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Abstract

Surface modification of materials with proteins has various biological applications and hence the
methodology for surface modification needs to accommodate a wide range of proteins that differ
in structure, size, and function. Presented here is a methodology that uses the Affinity
Bioorthogonal Chemistry (ABC) tag, 3-(2-pyridyl)-6-methyltetrazine (PyTz), for the site selective
modification and purification of proteins and subsequent attachment of the protein to trans-
cyclooctene (TCO) functionalized hydrogel microfibers. This method of surface modification is
shown to maintain the functionality of the protein after conjugation with proteins of varying size
and functionalities, namely HaloTag, NanoLuc luciferase (NanoLuc) and fibronectin type llI
domains 9-10 (FNIII 9-10). The method also supports surface modification with multiple proteins,
which is shown with the simultaneous conjugation of HaloTag and NanoLuc on the microfiber
surface. The ability to control the relative concentrations of multiple proteins presented on the
surface is shown with the use of HaloTag and superfolder GFP (sfGFP). This application of ABC-
tagging methodology expands on existing surface modification methods and provides flexibility in
the site-selective protein conjugation methods used along with the rapid kinetics of tetrazine
ligation.
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Introduction

Surface modification of materials with proteins is used in many applications, such as the
fabrication of biosensors,! 2 preparation of substrates for cell culture® 4 and modifications of
materials for biological applications.5 & Across this range of applications, the proteins used also
vary in size, functionality, and stability. Hence, the methodology used to functionalize materials
needs to accommodate a wide range of proteins, with the retention of protein functionality after
modification being paramount. While biomaterials can be functionalized by adsorption of the
protein, this approach does not offer control over protein orientation with respect to the surface,
and is frequently associated with protein denaturation, leading to reduction or loss of protein
function.2 7 Additionally, physical adsorption does not offer control over initial protein loading and
suffers from desorption.8 ° The use of covalent chemistry to modify a material’s surface offers a
distinct advantage in terms of controlling protein loading and providing a sustained presence. Site-
specific modification of the protein for covalent attachment enables control over protein orientation
and the maintenance of the secondary and tertiary structures. Site-selective attachment of
proteins to material interfaces is necessary to mimic signaling complexes found in cell-cell and
cell-extracellular matrix interfaces.'° Site specific labeling as opposed to residue wide labelling,
such as lysine modification, also ensures that functional resides of proteins such as those in
enzymatic active sites or binding pockets are not adversely affected.!'- 12 Site specific modification
also ensures homogeneity of the modified protein which ensures even bioactivity of the protein
across the entire biomaterial.'® Cysteine residues, which can be introduced via genetic encoding,
can sometimes be used for site-selective protein modification.'* However, this approach is
generally limited to proteins that have only one reactive cysteine. Additionally, cysteine
modifications of proteins proceed with varying levels of competing disulfide formation, giving a
mixture of alkylated and non-alkylated proteins which may be inseparable. Furthermore, for many
proteins, cysteines can be essential to protein activity and their modification in those situations is
not a viable strategy.

Materials can be covalently modified with a range of different bioorthogonal reactions? 13 15
including oxime ligation'®. 17, Staudinger ligation'8. 19, CUAAC?20-23, and SPAAC?* 25 reactions. The
relatively slow kinetics of most bioorthogonal reactions can present a limitation to surface
modification with biological molecules, as the required high concentration of labeling reagent can
be impractical for biomolecular samples due to cost, solubility and concerns about non-specific
binding. It has been shown that faster bioorthogonal reactions can lower the concentration
requirements for protein conjugation while also providing better retention of protein activity. 26 The
bioorthogonal tetrazine ligation, the inverse electron demand Diels-Alder reaction between s-
tetrazine (Tz) and trans-cyclooctene (TCO), was described in 2008 by our group.?” The very fast
bimolecular rate constants for tetrazine ligations range from k> 10* — 108 M~' 571,28 making this
reaction well suited for the for biomaterials applications?®: 30 including functionalization of surfaces
with biological molecules. The use of tetrazine-TCO ligation for protein immobilization on glass
slides was first described in 2013.3"-32 In 2016, our groups showed that tetrazine-TCO ligation
could be used for site-selective conjugation of fluorescent proteins to the surface of tetrazine-
functionalized hydrogel microfibers.3® Mehl has shown that the use of tetrazine chemistry
improves the retention of structure and activity in immobilized proteins.2é. 34 Surfaces of glass,
titanium, silicon, hydrogels and thermoplastic elastomers have been functionalized with a number
of proteins via tetrazine ligation.2¢ 32 34-40 Antibodies were covalently immobilized on the surface
of microplates by tetrazine ligation to improve the sensitivity of ELISA assay.*' However, in a



majority of these applications, the conjugation of Tz or TCO to the proteins of interest was not
performed site-specifically.

Biomaterials that can mimic the structure and function of fibrous components of the 3-dimensional
extracellular matrix can serve as scaffolds for guiding cellular behavior and migration as well as
the reconstruction of damaged tissue.*? Previous work in our lab has made use of tetrazine ligation
in the synthesis of cytocompatible hydrogel microfibers.33. 43-45 With rapid kinetics, this reaction
enabled the construction of meter-long polymer microfibers via interfacial polymerization. In this
experiment, a hydrophobic bis- or tris-TCO monomer dissolved in ethyl acetate was layered on
top of an aqueous solution containing a poly(ethylene glycol) (PEG)-based bis-tetrazine
monomer. Upon contact at the solvent-water interface, a polymer film formed instantaneously,
which was continuously pulled out of the interface to produce microfibers. Cell-adhesive
microfibers were prepared using a PEG-based bis-Tz monomer with dangling RGD (arginine-
glycine-aspartic acid) peptide.*®> While high concentrations of the RGD peptides promote cell
adhesion to the hydrogel fibers, the simplified peptide motif does not represent the full function of
the intact proteins or the domains from which they are derived.

