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Abstract

Strategies to integrate instructive biomolecular signals into a biomaterial are becoming

increasingly complex and bioinspired. While a large majority of reports still use repeated

treatments with soluble factors, this approach can be prohibitively costly and difficult to translate

in vivo for applications where spatial control over signal presentation is necessary. Recent efforts

have explored the use of covalent immobilization of biomolecules to the biomaterial, via both bulk

(ubiquitous) as well as spatially-selective light-based crosslinking, as a means to both enhance

stability and bioactivity. However, little is known about how processing conditions during

immobilization impact the degree of unintended non-covalent interactions, or fouling, that takes

place between the biomaterial and the biomolecule of interest. Here we demonstrate the impact of

processing conditions for bulk carbodiimide (EDC) and photolithography-based benzophenone

(BP) crosslinking on specific attachment vs. fouling of a model protein (Concanavalin A, ConA)

within collagen-glycosaminoglycan (CG) scaffolds. Collagen source significantly impacts the

selectivity of biomolecule immobilization. EDC crosslinking intensity and ligand concentration

significantly impacted selective immobilization. For benzophenone photoimmobilization we

observed that increased UV exposure time leads to increased ConA immobilization.

Immobilization efficiency for both EDC and BP strategies was maximal at physiological pH.

Increasing ligand concentration during immobilization process led to enhanced immobilization for

EDC chemistry, no impact on BP immobilization, but significant increases in non-specific fouling.

Given recent efforts to covalently immobilize biomolecules to a biomaterial surface to enhance

bioactivity, improved understanding of the impact of crosslinking conditions on selective

attachment versus non-specific fouling will inform the design of instructive biomaterials for

applications across tissue engineering.
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A. Introduction

The design of biomaterial scaffolds for a range of in vitro and in vivo tissue engineering

applications often requires selective optimization of structural, mechanical, and

biomolecular properties.1 Scaffold developed from naturally-derived polymers represent an

important group of constructs currently under development. Decellularized tissues such as

small intestinal submucosa (SIS) offer one important class of naturally-derived biomaterials

with demonstrated promise for clinical application.2–5 Additionally, naturally derived

polymers such as collagen, fibrin, and silk have also been increasingly used to generate

porous biomaterials via a range of processing approaches (e.g., freeze-drying,

electrospinning, salt-leaching)1, 6–10. Collagen-glycosaminoglycan (CG) scaffolds are

another class of such materials which have been optimized for a range of tissue engineering

applications such as peripheral nerve, skin, and increasingly musculoskeletal tissues.11–19

Fabricated via freeze-drying, CG scaffolds maintain an open-cell foam (interconnected) pore

architecture. Our laboratory and others have been responsible for developing fabrication

strategies to tailor scaffold biophysical properties via pore size and shape,12–14, 20, 21

mechanical properties,22–24 and degradation rate14, 25 in order to optimize cell bioactivity.

However, like with many biomaterial platforms, it has become apparent that biomolecular

signals added to culture media can enhance or help direct cellular responses.26–29

While soluble supplementation of the growth media with biomolecules of interest is feasible

for in vitro assays, repeated replacement of factor supplemented media is both expensive

and prone to rapid diffusive loss when used in vivo.1, 30, 31 Examining processes associated

with biomolecular signaling within the native ECM provides motivation for alternative

supplementation strategies. Primary components of the ECM such as GAGs and

proteoglycans (PGs) are responsible for sequestering factors within the matrix, a dynamic

process that can lead to improved stability of biomolecular signals as well as enhanced

bioactivity of the factor.1, 32, 33 Design of biomaterial platforms to mimic such interactions

can induce a significantly more nuanced response of cells to local biomolecular signals. For

example, heparin sulfate decorated biomaterials have alternatively been shown to upregulate

cell response to FGF-2 and VEGF while down regulating cell response to PDGF.1, 32, 33

Recently, a variety of techniques have attempted to exploit concepts of transient

sequestration of biomolecules within three-dimensional biomaterials via incorporation of

