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Abstract: It remains unclear whether the limitations to the
therapeutic potential of angiogenic growth factors stem
from pharmacokinetic concerns related to inadequate deliv-
ery or from a reduced sensitivity of target tissues. Here, we
report a novel method using resonance energy transfer to
assess the molecular integrity of proteins after local deliv-
ery. As an example, we labeled fibroblast growth factor-2
with a fluorescent donor and nonfluorescent acceptor pair,
tetramethylrhodamine and QSY-7, and demonstrate in an
ex vivo bovine carotid arterymodel that this growth factor is
not limited by proteolytic constraints imposed by the tissue.
Our data indicate that FGF-2 is unlikely to be degradedwith-
in the arterial wall and suggest that pharmacokinetic limi-
tations alone cannot fully explain the muted response seen
thus far in therapeutic angiogenesis. In general, resonance
energy transfermay serve as a novel approach to assess the
molecular integrity of protein-based therapies in local deliv-
ery. B 2004 Wiley Periodicals, Inc.
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INTRODUCTION

Effective delivery of growth factors and therapeutic

proteins in general remains a challenge (Jain, 1998). Issues

of targeting, sustained presentation, and complications of

pharmacokinetics and pharmacodynamics within tissues

are continued limitations to robust biological responsive-

ness (Jain, 1998). Physiological transport forces, including

convective and diffusive sinks, can restrict effective drug

deposition and targeting (Hwang et al., 2001; Mahoney and

Saltzman, 1999). Moreover, cellular receptor-ligand traffick-

ing and both specific and nonspecific enzymes that mediate

proteolytic degradation may further dictate their fate (Chu

et al., 1996; Rippley and Stokes, 1995). Due to the plethora of

mechanisms that can modulate growth factor function, the

ability to define the effective delivery of these proteins and,

more importantly, determine whether they are molecularly

intact is critical in optimizing their therapeutic potential.

Traditional approaches to follow the delivery of therapeu-

tics through tissues predominantly include tracking fluores-

cent and radioactive labels conjugated to a therapeutic entity.

Neither, however, readily provides information about the

molecular integrity of the protein in the complex environ-

ment into which they are delivered. Typically, tracking of

label is presumed to correlate with the location of the protein.

However, this assumption may be less valid for proteins with

short penetration distances in tissues, extensive metabolism

by nonspecific and specific pathways, dramatic differences

in size of intact versus degraded proteins and rapid disper-

sion of low molecular weight peptide fragments. Moreover,

since typically injured tissues are the targets of these thera-

pies, the local environment is likely to be rich with enzymes

requisite for remodeling matrix and mediating inflamma-

tion and the response to injury. Growth factors and other

protein therapeutics may potentially be inhibited from bio-

logical action due to substantial degradation, yet traditional

approaches cannot readily discern this mechanism of failure

from inherent biological or biochemical unresponsiveness.

Indeed, these pharmacological issues are perhaps most pro-

found in the field of therapeutic angiogenesis in which

growth factors are delivered to ischemic myocardium in

hopes of encouraging neovessel development (Harada et al.,

1994; Kornowski et al., 2000; Laham et al. 1999a, 1999b;

Sellke et al. 1998a,1998b).

Resonance energy transfer (RET) is the non-radiative

transfer of energy between appropriately oriented dipoles

of two fluorophores, located within 10–100 Å (Clegg,

1995; Wu and Brand, 1994). The inherent nature of this

dipole interaction, its 1/R6 spatial dependence, allows it to

serve as a molecular ruler, delineating distances between the

two groups at the molecular scale. As such, RET can provide

information about the molecular integrity of a protein
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(Bastiaens et al., 1996; Ng et al., 1999; Uchiyama et al., 1996;

Yaron et al., 1979). In this report, we demonstrate the

application of RET to the study of local growth factor

pharmacology and show the potential of this approach to

provide molecular information pertinent for local delivery.