To assay whether full-length proteins retain functionality after incorporation into the microfibers,
we previously adapted this interfacial polymerization approach to the synthesis of green
fluorescent protein (GFP)-modified microfibers, either by introducing a superfolder GFP-tetrazine
(sfGFP-Tz) during the interfacial polymerization using a genetically encoded tetrazine,* or by
post-polymerization modification of tetrazine-containing microfibers with TCO-functionalized
Clover, a variant of GFP.3 However, the high stability of GFP46 47 can make it a poor model for
many proteins that are much more prone to denaturation/loss of function. In these studies, GFP
was modified either via cysteine-maleimide conjugation or via genetic code expansion using
tetrazine-based unnatural amino acid pioneered by Mehl.48. 49

In addition to our work in functionalizing microfibers with sfGFP with a genetically encoded
tetrazine,** surfaces of silicon wafers have been functionalized with carbonic anhydrase with a
genetically encoded tetrazine for controlled load and orientation.?® 3¢ Genetic code expansion
provides both site selectivity and homogeneity, however, it requires additional plasmids and
protein yields vary depending on the suppression site on the protein as well as the nature of the
protein itself.3* 50 We therefore sought to develop a method for protein functionalization that was
general, site-selective, and retained protein activity after surface immobilization.

Recently, our group developed a general platform for site-selective functionalization of proteins
with 3-(2-pyridyl)tetrazines, which can not only participate in rapid biorthogonal chemistry but also
facilitate protein purification as affinity tags capable of binding to Ni-IDA resins commonly used
with His-tagged proteins. These Affinity Bioorthogonal Chemistry (ABC) tags work with a range
of site-selective bioconjugation methods with proteins tagged at the C-terminus, N-terminus or
internal positions.5' Since the site-selectively attached tetrazine also functions as the purification
tag, this results in the synthesis of pure homogenous modified proteins without the need for
extensive purification steps or genetic code expansion. Herein, we demonstrate that ABC-tagging
in tandem with tetrazine ligation to conjugate site-selectively functionalized proteins to TCO-
modified hydrogel microfiber surfaces (Figure 1). This methodology allows for the site-selective
covalent attachment of tetrazine modified proteins on TCO-modified material surfaces with ultra-
fast chemistry. The microfibers serve as a well-defined synthetic biocompatible material surface



to demonstrate the site-selective attachment of active proteins. The hydrogel microfibers also
enable the use of fluorescence microscopy and plate reader luminescence assays for the
convenient readout of protein activity after conjugation. In addition, the cytocompatibility of the
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Figure 1. (A) Workflow for functionalization of microfibers with native proteins. Single-tagged proteins
were prepared either by C-terminal sortase ligation or via cysteine-alkylation, conjugated to a chelating
tetrazine (ABC-Tag), purified by Ni resin chromatography and subsequently conjugated to TCO
functionalized microfibers. (B-D) The different proteins that were used to functionalize the microfibers.
NanoLuc luciferase (NanoLuc) catalyzes the conversion of furimazine to furimamide with the emission of
light. HaloTag is a self-labeling enzyme that covalently attaches a ligand that is connected to a
chloroalkane linker to its active site. Domains 9 and 10 of fibronectin (FNIII 9-10) help to attach cells on
to the surface of the microfibers and allow the cells to proliferate on the fibers.

Fibronectin domains 9 and 10

hydrogel microfibers permits evaluation of the function of immobilized ECM protein to promote
cell adhesion and proliferation. The microfibers can be manipulated to fit into standard well plates,
on microscope slides and as scaffolds which makes them a suitable substrate for these
applications. We show that proteins conjugated to the microfibers via late-stage functionalization
maintained their function, whereas introducing the protein during interfacial polymerization led to
a loss of function. We show that HaloTag protein conjugated to the microfibers was capable of
self-labeling reactions, and the immobilized NanoLuc luciferase (NanoLuc) enzyme can produce
bioluminescence. Importantly, microfibers with dually functionalized HaloTag and Nanoluc
retained the activity of both proteins. We also functionalized the fibers with HaloTag and sfGFP
and showed that we can control the relative concentrations of proteins on the microfibers. Finally,
we show that conjugation of fibronectin type 11l domains 9-10 (FNIII 9-10) gave rise to microfibers
that fostered the attachment and proliferation of fibroblast cells and kidney epithelial cells.

Materials and Methods

Fiber Pulling. Interfacial polymerization was performed according to the previously published
procedure.3® Briefly, bis-Tz (2) was dissolved in water at a concentration of 1 mg/mL and bis-
TCO-DHTz (1) was dissolved in ethyl acetate at a concentration of 1 mg/mL. The bis-Tz (2)
solution was added to a 60 mm diameter petridish (3 mL of solution) or a 20 mL scintillation vial
(1 mL of solution) with the top cut off. An equal volume of bis-TCO-DHTz (1) solution was layered
on top carefully. Upon contact a thin polymer film forms at the interface. The thin film was grasped
firmly with a sharp pair of tweezers and the fiber was pulled from the interface and collected on
to a copper wire frame. The fibers were affixed onto glass slides or into 24 well plates using
adhesive silicone isolators. Fibers synthesized with the tris-TCO (4, Figure S3) crosslinker was



made the same way, with the tris-TCO monomer in the organic layer instead of bis-TCO-DHTz

(1).