GAGs, PGs, binding domains to proteins of interest, or their synthetic mimics to regulate

biomolecule attachment.1, 32, 34–36 Notably, while GAG content had previously been shown

to impact the regenerative capacity of CG scaffolds in full thickness skin wounds,14, 37 we

recently demonstrated that selective alteration of the GAG content can also be used to

impact transient sequestration of growth factors within the matrix as well as resultant cell

bioactivity.38

Beyond transient sequestration inspired approaches, a wide range of covalent tethering

methods have also been described. Carbodiimide (EDC) chemistry is commonly used to

crosslink collagen biomaterials to improve their enzymatic stability and mechanical

properties22, 39, 40 as well as cell response.12, 41–43 EDC has also been widely used to

covalently bind a wide range of biomolecules, from matrix proteins to growth factors, to the

biomaterial scaffold.26, 44–47 This approach leads to ubiquitous immobilization of the
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biomolecule of interest to the scaffold and does not allow decoupling of crosslinking and

biomolecule attachment. Recently, we have described a benzophenone (BP)

photolithography approach to create spatial patterns of factors covalently attached to the CG

scaffold.48 However, given that non-covalent factor sequestration can significantly impact

cell response, it is important to also consider the magnitude of unintended non-covalent

interactions, biomolecule fouling on the scaffold, that arise as a result of the covalent

attachment processes. Relatively little is known about how processing conditions during

covalent biomolecules attachment (e.g., EDC, BP) impact non-covalent fouling. The

objective of this study therefore was to examine specific attachment versus fouling of

Concanavalin A (ConA), a carbohydrate-binding protein often used as a model system for

covalent immobilization strategies48, 49 that retains the capacity to non-covalently bind to

the ECM,50 as a function of EDC and BP processing conditions. Elucidating the relative

contribution of covalent attachment versus non-specific fouling of biomolecular signals

within a model CG scaffold will inform the selection of processing conditions used to add

instructive biomolecular signals into CG scaffolds for a range of tissue engineering

applications.

B. Materials and Methods

B.1. CG scaffold fabrication

CG scaffolds were fabricated via a previously described lyophilization process.13, 48 Briefly,

a CG slurry was generated by homogenizing fibrillar collagen (Collagen Matrix, Franklin

Lakes, NJ; Sigma Aldrich, St. Louis, MO) and chondroitin sulfate isolated from shark

cartilage (Sigma Aldrich) in 0.05 M acetic acid (Acros Organic, NJ).14 The 0.5 wt% CG

suspension was stored at 4°C and degassed prior to use. The suspension was placed in an

aluminum mold and then cooled at a constant freezing rate (1 °C/min) to −40°C. Ice crystals

were subsequently removed via sublimation (0°C, 200 mTorr), resulting in a dry, porous

scaffold sheet. Scaffold sheets were then crosslinked and sterilized via a dehydrothermal

crosslinking step (105°C, 24 hours; 0.5 mmHg).13 Experimental specimens (6 mm dia.; 3

mm thick) were cut from the sheet using a biopsy punch (Integra-Miltex, York, PA).

B.2. Immobilization of Concanavalin A within the scaffold network

B.2.1. Ubiquitous attachment via EDC crosslinking—Concanavalin A AlexaFluor

647 conjugate (ConA-647; Invitrogen, Carlsbad, CA) was immobilized within the scaffold

network via EDC-NHS crosslinking, utilizing 1-ethyl-3-(3-dimethylaminopropyl)

carbodiimide (EDC) and N-hydroxysuccinimide (NHS) (Sigma Aldrich) (Figure 1). EDC-

NHS crosslinking intensity was controlled by altering the molar ratio of EDC and NHS to

the carboxylic acid (COOH) side chains on the CG scaffold.22, 39, 51 Here, a constant EDC:

NHS ratio, but increasing solution concentrations (EDC:NHS:COOH ratios of 2.5:6.25:1,

5:12.5:1, 10:25:1) was used to generate a series of scaffold with increasing crosslinking

density.