EXPERIMENTAL PROCEDURES

Synthesis of Quenched FGF-2

Fibroblast growth factor, FGF-2, a gift from Dr. A. Protter,

was loaded onto a 1 ml HiTrap heparin column at 10 Ag/AL

(Amersham Pharmacia-Biotechnology, Piscataway, NJ),

preloaded with 1 mg/mL ovalbumin in PBS, pH 7.0, to

minimize nonspecific binding. Growth factor was allowed

to bind for at least 1 h on ice with or without 125I-Bolton-

Hunter-Reagent-FGF-2 in some cases to enhance detection.

A 20-fold molar excess of QSY-7 maleimide dye (Mo-

lecular Probes, Eugene, OR) was to the column in 1 mL of

1 mg/mL ovalbumin in PBS, pH 7.0. The reaction was

allowed to proceed for at least 7 h on ice. Next, using fast

protein liquid affinity chromatography (FPLC) (Amersham

Pharmacia Biotechnology), the unconjugated dye was re-

moved with at least 200 column volumes of 0.15 M NaCl

in PBS, pH 7.4. The elution was monitored by g-counting

and measuring absorbance at 280 nm. In addition, the

eluent was visually assessed for the presence of the non-

fluorescent dye. The pH was then changed to pH 8.5 with

sodium bicarbonate. A 20-fold molar excess of TAMRA-

TMR succinimidyl ester (Molecular Probes) was diluted

into 1 mL of sodium bicarbonate buffer, pH 8.4,

centrifuged to remove precipitates, and loaded onto the

HiTrap column. The reaction was allowed to proceed

overnight on ice. The column was then again placed in-line

on the FPLC, and the unconjugated TAMRA-TMR-SE dye

was eluted with approximately 200 column volumes of 0.15

M NaCl in PBS, pH 7.4. Elution was monitored by g-

counting, measuring absorbance at 280 nm, and fluores-

cence using Fluoroskan II, excitation 544 and emission 590

nm (Lab Systems Oy, Helsinki, Finland). The FGF-2 dual-

labeled conjugate was subsequently eluted off using a step

gradient from 0.15 to 2 M NaCl in 10 mM phosphate buffer,

pH 7.4. Fractions were collected and subjected to centrifu-

gation to desalt and remove unbound, unconjugated dye using

amembranewithanominalmolecularweightcutoffof10,000

g/mol (Millipore, Bedford, MA). Dye/FGF-2 labeling ratios

were calculated as described in product literature, and protein

concentrations were determined by absorbance at 280 nm

or by ELISA (R&D Products, Minneapolis, MN).

Proteolytic Assays

To define the functional response of the quenched FGF-2

conjugate to protease digestion, conjugate was mixed with

PBS2+, chondroitin sulfate A, or heparin (final concentration

100 Ag/mL) and allowed to pre-equilibrate for at least 10 min

on ice. Next, trypsin (50 mg/mL), plasmin (1 unit/mL), or

thrombin (50 units/mL) were mixed into 100 mL of PBS2+.

The proteolytic solutions mixed with the quenched con-

jugate were subsequently added to 96-well plates and as-

sayed for fluorescence activity as a function of time at room

temperature using a 96-well plate Fluoroskan II fluorescent

reader (Lab Systems Oy). Results were normalized to the

initial fluorescence at time zero, t= 0, and plotted as the mean

F standard deviation of at least 3 independent replicates.

Ex Vivo Tissue Model

To assess the proteolytic activity of quenched FGF-2 in the

arterial wall, bovine carotid arteries were harvested as

previously described (Hwang et al., 2001; Hwang and

Edelman, 2002). Next, the arteries were sectioned into 5-mm

cylindrical segments and incubated in 2% penicillin-strep-

tomycin in PBS2+ at 4jC to minimize bacterial contami-

nation. Tissues were then cultured routinely in Dulbecco’s

Modified Eagle’s Medium and 10% fetal bovine serum

under 10% CO2 at 37jC. To assess the health of the tissue

during ex vivo culturing, the LIVE/DEAD assay by

Molecular Probes (Eugene, OR) was used at various times

from 1 to 8 days.