Late-stage Labeling of Fibers with HaloTag. Fibers were made form bis-TCO-DHTz (1) and
bis-Tz (2) as described above and affixed on glass slides with silicone isolators. The fibers were
first soaked in a solution of PBS containing sTCO-acid (5, Figure S3) (1 mM, 100 uL) for two
minutes to cap off any unreacted tetrazine end groups from the monomer. The fibers were then
washed with PBS containing 0.25% Tween 80 (PBST) by immersing the fibers in the buffer for
five minutes, and then replacing the buffer with fresh PBST. This process was repeated three
times. The fibers were then soaked in solution of methylene blue in water (100 yM, 100 pL) and
irradiated with a red LED light (Amax = 658 nm, 150 mW/cm?) for 5 minutes. The fibers were then
washed with PBST (3x5 min). The fibers were then soaked in a solution of the bis-TCO linker (3)
in water (1 mM, 100 pL) for 5 minutes. The fibers were then washed with PBST (3x5 min). The
fibers were labeled with a solution of HaloTag-Tz in PBS (2.5 yM, 100 pL) for 30 minutes. The
fibers were then washed with PBST (3x5 min). The HaloTag protein on the fibers was then labeled
with a solution TAMRA-CI (6, Figure S3) in PBS (2 yM, 100 pL) for 30 minutes. The fibers were
then washed with PBST (3x5 min) and allowed to soak in PBST overnight at room temperature,
protected from light. The fibers were washed with PBS (150 L, 3x5 min) before imaging. Protein
labeling on fibers without methylene blue was also performed the same way as described above,
except the fibers were soaked in PBS during irradiation. The fibers were imaged on an EVOS FL
Auto 2 in order to obtain the fluorescence and brightfield images. The fluorescence intensity of
each fiber was measured using Imaged with the ‘Mean Gray’ function. This was background
corrected by subtracting the intensity of the fluorescence in the area around the fibers. The area
of the fibers was calculated from the length and width of the fibers measured using Imaged. The
background corrected fluorescence intensity of each fiber was divided by the area of the fiber to
obtain the final fluorescence intensity. This analysis was carried out for all fibers in the image and
the mean fluorescence of the fibers in the image was calculated. The process was repeated for
three slides each for the photoactivated and non-photoactivated fibers, and the mean
fluorescence intensity of the fibers for the photoactivated and non-photoactivated condition was
then calculated. For statistical analysis, t tests were performed using an online calculator
(https://www.graphpad.com/quickcalcs/ttest1/).

Labeling of Fibers with NanoLuc. Bis-TCO-DHTz fibers (synthesized from 1 and 2) affixed into
24 well plates were photoactivated and functionalized with bis-TCO linker (3) and labeled with
Nanoluc-Tz (2.5 yM in 100 yL PBS) the same way as described for HaloTag. After overnight
soaking in PBST, the fibers were washed PBS (150 pL, 3x5 min). Furimazine (7, Figure S3) (10
UM in 100 yL PBS) was added to the fibers and the luminescence reading was immediately
measured using a Tecan Spark plate reader. The length and width of the individual fibers were
also measured using an EVOS FL Auto 2 microscope by obtaining a brightfield image of the entire
well. ImagedJ was used to calculate the area for all fibers in the well, which was used to calculate
the mean area of the fibers. The luminescence readings obtained were divided by the mean area
of the fibers to obtain the final luminescence value. This analysis was carried out with three wells
each for the photoactivated and non-photoactivated fibers, and the mean luminescence reading
for each condition was then calculated. For statistical analyses, t tests were performed using an
online calculator (https://www.graphpad.com/quickcalcs/ttest1/).

Sequential Labeling of Fibers with NanoLuc followed by Halotag. Bis-TCO-DHTz fibers
(synthesized from 1 and 2) affixed into 24 well plates were photoactivated and functionalized with
bis-TCO linker (3) and labeled with Nanoluc-Tz (1.25 yM in 100 yL PBS) for 30 minutes as



described above. The fibers were then washed with PBST (3x5 min). The fibers were then
incubated with HaloTag-Tz (1.25 uM in 100 pL PBS) for 30 minutes. The fibers were then washed
with PBST (3x5 min). The HaloTag protein on the fibers was then labeled with a solution TAMRA-
Clin PBS (2 uM, 100 pL) for 30 minutes. The fibers were then washed with PBST (3x5 min) and
allowed to soak in PBST overnight at room temperature, protected from light. The fibers were
washed with PBS (150 pL, 3x5 min) and subsequently imaged and then used for luminescence
measurements following addition of furimazine.

Sequential Labeling of Fibers with Halotag followed by NanoLuc. Bis-TCO-DHTz fibers
(synthesized from 1 and 2) affixed into 24 well plates were photoactivated and functionalized with
bis-TCO linker (3) and labeled with HaloTag-Tz (1.25 yM in 100 yL PBS) for 30 minutes as
described above. The fibers were then washed with PBST (3x5 min). The fibers were then
incubated with Nanoluc-Tz (1.25 yM in 100 pL PBS) for 30 minutes. The fibers were then washed
with PBST (3x5 min). The HaloTag protein on the fibers was then labeled with a solution TAMRA-
Clin PBS (2 uM, 100 pL) for 30 minutes. The fibers were then washed with PBST (3x5 min) and
allowed to soak in PBST overnight at room temperature, protected from light. The fibers were
washed with PBS (150 pL, 3x5 min) and subsequently imaged and then used for luminescence
measurements following addition of furimazine.

Simultaneous Labeling of Fibers with NanoLuc and Halotag. Bis-TCO-DHTz fibers
(synthesized from 1 and 2) affixed into 24 well plates were photoactivated and functionalized with
bis-TCO linker (3). Simultaneous labeling of the fibers with NanoLuc-Tz and HaloTag-Tz was
carried out by mixing the proteins together at an equimolar concentration of 1.25 yM in 100 pL
PBS and incubating the fibers with the protein mixture for 30 minutes. Subsequent washing,
imaging and luminescence measurements were carried out as described above.