EDC crosslinking can proceed via a bulk or step process,47 giving the opportunity to tailor

solution pH during each step to improve crosslinking efficiency (Figure 1). In step EDC, the

CG scaffolds were hydrated in PBS, added to a crosslinking solution of EDC and NHS
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dissolved in PBS, and shaken (37° C, 30 min) to activate the crosslinking process. Scaffolds

were then rapidly blotted with a Kimwipe before 10 μL of a ConA-647 solution was pipetted

onto each scaffold and allowed to attach (1 hr; room temperature).26 In bulk EDC, the 10 μL

ConA-647 solution was added with the EDC and NHS and allowed to attach (1 hr; room

temperature).47 In both cases, multiple ConA-647 solution concentrations (1 μg/mL, 750

ng/mL, 500 ng/mL, 250 ng/mL) were tested. After crosslinking, scaffolds were then blotted

to remove excess protein and washed in PBS (1 hr; room temperature) on a shaker. The

wash solution was then replaced and the scaffolds were left overnight on the shaker. Control

scaffolds were treated with EDC: NHS solution and a PBS solution in order to generate the

same scaffold crosslinking density without providing a ligand for incorporation. After the

overnight wash step, scaffolds were treated with 10 μL of ConA-647 protein solution (1

hour, room temperature) prior to undergoing a second round of wash steps.

B.2.2. Selective immobilization via benzophenone photochemistry—ConA was

alternatively immobilized within the CG scaffold using a previously described

benzophenone photochemistry method.48 As exposure to UV light is required for BP

photoimmobilization, biotinylated ConA (Vector Labs, Southfield, MI) was used for BP

attachment instead of ConA-647; a fluorescent secondary antibody was added at a later step

for quantification. Briefly, benzophenone isothiocyanate (Invitrogen) was covalently

immobilized within the scaffold in a solution of dimethylformamide (DMF) and N-

diisopropylethylamine (DIEA). Unbound BP was removed with repeated DMF, ethanol, and

PBS washes. Excess moisture was blotted from the scaffolds prior to being placed on glass

slides for photoimmobilization. A 10 μL solution of biotinylated ConA in PBS (5 μg/mL)

was then pipetted onto each scaffold. Scaffolds were exposed to 350–365 nm UV light at 20

mW/cm2 (8, 15, 22, 30, 45, 60, 90, or 120 seconds). The scaffold was then flipped and re-

exposed for the same duration. Unreacted BP was deactivated using a mild pluronic acid

solution for 1 hour at room temperature prior to multiple PBS washes. Control scaffolds

were generated under identical conditions, only with 10 μL of PBS added to the scaffolds

prior to UV irradiation.

B.3. Analysis of biomolecular patterns generated via BP photolithography

The consistency of ConA patterns formed within the CG scaffold as a function of BP

photoimmobilization was examined via fluorescence microscopy (Leica DMI4000B

fluorescence microscope, Qimaging camera) as previously described.48, 52 Lateral resolution

of patterning was determined for CG scaffolds fabricated from multiple collagen sources

(Sigma-Aldrich, Collagen Matrix) that were patterned with 500 μm square islands of ConA.

Achievable patterning depth was determined from scaffolds patterned with repeating stripes

of ConA (100 μm stripes, 400 μm spacing; 2 min exposure time). Patterned scaffolds were

blocked with 2% BSA solution, treated with streptavidin conjugated Alexafluor488

secondary antibody (1 hour on a shaker), then washed in PBS prior to imaging.

The lateral pattern resolution was determined from fluorescent images generated by placing

photopatterned surfaces of the scaffolds into glass coverslip bottom dishes (In Vitro

Scientific, Sunnyvale, CA). The mean fluorescent intensity (MFI) of 6 randomly selected

patterned and unpatterned regions were calculated using ImageJ software to determine the
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average signal:noise ratio of each image. Analysis was performed on 4 discrete samples for

each collagen type (Sigma-Aldrich; Collagen Matrix). Achievable pattern depth was

determined by first embedding striped scaffolds in Optimal Cutting Temperature (OCT)

solution (Tissue-Tek, Torrance, CA) followed by flash freezing. The embedded scaffolds

were then sliced longitudinally, perpendicular to the direction of the patterned stripes.

