W,, Cho, C. S., McRea, J. C,, Olsen, D. B. & Kim, S. W. Heparinized
polyurethanes: in vitro and in vivo studies. J. Biomed. Mater. Res. 19, 419-436
(1985).

53. Klement, P., Du, Y. J., Berry, L. R, Tressel, P. & Chan, A. K. Chronic
performance of polyurethane catheters covalently coated with ATH complex:
a rabbit jugular vein model. Biomaterials 27, 5107-5117 (2006).

54. Lai, N. M. et al. Catheter impregnation, coating or bonding for reducing central
venous catheter-related infections in adults. Cochrane Database Syst. Rev 6,
CDO007878 (2013).

55. Shah, P. S. & Shah, N. Heparin-bonded catheters for prolonging the patency of
central venous catheters in children. Cochrane Database Syst. Rev. 2, CD005983
(2014).

56. Hermanson, G. T. Bioconjugate Techniques (Elsevier, 2013).

57. Chen, Y. X,, Triola, G. & Waldmann, H. Bioorthogonal chemistry for
site-specific labeling and surface immobilization of proteins. Acc. Chem. Res.
44, 762-773 (2011).

58. Debets, M. F. et al. Bioconjugation with strained alkenes and alkynes. Acc.
Chem. Res. 44, 805-815 (2011).

59. Jewett, J. C. & Bertozzi, C. R. Cu-free click cycloaddition reactions in chemical
biology. Chem. Soc. Rev. 39, 1272-1279 (2010).

4

—

4

(=2}

5

—

6l

(=]

. Stabler, C. L. et al. Surface re-engineering of pancreatic islets with recombinant
azido-thrombomodulin. Bioconjug. Chem. 18, 1713-1715 (2007).

61. Sun, X. L, Stabler, C. L., Cazalis, C. S. & Chaikof, E. L. Carbohydrate and
protein immobilization onto solid surfaces by sequential Diels-Alder and
azide-alkyne cycloadditions. Bioconjug. Chem. 17, 52-57 (2006).

62. Wilson, J. T. et al. Biomolecular surface engineering of pancreatic islets with
thrombomodulin. Acta Biomater. 6, 1895-1903 (2010).

63. Cheung, R. C., Wong, J. H. & Ng, T. B. Immobilized metal ion affinity
chromatography: a review on its applications. Appl. Microbiol. Biotechnol. 96,
1411-1420 (2012).

64. Hui, F. & Debiemme-Chouvy, C. Antimicrobial N-halamine polymers and
coatings: a review of their synthesis, characterization, and applications.
Biomacromolecules 14, 585-601 (2013).

. Boitieux, J. L., Groshemy, R., Thomas, D. & Ergan, F. Reversible immobilization
of an antibody with a thiol-substituted sorbent: application to enzyme
immunoassays. Anal. Chim. Acta 197, 229-237 (1987).

66. Scouten, W. H. & Konecny, P. Reversible immobilization of antibodies on

magnetic beads. Anal. Biochem. 205, 313-318 (1992).

67. Rabuka, D. Chemoenzymatic methods for site-specific protein modification.
Curr. Opin. Chem. Biol. 14, 790-796 (2010).

. Rashidian, M., Song, J. M., Pricer, R. E. & Distefano, M. D. Chemoenzymatic
reversible immobilization and labeling of proteins without prior purification.
J. Am. Chem. Soc. 134, 8455-8467 (2012).

69. Kosa, N. M., Haushalter, R. W., Smith, A. R. & Burkart, M. D. Reversible

labeling of native and fusion-protein motifs. Nat. Methods 9, 981-984 (2012).

70. Glaser, C. B. et al. Oxidation of a specific methionine in thrombomodulin by

activated neutrophil products blocks cofactor activity. A potential rapid

mechanism for modulation of coagulation. J. Clin. Invest. 90, 2565-2573

(1992).

6

w

6

o<}

Acknowledgements
We acknowledge support from the National Institutes of Health (RO1HL056819 to
E.L.C. and RO1EB022376 and R35GM118062 to D.R.L.).