Labeling of Fibers with HaloTag and sfGFP. Bis-TCO-DHTz fibers (synthesized from 1 and 2)
affixed on glass slides were photoactivated and functionalized with bis-TCO linker (3) as
described before. The fibers were co-incubated with a solution of HaloTag-Tz (500 nM) and
sfGFP-Tz (varied from 100 nM — 500 nM) in 100 pL phosphate buffer for 30 minutes. The fibers
were then washed with PBST (100 pL, 3x5 min). The fibers were then incubated with a solution
of TAMRA-CI (2 uM in 100 pyL PBS) for 30 minutes. The fibers were washed with PBST (100 L,
3x5 min) and then allowed to soak in PBST (200 pL) overnight at room temperature, protected
from light. The next day, the fibers were washed with PBS (100 pL, 3x5 min) and imaged on an
EVOS M7000 for the fluorescence output of HaloTag-TAMRA and sfGFP. The fluorescence
intensity of each fiber was measured using ImageJ with the ‘Mean Gray’ function. This was
background corrected by subtracting the intensity of the fluorescence in the area around the
fibers. The area of the fibers was measured from the length and width of the fibers using Imaged.
The background corrected fluorescence intensity of each fiber was divided by the area of the fiber
to obtain the final fluorescence intensity. This analysis was carried out for all fibers in an image
and was used to calculate the mean fluorescence intensity of the fibers in the image. This
experiment was repeated two more times for a total of three trials. Then the mean fluorescence
intensity of the fibers for each condition was calculated.

Labeling fibers with FNIIl 9-10. pHEMA solution (Poly (2-hydroxyethyl methacrylate)) (Santa
Cruz Biotechnologies, Dallas, TX) was prepared at 20 mg/ml and coated on surface of 35 mm
glass-bottomed Petri dish | No. 1.5 coverslip and allowed to cure at 37°C for 12 h to create non-
adhesive cell culture surface. Fibers were pulled on to a 2 cm X 2 cm square steel wire frame and
sprayed with 70% ethanol before being placed on to a pHEMA coated petri dish, inside a biosafety



cabinet. The fibers were irradiated with UV light for 20 minutes before the labeling protocol. The
bis-TCO-DHTz fibers (synthesized from 1 and 2) were photoactivated, functionalized with bis-
TCO linker (3) and labeled with 5 uM of FNIII 9-10-Tz according to the protocol specified above,
with the use of DPBS for all washing steps instead of PBST. The tris-TCO fibers (synthesized
from 4 and 2) contained 5 uM of FNIII 9-10-Tz in the aqueous layer prior to being pulled on to a
2 cm X 2 cm square steel wire. They were sterilized the same way as the bis-TCO fibers. All fibers
were incubated in DPBS overnight in the fridge before cell seeding the next day. The scaffold was
washed with 1X PBS 3 times and equilibrated with serum free basal cell culture media for 2 h,
before start of cell culture.

Cell culture of MDCK and NIH 3T3 fibroblasts. MDCK cells and NIH 3T3-GFP cells were
purchased from the American Type Culture Collection (ATCC, Manassas, VA) and Cell Biolabs
(San Diego, CA) respectively. NIH 3T3 cells were maintained in Dulbecco’s Modified Eagle
Medium (DMEM) with 10% (v/v) fetal bovine serum (HyClone FBS) and 1% (v/v) penicillin-
streptomycin, while MDCK cells were maintained in Eagle’s Minimum Essential Medium (EMEM)
with 10% (v/v) fetal bovine serum (Hyclone FBS) and 1% (v/v) penicillin-streptomycin at 37°C with
85% humidity and 5% CO.. Media was refreshed every 2 days. After reaching 80% confluency,
the cells were passaged using 0.25% (w/v) trypsin containing ethylenediaminetetraacetic acid
(2.2 mM, EDTA-4Na). Experiments were conducted with at least three different passages
between 10-20 for each cell type. Cells were seeded at 0.5x108 cells/ml for MDCK cells and 1x108
cells/ml for NIH3T3 fibroblasts on top of the fiber scaffold and incubated for 5 days in respective
cell culture media.

Live/Dead Assay: After 1, 3 and 5 days of culture, MDCK cells were incubated with Calcein AM
(Thermo Fisher Scientific, cat. no: C1430), ethidium homodimer (Thermo Fisher Scientific, cat.
no: E1169) and Hoechst 33342 (Life Technologies, cat. no: H3570) at a final concentration of 4
MM, 2 uM and 6 uM respectively in warm PBS at 37°C for 15 min. The dye solution was aspirated
gently after 15 min and washed twice with 1X PBS. The samples were imaged using Zeiss LSM
880 confocal microscope (Carl Zeiss, Oberkochen, Germany). Images were acquired using Fluar
5X/0.25 air objective from at least three biological repeats for all fiber types at each time point.
Images were captured with 10 ym z-axis step size, each 12-bit, and processed as maximum
intensity projections using Zen 3.0 SR software.

Immunofluorescence: Cell-populated fiber scaffolds were washed with 1x PBS three times and
fixed with 4% (w/v) paraformaldehyde (PFA, Sigma Aldrich) in PBS for 15 min. Samples were
permeabilized in 0.2% (v/v) Triton X-100 in PBS for 2 h at room temperature. Blocking was done
in 3% (w/v) bovine serum albumin in PBS for 2 h at room temperature. Primary antibody for Ki-67
(Abcam, cat. no: ab15580) was diluted in 3% BSA at 1:50 dilution and incubated overnight at 4°C.
The primary antibody solution was aspirated gently, and samples were washed twice using PBS
with 0.05% Tween 20 (PBST). Secondary antibody Alexa Fluor™ 488 goat anti-rabbit, along with
Alexa Fluor™ 568 phalloidin (Life Technologies, Carlsbad, CA), diluted at 1:500 in 3% BSA, were
added in samples and incubated for 2h at room temperature. The solution was aspirated and
washed with PBST three times. Nuclei were counter-stained with DAPI (DAPI, Life Technologies,
Carlsbad, CA), diluted at 1:1000 in PBS, for 15 min at room temperature. After washing three
times with PBST, samples were stored at 4°C. Confocal microscopy was conducted using Zeiss
LSM 880 with Fast Airyscan mode with 10X/0.45W Plan Apochromat water objective. Images
were captured with 1.0 um z-axis step size, each 16-bit. The brightness was evenly adjusted for



each channel and images were processed as maximum intensity projections using Zen 3.0 SR
software.