Resultant sections were then rinsed in PBS and placed cut side down onto a coverslip for

imaging.

B.4. Quantifying immobilized ConA within the CG scaffold

Scaffolds were subsequently digested in a papain solution (Sigma-Aldrich) in a 60° C water

bath for 1 hour to recover immobilized (covalent, fouling) ConA for analysis. Total

immobilized ConA within the scaffold network was determined via a F200 fluorometer

(Tecan, Switzerland) from scaffold digests. For EDC-based immobilization, the inherent

fluorescence of the ConA-647 was examined (620/670 nm excitation/emission). For BP-

based immobilization, scaffolds containing photopatterned biotinylated ConA were rinsed in

5% Sucrose/PBS solution overnight, stained with Streptavidin-AlexaFluor488 (1:2000

dilution in 2% BSA in PBS, Invitrogen) for 1 hr then rinsed in PBS. The fluorescence of

AlexaFluor488 labeled ConA within the scaffolds was examined (485/535 nm excitation/

emission). Relative fluorescence between groups was used to examining covalent

attachment versus fouling. For EDC crosslinking, results were compared to a standard curve

of digest solutions spiked with known concentrations of soluble ConA biotin AlexaFluor

647. For BP photoimmobilization, the relative fluorescence of each specimen was compared

to negative control CG scaffolds that did not contain biotinylated ConA or streptavidin-

AF488 conjugates.

B.5. Statistical Methods

The effect of EDC:NHS:COOH ratio and ConA solution concentration (n = 8) was

evaluated 2-way ANOVA with Bonferroni post hoc. The effects of pH on EDC

immobilization methods (n = 6) were analyzed via 1-way ANOVA and Tukey HSD. The

effect of BP patterning steps were evaluated using a minimum of n = 3 samples per group

via 1-way ANOVA and Bonferroni post hoc testing; the correlation between UV exposure

time and immobilization was tested at α = 0.05, power = 0.8 (n = 40). The effects of pH on

immobilization and ConA loading (n = 9) was analyzed using a 2-way ANOVA and

Bonferroni post hoc testing between pHs. The effect of one (n = 24) or two (n = 30) washes

on fouling was determined via Independent Samples T-Test. The effects of wash solutions

on ConA immobilization was determined by 1-way ANOVA and Dunnett’s test on a

minimum of n = 5 specimens per group. The effect of sucrose treatment order on fouling

was examined for a minimum of n = 3 samples per group via ANOVA and Bonferroni’s

post hoc test. Significance was set at p < 0.05. Error was reported in figures as the standard

error of the mean unless otherwise noted.
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C. Results

C.1. Collagen source significantly impacts biomolecule patterning

The choice of collagen source significantly impacted immobilization of model biomolecules

within the CG scaffold network. ConA patterns were assessed using CG scaffolds fabricated

via identical lyophilization protocols from collagen-GAG suspensions generated from

collagen sourced from Collagen Matrix or Sigma-Aldrich. Notably, ConA patterns produced

within CG scaffolds fabricated from Collagen Matrix sourced collagen demonstrated

improved definition of pattern margins (Figure 2A) as well as significantly (p < 0.01) higher

pattern intensity (signal:noise ratio) (Figure 2B). All subsequent experiments were therefore

performed exclusively using Collagen Matrix scaffolds.