Quenched FGF-2 substrates were incubated in DMEM/

10% FBS at concentrations well exceeding the binding

affinity constant, Kd, to mimic the concentrations used in

in vivo studies. The solutions were then added to the

explanted carotid segments alone, in the presence of heparin

(final concentration 100 Ag/mL, Pharmacia & Upjohn,

Peapack, NJ), or in the presence of protease inhibitors

(Mini-Complete, Roche Molecular Biochemicals, Indian-

apolis, IN). Quantitative fluorescent images were taken 48 h

after initial incubation of quenched FGF-2 to ensure

adequate growth factor penetration (Dowd et al., 1999).

For imaging, cylindrical carotid segments were cryosec-

tioned into 20-Am slices (Cryotome SME, Shandon) and

imaged immediately using a fluorescence microscope

(Optiphot-2, Nikon) with a 465–495 nm excitation filter,

a 505 nm dichroic filter, and a 515–555 nm barrier filter

(Hwang et al., 2001; Hwang and Edelman, 2002). Specific

regions of interest within the arterial media were high-

lighted and quantified for mean intensity, using approxi-

mately 15,000–20,000 pixels after conversion of the color

images to intensity plots using software from IP Lab

Spectrum. Equilibrium control experiments defined the

functional response of the fluorescent microscope to

varying concentrations of free tetramethylrhodamine in-

corporated into carotid arteries (Wan et al., 1999). Images

shown are representative sections randomly sampled at ten

locations throughout the length of the explant.

RESULTS

Fibroblast growth factor-2 (FGF-2), a potent angiogenic

molecule involved in the development of vessels, is released

upon endothelial damage to mediate wound healing.

Because of its critical role in also mediating the development
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of angiogenic vessels, it has been investigated as a potential

candidate for therapeutic angiogenesis. Consequently, we

chose this molecule to see if insight into its local pharma-

cology might explain its muted effects observed thus far in

clinical trials.

Conjugation

FGF-2 was labeled using standard protein chemistry

methods with the fluorescent donor tetramethylrhodamine

succinimidyl ester (TMR) and the nonfluorescent acceptor

QSY-7 maleimide, which together form a RET pair. Dual

conjugation of FGF-2 with this RET pair was achieved

sequentially on a heparin affinity chromatography column

(Healy and Herman, 1992). After extensive washing to

remove unlabeled dye, the RET conjugate was scanned for

absorbance. Two peaks centered at 534 nm and 562 nm

corresponding to the peaks of TMR and QSY-7, respec-

tively, were observed in the desalted 2 M NaCl eluent,

suggesting dual labeling (Fig. 1A). In contrast, no peaks

were observed in the absorbance scans of PBS2+ and the

ultrafiltrate obtained after centrifugation. Using molar

absorptivities provided by the manufacturer, the dye/

FGF-2 labeling ratios were calculated using the equation

Abstotal at dye1;2 ¼ Abs1;2 þ Abs2;1 � CF1;2;

where Abs1,2 is the absorbance of dye at the appropriate

wavelength and CF1,2 is the correction factor for dye1,2 at the

maximum absorption wavelength of dye2,1. Averaged over

multiple labeling experiments, FGF-2 was labeled at a molar

ratio of 0.91 F 0.08 for TMR and 0.96 F 0.05 for QSY-7

with respect to FGF-2.

To characterize the biological function of this RET

conjugate, we determined whether dual RET labeling of

FGF-2 negatively impacted on its heparin binding activity,

a well-recognized property important for the pharmacoki-

netic targeting of this molecule and subsequent biological

effect. Quenched fluorescent conjugate that was loaded onto

a 1-mL HiTrap heparin column was probed for binding

specificity using a salt gradient after extensive washing with

>20 column volumes. This resulted in a maximal peak

centered around 1.5 M NaCl and multiple smaller peaks

consistent with heterogenous lysine radiolabeling (Fig. 1B).