Results and Discussion
Tetrazine-functionalized Proteins and TCO-based Monomers

ABC tagging was leveraged for the synthesis of tetrazine functionalized proteins. As FNIII 9-10
lacks any cysteine residues, we prepared a mutant with a genetically encoded cysteine at the N-
terminal followed by modification by cysteine alkylation. Using the ABC-tagging approach, 3-(2-
pyridyl)-6-methyltetrazine (PyTz) was conjugated to FNIII 9-10 at the N-terminus by cysteine
alkylation followed by purification by Ni-NTA resin to provide pure protein conjugate (Figure 2A,
Figure S15). For HaloTag and NanoLuc proteins, introducing a cysteine mutation was not a viable
approach as HaloTag and NanoLuc already contain cysteine, prohibiting site-selective alkylation.
Sortase-mediated ligation has been used for the generation of proteins such as enhanced green
fluorescent protein, mCherry, mCerulean, B-lactamase and epidermal growth factor with
biorthogonal handles for the functionalization of hydrogels.5% 53 As shown in Fig 2B, HaloTag and
NanoLuc were expressed with a sortase tag (LPETGG) at the C-terminus of the protein, through
which PyTz was conjugated via sortase (SrtA7M) enzyme mediated ligation.5" 54 Sortase-
mediated ligation provided a convenient method to modify HaloTag (Figure S2A-B) and NanoLuc
(Figure S2C-D). While sortase ligation produces a mixture, the PyTz-tagged proteins were readily
purified by Ni resin chromatography. Compounds 1, 2 and 3 (Figure 2C) were used to prepare
TCO-functionalized microfibers. The hydrophobic bis-TCO monomer 1 contains a dangling, latent
dihydrotetrazine (DHTz) moiety that can be photocatalytically activated to tetrazine after the
microfiber is pulled out of the solvent-water interface. The PEG-based bis-tetrazine (bis-Tz)
monomer 2 is water soluble and is necessary for microfiber synthesis (Figure 2B). Both 1 and 2
were made as previously described.3 The PEG-based bis-TCO linker (3, Figure 2B), synthesized
as described in the Supporting Information (Figure S1), is introduced for fiber modification post-
polymerization to decorate microfibers with TCO groups through reaction with tetrazine,
generated from DHTz after photocatalysis.



HaloTag-Tz and NanoLuc-Tz
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Figure 2. (A) FNIII 9-10 was functionalized with ABC-Tag by cysteine ligation and purified by
Immobilized Metal Affinity Chromatography (IMAC) with Ni-IDA resin using the tetrazine as the
affinity ligand. (B) NanoLuc and HaloTag were prepared as previously described via C-terminal
ABC-Tag attachment via Sortase ligation and purified by IMAC using the tetrazine as the
affinity ligand. (C) Compounds 1 and 2 were used as monomers for the synthesis of the
microfibers via interfacial polymerization. 3 was used to functionalize the microfibers with TCO
after photocatalytic activation of DHTz to Tz, for subsequent attachment of ABC tagged
proteins.

Protein Immobilization during Microfiber Synthesis Leads to Loss of Activity

Initially, we attempted to incorporate proteins into microfibers during interfacial polymerization.
This method was previously applied to sfGFP, which maintained fluorescence after the microfiber
was produced.** However, sfGFP is not representative of most proteins because it is highly
resilient toward denaturation.4” HaloTag protein was therefore chosen for further study. HaloTag
is a modified bacterial dehalogenase of 35 kDa capable of forming covalent conjugates through
self-labeling of chloroalkane ligands to its active site.5> When HaloTag-Tz (Figure 2B) was directly
added to the aqueous phase containing PEG-bisTz, and microfibers were pulled out of the
interface, passing through an organic phase of ethyl acetate containing a tris-TCO monomer
(Figure S6A), the protein lost its activity. TAMRA-chloroalkane (TAMRA-CI) (Figure S3) was



added to the microfibers as the substrate for conjugated HaloTag and functioned as a fluorescent
reporter to assay the protein activity. The microfibers were imaged by fluorescence microscopy
and were found to be only weakly fluorescent, indicating that the protein had possibly denatured
during the fiber-pulling process (Figure S6C). This was in stark contrast to the control experiment
where HaloTag-Tz was pre-reacted with TAMRA-CI (Figure S4) before being added to the
aqueous layer. Fibers thus synthesized were five times as fluorescent (Figure S6D) as compared
to those prepared above with TAMRA-C| added after fiber pulling. Under this condition,
denaturation of HaloTag did not affect TAMRA fluorescence since it was conjugated prior to
interfacial polymerization. These experiments with HaloTag protein showed that the direct
inclusion of tetrazine-derived proteins during interfacial polymerization significantly compromised
protein function, presumably due to protein denaturation when exposed to the organic solvent
during the fiber-pulling process. As discussed in detail below, application of this procedure to FNIII
9-10 also led to loss of activity. Therefore, we sought an alternative method for functionalizing the
fibers with a wider range of proteins.