C.2. EDC immobilization efficiency depends on EDC:NHS:COOH ratio and concentration of
ligand

EDC processing conditions significantly impacted total ConA immobilization within the CG

scaffold network (Figure 3). Four processing parameters were identified as potential

modulators of covalent versus non-covalent ConA attachment during the EDC

immobilization: concentration of ConA, EDC:NHS:COOH crosslinking intensity, solution

pH, and use of a bulk versus step crosslinking reaction. Not surprisingly, fouling was

positively correlated with ConA concentration (data not shown). ConA solution

concentration (2.5 – 10 ng, corresponding to solution concentrations of 0.25 – 1 μg/ml) and

EDC:NHS:COOH crosslinking ratio (2.5:6.25:1, 5:12.5:1, and 10:25:1) both significantly (p

≤ 0.01) impacted ConA immobilization (Figure 3A). Notably, immobilization significantly

increased with solution phase ConA concentration (loading) (p < 0.05 for all cases). An

EDC:NHS:COOH cross-linking ratio of 5:12.5:1 let to significantly (p < 0.01) higher

immobilization than the other two ratios tested. An EDC:NHS:COOH ratio of 5:12.5:1 was

subsequently used for future analyses.

The use of bulk versus step carbodiimide crosslinking reaction, as well as altering the pH of

the crosslinking reaction (pH 5.5 vs. 7.4), were both found to significantly (p < 0.05) impact

ConA immobilization (Figure 3B). Step crosslinking induced a significant increase in ConA

immobilization relative to non-specific ConA fouling regardless of pH (p < 0.01). Bulk

crosslinking at pH 7.4 (not at more acidic pH 5.5) resulted in a significant (p = 0.04)

increase in ConA immobilization. Step EDC chemistry conducted exclusively at neutral pH

(7.4) resulted in significantly higher immobilization compared to bulk crosslinking (p <

0.001). However, the increase in ConA immobilization was not seen at acidic pH (pH 5.5; p

> 0.74). Together, these results indicate that carbodiimide immobilization was most efficient

using the step crosslinking approach with the second step performed at neutral pH (p <

0.001); there was no impact of solution pH during the first stage of the step process (p =

0.073).

C.3. BP photoimmobilization induces significant specific and non-specific attachment

Benzophenone photoimmobilization has previously been shown via visual inspection to

generate defined patterns of biomolecules within CG scaffolds.48, 52 Here, analysis of the

fluorescence intensity of photoimmobilization ConA-biotin (via streptavidin-AlexaFluor 488
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secondary antibody) showed a significant (p < 0.001) increase in immobilized ConA within

the CG scaffold with BP photoimmobilization (Figure 4A). However, significant (p < 0.001)

fouling was observed either without UV exposure (BP + ConA) or when ConA was added

after UV exposure (BP + UV; ConA) (Figure 4A). However, direct BP-photoimmobilization

(BP + UV + ConA) led to a significant (p < 0.001) increase in immobilized ConA compared

to all non-specific (fouling) groups.

We subsequently examined the impact of solution pH, concentration of ConA in solution

during immobilization, and UV exposure time on BP-photoimmobilization. BP

photolithography was impacted by solution pH, with greatest patterning efficiency achieved

at a pH of 7.4 (versus pH 5, 9; p < 0.01) (Figure 4B). While ConA immobilization did not

increase (p = 0.83) with increasing ConA concentration over the range tested (Figure 4B),

time of UV exposure significantly impacted immobilization (R2 = 0.77, p < 0.01) (Figure

4C).

C.4. Depth of ConA pattern penetration via BP photoimmobilization

A striped pattern was used to determine the achievable patterning depth within the CG

scaffold. Here, the ConA pattern was visualized in transverse cryostat sections through the

patterned scaffold. BP-photopatterning was able to achieve patterning depths on the order of

500 μm into the scaffold (Figure 5), consistent with results reported for VEGF52.