Author contributions

H.O.H. and Z.Q. performed experiments and analysed the data; B.M.D. and W.K.
contributed to protein expression; E.D. performed in vivo experiments; C.A.H. designed
the TM construct; E.L.C. and D.R.L. conceived the project; HO.H., Z.Q., C.A.H. and
E.L.C. wrote the manuscript.

Additional information
Supplementary Information accompanies this paper at http://www.nature.com/
naturecommunications

Competing financial interests: A patent based on these investigations has been filed by
ELC, DRL, Z.Q., BM.D,, and C.A.H. The remaining authors declare no conflict of
interest.

Reprints and permission information is available online at http://npg.nature.com/
reprintsandpermissions/

How to cite this article: Ham, H. O. et al. In situ regeneration of bioactive coatings
enabled by an evolved Staphylococcus aureus sortase A. Nat. Commun. 7:11140

doi: 10.1038/ncomms11140 (2016).

This work is licensed under a Creative Commons Attribution 4.0
EY International License. The images or other third party material in this

article are included in the article’s Creative Commons license, unless indicated otherwise

in the credit line; if the material is not included under the Creative Commons license,

users will need to obtain permission from the license holder to reproduce the material.

To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/

| 7:11140 | DOI: 10.1038/ncomms11140 | www.nature.com/naturecommunications


http://www.nature.com/naturecommunications
http://www.nature.com/naturecommunications
http://npg.nature.com/reprintsandpermissions/
http://npg.nature.com/reprintsandpermissions/
http://creativecommons.org/licenses/by/4.0/
http://www.nature.com/naturecommunications

	title_link
	Results
	An evolved sortase catalyses rechargeable molecular assembly
	Repetitive molecular recharging can be performed in blood
	Sortase mediates molecular assembly and disassembly in™vivo

	Figure™1Sortase-catalysed rechargeable surface assembly.(a) Two-step ’rechargeableCloseCurlyQuote surface assembly cycle initiated by sortase-catalysed charging of LPETG-tagged biomolecules on pentaglycine-modified surfaces, followed by sortase-catalysed 
	Discussion
	Figure™2Repetitive surface assembly and removal over 28 days in™vitro.(a) Sequential eSrtA-catalysed charging and stripping of TMLPETG performed at 7-day intervals over a 28-day incubation. (b) aPC activity was confirmed on initial surfaces and after thre
	Figure™3Repetitive surface recharging in the presence of whole blood.(a) Direct sortase-catalysed assembly of TMLPETG in 50percnt vsolv heparinized whole blood (20thinspU heparin per ml of blood) at 37thinspdegC for 1thinsph without additional calcium. Ev
	Methods
	Materials
	Synthesis of GGG-PEG5k-biotin
	Alexa Fluor 750-LPETG synthesis
	Expression of TMLPETG and sortase variants
	Preparation of fluorescently labelled TMLPETG

	Figure™4Sortase-catalysed reversible surface assembly in™vivo.(a) Reversible assembly of LPETG-labelled probes (biotin-LPETG or Alexa Fluor 750-LPETG) on pentaglycine-modified catheters deployed in™vivo was achieved by intravenous delivery of eSrtA and tr
	Immobilization of TMLPETG on model substrates
	Modification of catheters in™vitro

	Figure™5In situ molecular recharging of venous catheters after in™vivo deployment.(a) To characterize in™situ charging of a chronically implanted venous catheter, pentaglycine-modified polyurethane catheters were initially deployed in the rat jugular vein
	In situ modification of catheters deployed in mice
	In situ modification of catheters deployed in rats
	Statistical Analysis

	GorbetM. B.SeftonM. V.Biomaterial-associated thrombosis: roles of coagulation factors, complement, platelets and leukocytesBiomaterials25568157032004YauJ. W.Mechanism of catheter thrombosis: comparison of the antithrombotic activities of fondaparinux, eno
	We acknowledge support from the National Institutes of Health (RO1HL056819 to E.L.C. and RO1EB022376 and R35GM118062 to D.R.L.)
	ACKNOWLEDGEMENTS
	Author contributions
	Additional information