Late-stage, Site-selective Conjugation Gives Fibers Bearing Functional Proteins

R
A B DHTz
containing
DHTz: unreactive Bis-TCO-DHTz ‘ )\ lH / microfiber . _
N—NH (1.13 mM) 4 HN N 1) isolate fibers
G
R~ )R 2) methylene blue, hv, 660 nm
HN-N (converts DHTz to Tz)
hv methylene argamc 3) PEG
660 nm J blue organ/c ko
%;\‘ _N\% aqueous NN ' aqueous TCO-microfibers
R R N7 phase
- \:k \{/\JPEG]’\A 3
Tz: reactive Tz PEG-Tz
(0.13 mM)

Figure 3. Synthesis of TCO-microfibers. (A) Inactive Dihydrotetrazine (DHTz) can be converted to
tetrazine with the use of photocatalyst and light. (B) Schematic for the functionalization of DHTz fibers
with TCO sites. (C-D) Microfibers were pulled from a glass dish on to a copper wire frame and affixed
on to glass slides using a silicone isolator. DHTz was oxidized to Tz by the addition a solution of
methylene blue (100 yM) followed by irradiation with red light for five minutes. A solution of bis-TCO (1
mM) was added to the fibers to functionalize the surface with TCO sites for subsequent protein
attachment.

This approach started with preparation of microfibers containing dihydrotetrazine (DHTZz)
groups.3® DHTz groups are unreactive towards TCO but, upon photocatalyzed oxidation, convert
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to tetrazines, which engage in bioorthogonal chemistry (Figure 3A). Following our reported
strategy, we prepared microfibers containing latent DHTz groups. Robust microfibers were pulled
from the liquid-liquid interface (Figure 3B) and collected on a copper frame (Figure 3C). Fibers
synthesized via interfacial tetrazine ligation are approximately 10 microns in diameter when dry,

TAMRA

A (S TAMRA s
H??;agl\-ll.l)-z @f’&\“‘u: vb gﬁfi\% <
. < A we P hLle’
microfibers -g‘rﬁ;{(}‘" {S'?r, té{‘
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/ /
B
C
D o 140 -
B 120
[=
- g 100 -
8= 80 -
T8 60
ES
6 0 40 -
z3 e
5 20 -
3 0 e
L Photoactivated Non-photoactiavted
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Figure 4. (A) A solution of HaloTag-Tz (2.5 yM) was added
to the fibers and incubated for 30 minutes. Then, a solution
of TAMRA-CI (2 M) was added to the fibers and incubated
for 30 minutes to fluorescently label HaloTag. (B,C)
Brightfield (left) and fluorescent (right) microscopy images of
(B) photoactivated and (C) non-photoactivated fibers. (D)
Quantification of HaloTag conjugation was carried out by
densitometry analysis across an area containing two fibers.
For each image, fluorescence was normalized to total fiber
area as measured in the brightfield channel (n = 3, **: p <
0.01). The photoactivated fibers were, on average, sixteen
times as fluorescent as the non-photoactivated fibers
controls.

and approximately 25 microns in
diameter when hydrated.*®> 4 The
DHTz fibers were transferred onto a
glass slide and secured in a silicone
well (Figure 3D), and the latent DHTz
groups were photocatalytically oxidized
to tetrazines using methylene blue and
red LED light. Exposure of tetrazine
functionalized microfibers to an
aqueous solution of 1 mM bis-TCO 3
(Figure 2C) for five minutes led to the
conversion of surface tetrazine groups
to the corresponding TCO moieties,
providing a bioorthogonal handle to
which Tz-functionalized proteins can be
immobilized.

We used HaloTag to assay the activity
of the protein after late-stage
functionalization of the microfibers
(Figure 4A). HaloTag-Tz (2.5 yM) was
conjugated to the TCO-functionalized
microfibers. Analysis by fluorescence
microscopy (Figure 4B, Figure S7A)
shows that the fibers are fluorescent
after the addition of TAMRA-CI,
indicating that HaloTag was
successfully attached to the fibers and
the protein remained active after
immobilization. Control fibers were not
photoactivated and should not have
any TCO sites for protein attachment.
This is confirmed by fluorescence
microscopy (Figure 4C, Figure S7B),
which shows weakly fluorescent
microfibers.  Using Imaged, the
fluorescence intensity was measured.
Our results show that the fluorescence
signal of the photoactivated fibers is
sixteen times as intense as the non-
photoactivated fibers. The weak



fluorescence in the control fibers may be due to minor background oxidation of DHTz in the
absence of photocatalyst and the generation of a small amount of TCO sites after post-
polymerization modification with bis-TCO.

Given the positive result with A

HaloTag, we wanted to assay N?'Z'%L:&')Tz furimazine
whether the late-stage : 2 *
functionalization method could serve

as a general platform for protein c,ff,giﬂfﬂ,i_

attachment. We chose NanolLuc
luciferase (NanoLuc) as a second
protein to test the method. NanoLuc
is a 19 kDa enzyme that catalyzes the
conversion of the  substrate
furimazine (Figure S3) to furimamide
with the emission of light and is
commonly used for bioluminescent
assays.®® Therefore, NanoLuc is
distinct from HaloTag in both size and
functionality. NanoLuc-Tz (Figure
2B) was made using the same
method as HaloTag-Tz.

NanoLuc-Tz (2.5 uM) was
introduced to the well containing
affixed microfibers (Figure S5). Next,
an aqueous solution of furimazine
(100 yuM) was added to the fibers
(Figure 5A), and the luminescence
was measured using a plate reader.
The photoactivated fibers display a
luminescence value five times that of
the non-photoactivated control fibers
(Figure 5B). The luminescence from

nescence
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Figure 5. (A) A solution of NanoLuc-Tz (2.5 yM) was added to
the fibers and incubated for 30 minutes. The fibers were
washed overnight to removed unbound protein. A solution of
furimazine (100 yM) in PBS was added to the fibers and the
luminescence was measured using a plate reader. (B)
Luminescence results of the photoactivated and non-
photoactivated fibers. For each image, luminescence was
normalized to total fiber area as measured in the brightfield
channel in a microscopy image of the entire well (Figure S8) (n
=3, *: p<0.05). The photoactivated fibers were, on average,
five times as luminescent as the non-photoactivated fibers
controls.