C.5. Impact of processing conditions on non-specific ConA immobilization

Given the presence of significant non-specific fouling during both covalent immobilization

strategies tested (EDC, BP photolithography; Figures 3, 4), we explored the impact of

washing steps on ligand fouling (Figure 6). Adding a 24 hour wash step after ConA

exposure significantly (p < 0.001) decreased non-specific factor attachment for all wash

solutions tested (PBS; PBS + 1% Tween; PBS + 5% BSA; PBS + 5% sucrose). While the

addition of a second 24-hour wash step did not significantly reduce fouling for any wash

solution (p = 0.69), the use of a PBS + 5% sucrose wash led to the most significant (p ≤

0.03) reduction in ConA fouling relative to all other wash solutions (Figure 6A). The order

of incorporating the sucrose wash significantly impacted ConA fouling (Figure 6B). Here,

adding the sucrose wash after ConA exposure led to a significant decrease in fouling (p =

0.001) while washing the scaffolds with sucrose prior to ConA exposure had no impact (p =

0.79) Not surprisingly, longer exposure (20 vs. 5 min) to the ConA ligand led to

significantly (p =0.003) increased fouling (Supp. Fig. 1A). Additionally, comparing the

fraction (Supp. Fig. 1B) versus total amount (Figure 6B) of ConA fouling within the

scaffold, higher ligand concentrations led to both greater total and percent fouling. However,

use of a sucrose wash after ConA exposure significantly (p < 0.05) reduced total and percent

fouling except at the lowest (10 ng) ligand added where the percent fouling was not

significantly different from the middle (25 ng) ligand added.

D. Discussion

This study examined the relationship between covalent patterning conditions sand resultant

specific versus non-specific incorporation of a model ligand (ConA) within a three-
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dimensional CG scaffold. Previous work with CG scaffolds has shown that the incorporation

of soluble and covalent biomolecules into CG scaffolds impacts cellular

behavior.20, 26, 29, 53 However, these studies have focused on contributions of the total factor

present without distinguishing the impacts of specific attachment and fouling individually.

For this study we examined how the manipulation of treatment parameters for two covalent

immobilization strategies impacted both covalent attachment and fouling.

Optimizing a biomaterial for a tissue engineering application requires a consideration of

structural, compositional, mechanical, and biochemical cues. However, once a material such

as collagen is chosen for the scaffold composition, there still remains the non-trivial

consideration of source. In this study we explored the potential for fouling versus specific

patterning of a model protein, ConA, on CG scaffolds fabricated using identical

lyophilization conditions from CG precursor suspensions generated from two collagen

sources. While both collagens evaluated were type I of bovine origin, significant differences

in immobilization were detected. The increased signal:noise ratio and improved pattern

margins seen with one collagen source (Figure 2) suggested that in the context of optimizing

biomolecular supplementation strategies for natural-protein derived scaffolds it is critical to

consider source and processing of raw ingredients.

Covalent immobilization of biomolecules within a biomaterial offers the potential to

improve both the half-life and bioactivity of the factor, as well as the potential to reduce the

total dose required in cases where long-term efficacy is required.1, 35, 54 Carbodiimide

crosslinking represent a common approach to tether biomolecules to a biomaterial surface,

as well as to crosslinking collagen-based biomaterials.22, 39, 55 In the context of crosslinking

collagen-based scaffolds, previous efforts have examined the use of bulk versus step

crosslinking, the impact of changing the EDC:NHS ratio, and the reaction pH. While

previous efforts by Chiu et al. examined the impact of some of these conditions on VEGF

immobilization within a model collagen scaffold,47 in this study we examined the impact of

step versus bulk immobilization, EDC:NHS ratio, and crosslinking solution pH on covalent

immobilization of a model protein (ConA) within the CG scaffold. Confirming the

observations of Chiu et al., our findings demonstrate that immobilization of ConA within the

CG scaffold was maximized at neutral pH using the step crosslinking reaction (Figure 3B).

Additionally, we further examined the specific impact of EDC:NHS:COOH ratio (2.5:6.25:1

to 10:25:1), known to impact scaffold crosslinking,22 on ConA immobilization (Figure 3A).