control fibers was possibly due to background oxidation of DHTz or non-specific absorption of the
protein onto the plastic surface of the well plate in which the fibers were embedded.
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Late-stage Functionalization of Microfibers Supports Multiple Functional Proteins

To demonstrate that the microfibers could support multiple proteins, we functionalized the fibers
with both HaloTag and NanoLuc. Mehl and coworkers have elegantly demonstrated that tetrazine
ligation can be used for protein-limited conjugation to TCO-functionalized surfaces including
SAMs and beads.3* Protein-limited conjugation could theoretically be used here for the sequential
addition of proteins to TCO-microfibers provided that the total number of TCO sites on the fiber
substrate was sufficiently high and could be reliably measured. However, this approach is

. . " . Sequential conjugation.
A Simultaneous conjugation of two proteins Only 1st protein conjugates efficiently

NanoLuc-Tz NanoLuc-Tz HaloTag-Tz

1.25 uM
(1.25uM) then (1.25uM)  (1.25 uM)
HaloTag-Tz TAMRA i
30 min
(1.25 uM) then TAMRA
30 min
c Cl
C Fluorescence Microscopy (TAMRA) D Chemiluminescence
HaloTag Only Simultaneous Conjugation Sequential Conjugation 140 * *

120 | ‘ ‘

Normalized
Luminescence

L1l

Figure 6. (A) For simultaneous conjugation, the microfibers were incubated with a solution of both
NanoLuc-Tz and HaloTag-Tz at an equimolar concentration (1.25 pyM) for 30 minutes. TAMRA-CI and
furimazine were subsequently added to obtain fluorescence and luminescence readouts. (B) For
sequential conjugation, the fibers were incubated with a solution of NanoLuc-Tz (1.25 yM) first and then
HaloTag-Tz (1.25 pM). TAMRA-CI and furimazine were subsequently added to get fluorescence and
luminescence readouts. (C) Fluorescence microscopy images obtained displaying the difference in
fluorescence intensity of simultaneous conjugation and sequential conjugation in comparison to
microfibers conjugated to only HaloTag (D) Luminescence readout obtained for simultaneous conjugation
and sequential conjugation in comparison to microfibers conjugated to only NanoLuc. (n = 3, *: p < 0.05).
challenged by the small sample size and variations in total fiber loading and thickness, and hence,
total number of TCO-sites per sample. As an alternate approach, we demonstrated that
microfibers could be dual functionalized with two proteins by simple simultaneous addition of
proteins in excess concentration. As shown in Figure 6A and 6B, TCO microfibers were either
incubated with HaloTag-Tz and NanoLuc-Tz simultaneously or sequentially in equimolar
concentrations (1.25 pyM) for 30 minutes. For sequential conjugation, NanoLuc-Tz was
conjugated first, followed by three washes and then HaloTag-Tz was conjugated to the fibers.
Subsequently, fibers were incubated with TAMRA-CI (2 yM) and washed. The microfibers were
then imaged using a fluorescence microscope, and then luminescence reading was measured
following the addition of furimazine. The fibers that were functionalized through simultaneous
conjugation of both proteins (Figure 6A) were both fluorescent (Figure 6C) and active in the
luminescence assay (Figure 6D), indicating that the fibers were functionalized by both HaloTag
and NanoLuc. TCO-decorated microfibers that were simultaneously conjugated with both

NanoLuc Only Simultaneous Sequential
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proteins were 80% as fluorescent as microfibers that were only conjugated to HaloTag and were
considerably more fluorescent compared to the fibers where proteins were sequentially
conjugated.

The luminescent activity of NanoLuc was also measured for these fibers, and compared to fibers
that were conjugated to NanoLuc-only. The sequentially conjugated fibers retained 89% of the
luminescent activity of the NanoLuc-only fibers. The low fluorescence and high luminescence
from the sequentially conjugated fibers suggest that the initial conjugation of NanoLuc-Tz was
efficient enough to saturate the majority of TCO-sites, leaving few sites for the conjugation of
HaloTag-Tz. The simultaneously conjugated fibers retained 63% of the luminescent activity of the
NanoLuc-only fibers. Thus, the method using simultaneous conjugation is amenable to the
modification of the microfibers with multiple proteins that retain their individual functionality after
attachment. A sequential conjugation experiment where HaloTag-Tz was conjugated first to the
fibers, and then NanoLuc-Tz was conjugated, was also performed (Figure S9). In this case, the
luminescence is within the background levels for non-photoactivated fibers (Fig 5B).
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Figure 7. (A) The microfibers were incubated with a solution containing HaloTag-Tz (500 nM) and sfGFP-
Tz that varied in concentration between 100-500 nM. TAMRA-CI was added to obtain the fluorescent
readout of HaloTag. (B) Fluorescence microscopy images were obtained for fibers simultaneously tagged
with Halo-TAMRA (500 nM) and sfGFP (100 nM, 300 nM and 500 nM) (C) The ratio of fluorescence
intensity of sfGFP:Halo-TAMRA was plotted against the concentration of sfGFP which showed a linear
relationship (n=3).

Another advantage of late-stage functionalization of the microfibers is the control over the relative
concentration of proteins presented on the surface of the fibers. To demonstrate this, we
incubated the fibers with HaloTag-Tz and sfGFP-Tz%' simultaneously, at a constant HaloTag-Tz
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concentration of 500 nM and a sfGFP-Tz concentration varying from 100-500 nM (Figure 7A).
TAMRA-CI was added to the fibers to obtain the fluorescence output corresponding to the
HaloTag concentration. sfGFP was modifed with PyTz using cysteine alkylation, with a cysteine
genetically encoded at the C-terminal. sfGFP was singly modified with PyTz as verified my mass
spectrometry (Figure S10).