Not surprisingly, increasing the solution-phase concentration of ConA led to a significant

increase in immobilized ConA within the scaffold for all tested EDC:NHS ratios. However,

ConA immobilization efficiency did not scale with crosslinking density, known to increase

with EDC:NHS:COOH ratio;22 instead, greatest immobilization was achieved with the

middle EDC:NHS:COOH ratio (Figure 3A). This result may indicate a tradeoff in

attachment efficiency as a function of the size of the ligand, an observation which also

correlates with our finding that increasing ConA solution concentration did not lead to

improved immobilization via BP photolithography (Figure 4B). Future experiments that

explore crosslinking efficiency as a function of biomolecule size and concentration may help

better resolve this effect.
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We then considered an orthogonal covalent immobilization strategy, benzophenone

photoimmobilization. Our laboratory has previously employed BP to decorate CG scaffolds

with both ECM molecules (fibronectin)48 and growth factors (VEGF, PDGF),52, 56

However, the impact of patterning conditions on BP photoimmobilization has only been

optimized for protein immobilization onto glass substrates,49 with degree of covalent

attachment of P-selectin and mannan on glass found to be dependent on ligand concentration

and time of UV exposure. Here, we explored whether both processing conditions impacted

ConA immobilization with a fully three-dimensional CG scaffold. While increasing UV

exposure time led to augmented ConA immobilization (Figure 4C), increasing ConA

solution concentration within the scaffold during photoimmobilization surprisingly did not.

Further, solution pH was found to significantly impact the BP process, with ConA

immobilization efficiency maximal at physiological pH. While BP photolithography

theoretically allows for patterning of biomolecules in three dimensions, such patterning

requires significant penetration of the UV light into the biomaterial. Similar to observations

of light-based of biomolecules within 3D hydrogels (where maximal penetration was as low

at 200 μm in some cases)57–59 and for VEGF within the CG scaffold,52 effective patterning

depth was found to be limited to approximately 500 μm. Such observations are likely to

motivate alternative strategies for templating biomaterials at larger scales. However, the

potential for non-specifically attached (fouling) biomolecules, previously estimated to range

on order of 8% – 24% of total loaded factor,47 to impact cells throughout an entire construct

while patterned factors only impact the first 500 μm of the construct suggest a critical need

to explore processing conditions to reduce fouling. Such a need may only be magnified for

studies leveraging bioinspired approaches to transiently immobilize growth factors within

the biomaterial through the use of glycosaminoglycan or heparin binding peptides.32, 36, 38

In this study we pursued a strategy to assess non-specific fouling of ConA within the

scaffold as a function of processing conditions and subsequent washes. In the case of EDC

crosslinking (Figure 3), fouling was assessed through a separate experimental group that

exposed the scaffolds to ConA after crosslinking was completed. In the case of BP

photoimmobilization (Figure 4), fouling was assessed through the use of two groups. First,

BP decorated scaffolds were exposed to ConA (BP + ConA) without UV exposure. Second,

BP scaffolds were exposed to UV without the presence of ConA (BP + UC; ConA); after

UV exposure the scaffolds were then exposed to ConA to confirm both the transience of BP-

photoactivation activation as well as that UV exposure did impact the potential for fouling

on the scaffold surface. In both cases, while significant fouling did occur, both EDC and BP

immobilization strategies were able to incorporate significantly increased factor doses.

In an effort to combat non-specific fouling, we examined means of controlling the degree of

fouling following patterning (Figure 6). Not surprisingly, adding a wash step after

immobilization, regardless of the identity if the wash solution, significantly reduced fouling;

however, adding multiple wash steps did not seem to further improve this effect. The most

effective method to eliminate non-specific ConA attachment was by introducing a wash

solution with the potential of scavenging non-covalently bound ConA: sucrose. ConA is

known to bind glucose residues,50 leading to our choice of a sucrose wash solution to

compare to more conventional Tween and BSA washes. The use of a 5% sucrose solution
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led to significant reduction in fouling; however out results suggested the sucrose solution

acted most efficiently by removing ConA that had already fouled the scaffold surface

(Sucrose after ConA) rather than acting to block non-specific ConA (Sucrose before ConA;

Figure 6B). Although the sucrose wash solution demonstrated here was designed for the

ligand of interest in this study (ConA), it is likely that appropriate choice of wash solutions

(e.g., heparin solution for VEGF, PDGF; antibody tagged microspheres coupled with

centrifugation) may be particularly important in the design of any biomolecule

immobilization experiment in order to minimize fouling and hence maximize intended

effects.

Conclusions

The development of biomaterials for increasingly complex tissue engineering applications is

increasingly calling for approaches to either improve the efficiency of action or regionally

control the presentation of biochemical factors within a three-dimensional matrix. However,

like as is seen within the native ECM, non-covalent or transient immobilization of factors

can significantly impact cell response. In this study we investigated the impact of processing

conditions on covalent immobilization of a model protein (ConA) within a CG scaffold

using methods that enable either ubiquitous (carbodiimide crosslinking) or regionally-

controlled (BP photolithography) immobilization. We identified processing conditions that

increased attachment efficiency, notably pH (both), ligand concentration (carbodiimide), and

crosslinking intensity (both). We found that for both methods, significant non-specific

fouling is observed and can be quantified. Lastly, we report post-immobilization washing

steps to minimize ConA fouling. These efforts are informing ongoing efforts to generate CG

scaffolds containing instructive biomolecular signals to augment scaffold bioactivity for a

range of musculoskeletal repair applications.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Reaction schematics for bulk versus step carbodiimide crosslinking reactions with

Concanavalin A (ConA).
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Figure 2. The impact of collagen source on benzophenone immobilization of Concanavalin A
(ConA) on CG scaffolds
(A) Representative fluorescence image and Mean Fluorescence Intensity (MFI) of ConA

signal in arbitrary units (AU) from line scan across pattern. (B) Normalized pattern:noise

signal intensity for ConA immobilized on CG scaffolds. *: significant difference in signal

intensity between collagen sources.

Pence et al. Page 14

Biomater Sci. Author manuscript; available in PMC 2015 September 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 3. Carbodiimide crosslinking of Concanavalin A (ConA) to CG scaffold
(A) Total ConA immobilization as a function of 1-ethyl-3-(3-dimethylaminopropyl)

carbodiimide:N-hydroxysuccinimide:carboxylic acid ratio and total ConA added to the

scaffold. (B) Impact of solution pH and the use of bulk versus step carbodiimide chemistry

on total ConA immobilization within the scaffold. ^: significant increase in ConA

immobilization versus non-specific fouling (ConA not present during EDC crosslinking). *:

significant difference between groups.
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Figure 4. Benzophenone (BP) photoimmobilization of Concanavalin A (ConA) to CG scaffold
(A) Mean Fluorescence Intensity (MFI) in arbitrary units (AU) of immobilized ConA

calculated from representative fluorescence images as a function of BP processing steps (50

ng ConA biotin added per scaffold) (BP: benzophenone functionalized; ConA:

Concanavalin A present; UV: Ultraviolet exposure; +: concomitantly). ^: significant

increase in MFI versus BP alone (fouling). *: significant increase in MFI for specific

photoimmobilization of ConA versus all other treatment groups. (B) MFI of immobilized

ConA as a function of solution pH and total loaded ConA. ^: significantly increased MFI

versus other pH conditions. (C) Total BP photolithographic immobilization of ConA

increases with increasing UV exposure time.
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Figure 5. Achievable pattern resolution via benzophenone photolithography
Representative fluorescence images of 100 μm wide Concanavalin A stripes (400 μm

spacing) patterned into CG scaffolds. Images take from longitudinal cross section (left)

versus transverse section through the depth of the scaffold (right) indicate limited (500 μm)

depth pattern penetration.
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Figure 6. Impact of wash steps on non-covalent fouling of Concanavalin A (ConA) within the
scaffold
(A) ConA fouling within CG scaffold scaffold as a function of wash conditions (20 minute

ConA exposure). ^: significant increase in ConA fouling versus all wash groups. *:

significant difference in ConA fouling between wash groups. (B) Total ConA fouling as a

function of the order of sucrose wash steps (none; before ConA exposure; after ConA

exposure). ^: significant increase in ConA fouling within each wash group as a function of

total loaded ConA.
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