The fluorescence densitometry from HaloTag-TAMRA and sfGFP were measured (Figure S11-
S13) and the ratio of sfGFP:HaloTag-TAMRA was plotted. Figure 7C shows a linear increase of
the fluorescence intensity ratio corresponding to the increase in the sfGFP concentration. The
kinetics of reactions of sfGFP-Tz and HaloTag-Tz with sTCO was measured as described in the
Supporting Information (Figure S14). Through a timecourse gain-of-fluorescence experiment, the
second order rate constant for sfGFP-Tz was measured to be k> 135,000 + 5000 M-'s*, and a
competition experiment showed that the reactivity of HaloTag-Tz is indistinguishable within error.
The number of TCO sites on the TCO microfibers was calculated to be <0.51 (= 0.12) pmol/cm of
fiber, as described in the Supporting Information. Since the kinetics of the protein conjugation
remains the same for both proteins, the proteins are competing for a limited number of TCO sites
on the surface of the fibers leading to a linear increase in the amount of sfGFP-Tz being
conjugated to the fibers in the concentration regime that was assayed.

Fibronectin-Functionalized Microfibers Promote Integrin-Mediated Cell Adhesion

We next sought to show that TCO-functionalized microfibers can be modified with biological cues
that promote cell adhesion and cell growth. Previously, we showed that a TCO-tagged RGD
peptide can be conjugated to microfibers after interfacial polymerization and photocatalytic DHTz
activation.3® We confirmed that RGD-modified microfibers promote the attachment and
anisotropic spreading of fibroblasts. RGD is a common peptide motif found in a number of ECM
proteins, including fibronectin, fibrinogen, osteopontin, and vitronectin.5” While RGD peptides are
commonly used in ECM-mimetic motifs,*3 58 the short peptide cannot fully recapitulate the function
of the complex protein. In fact, cell engagement with RGD-containing ECM proteins is highly
selective, as individual proteins can distinguish between different types of integrins and
differentially promote a range of cellular processes including migration, proliferation, survival,
apoptosis, tumor invasion and metastasis.5% 60 Therefore, it is beneficial to use full-length protein
or protein domains to better replicate the environment provided by the ECM. Our protein of interest
here is fibronectin type Il domains 9-10 (FNIII 9-10). The RGD sequence present in domain 10
promotes cell adhesion and migration.®' The Pro-His-Ser-Arg-Asn (PHSRN) sequence in domain
9 has a synergetic relationship with RGD in domain 10. Both are required for the binding of certain
integrins, such as asB1, a.Bs, and aypB3.62-66
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Figure 8: (A) Schematic showing TCO microfibers functionalized with FNIII 9-10. (B) Brightfield images
of MDCK and NIH-3T3 fibroblasts on TCO microfibers functionalized with/without FNIII 9-10 at day 5 of
culture. Cells attach, spread and appear to align with TCO microfibers functionalized with FNIII 9-10.
(C) Proliferation of MDCK and NIH 3T3 fibroblast cells along the microfibers scaffold is assessed by the
Ki67 proliferation (green) marker.
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To this end, DHTz containing microfibers were photocatalytically activated to tetrazine, then
incubated with bis-TCO (3) to produce TCO decorated microfibers, as described above. The
resultant microfibers were then modified with 5 yM Tz-functionalized FNIII 9-10 (FNIIl 9-10-Tz).
MDCK (Madin-Darby canine kidney) cells and GFP-labeled NIH3T3 fibroblasts were seeded on
glass bottom MatTek petri-dishes containing fiber scaffold laid over a central poly(2-hydroxyethyl
methacrylate) coated non-adhesive area. Cell adhesion, viability, and proliferation were analyzed
after 5 days of culture in growth media.

Microfibers that were derivatized by FNIIl 9-10-Tz through late-stage functionalization promoted
the attachment and spreading of both MDCK cells and NIH3T3 fibroblasts (Figure 8 B). Live/dead
staining showed viability of 88 + 5 % on day 1 to 90 + 3% on day 5 of culture for MDCK cells
(Figure S16). Both MDCK cells and fibroblasts appeared to grow beyond the confines of the fiber
mesh, bridging adjacent fibers and fiber junctions (Figure S17, white arrowheads). The number
of cells attached and spreading along fibers increased over time. Furthermore, cells attached to
FNIII 9-10 decorated microfibers remained proliferative, as evidenced by positive staining for Ki-
67, a cell proliferation marker (Figure 8C).

As a comparison, FNIIl 9-10-Tz (5 yM) was directly incorporated into the microfibers during
interfacial synthesis and fiber pulling. The resulting microfibers were non-adhesive to both MDCK
and NIH3TS3 cell lines after five days of culture (Figure S18). This loss of protein activity during
interfacial polymerization mirrors what was observed with HaloTag incorporation, and likely
indicates that the FNIII 9-10 protein was denatured during fiber pulling.

Conclusion

The site selective modification and purification of proteins by ABC-tagging allows for the
modification of material surfaces with active proteins. Using hydrogel microfibers as a model
system, we’ve shown that this methodology allows for the site-specific attachment and control
over the relative concentration of the protein presented on the surface. The resulting microfibers
have been shown to successfully conjugate to a range of proteins that retain their respective self-
labeling, enzymatic, fluorescent and cell-adhesive properties. This methodology also supports the
immobilization of multiple proteins on the microfiber surface, with the ability to control the relative
concentrations of the different proteins presented on the surface by simply varying the
stoichiometry of the proteins present in the solution during conjugation. This methodology
enhances the toolkit of the methods for the surface modification of materials with functional
proteins with the combined benefits of rapid tetrazine ligation and the site-selective Affinity
Bioorthogonal Chemistry (ABC) protein tagging method.

Supporting Information

Procedures for the synthesis of compound 3, plasmid cloning, protein purification, conjugation of
3-(2-pyridyl)-6-methyltetrazine to proteins, quantification of number of TCO sites on microfibers,
kinetics of sftGFP-Tz and HaloTag-Tz with sTCO, mass spectra and NMR spectra
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