Comparison of the elution profile of the fluorescently que-

nched conjugate with that obtained using the radiolabeled

control showed that dual RET labeling did not appreciably

impact upon its heparin binding activity (Fig. 1B). Con-

comitant proliferation studies using NR6 Swiss 3T3

fibroblasts demonstrated that there was no difference in cell

number as compared to unlabeled growth factor after dosing

for 3 days at saturating concentrations (data not shown).

Proteolytic Sensitivity of FGF-2 Conjugate

To quantify the response to proteolysis of quenched FGF-2,

the conjugate was incubated with and without heparin or

trypsin, and fluorescence was sampled 24 h later (Fig. 2A).

As shown, there was a (12.40 F 1.67)-fold relative increase

in fluorescence observed in samples not protected by heparin

but subjected to trypsin digestion compared to control

samples without heparin and trypsin, 1.00 F 0.24. Notably,

there was a smaller (2.14 F 0.39)-fold increase in fluores-

cence seen in samples that included heparin, suggesting

escape from protection that is consistent with the reversible

nature of binding interactions between FGF-2 and heparin.

This protective benefit afforded by heparin was specific as

incubation with chondroitin sulfate did not protect the

conjugate from trypsin digestion [(4.32 F 0.28)-fold

increase with chondroitin sulfate versus (1.58 F 0.1)-fold

increase with heparin] (Fig. 2B). To confirm that this effect

was due to heparin binding and thus should be reversible

with ionic disruption and not chondroitin sulfate interference

with trypsin activity, conjugates were pre-incubated with

heparin to allow for initial binding. After 10 minutes, trypsin

was added to the system. Next, either a high concentration

of salt or PBS2+ was added to quenched FGF-2. As shown

in Figure 2C, the addition of salt relieved the protection

afforded by heparin resulting in a dramatic increase in

fluorescence. In contrast, PBS2+ had no effect. Taken

together, these results confirm that FGF-2 can be success-

fully labeled with a RET dye pair without disrupting its

essential heparin binding properties.

To further define the proteolytic sensitivity of the quench-

ed conjugate, the proteases plasmin and thrombin were

added to the quenched growth factor separately. Relative

Figure 1. Synthesis of the quenched conjugate. (A) Absorbance of

desalted conjugate (solid line) versus PBS2+ and ultrafiltrate through

10,000 MWCO filters (dotted lines). Unlabeled FGF-2 has a similar

absorbance profile as the PBS2+ and ultrafiltrate curves in the range from

400 to 700 nm (data not shown). (B) Elution of conjugate with NaCl

gradient from HiTrap heparin-Sepharose column to determine binding

activity. Elution of conjugate (solid line) versus non-fluorescently labeled

species (dashed line).
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fluorescence increased (5.25 F 0.14)-fold upon the addition

of plasmin versus samples concurrently protected by

heparin, (0.89 F 0.10)-fold (Fig. 3A). In contrast, no

increase in fluorescence was detected upon the addition of

PBS2+ or thrombin after 1 h (Fig. 3B) or even at 24 h (data

not shown). Together, these data are consistent with

published reports demonstrating that FGF-2 is sensitive to

plasmin , but not thrombin, digestion and confirm the ability

of this quenched conjugate to provide accurate information

about the proteolytic sensitivity of FGF-2 (Lobb, 1988;

Rosengart et al., 1988; Saksela et al., 1988).

Tissue Pharmacokinetics

To examine the tissue pharmacology of this conjugate,

we used an explanted, tissue culture arterial model (Koo

and Gotlieb, 1989, 1992), to simulate the end delivery

of angiogenic growth factors to distal vessels in the

myocardium. Clinically, this might represent the delivery

achieved for instance through intra-arterial deposition by

catheter delivery or through the controlled-release from

polymeric devices lodged distally in coronary vessels.

Importantly, the use of this non-perfused explant model

reasonably mitigates the substantial loss of growth factor due

to systemic clearance that is known to occur in vivo, which is

not the subject of this report, and therefore allowed us to

focus specifically on the proteolytic constraints of tissue

pharmacology in local growth factor delivery in a readily

accessible manner.

Control studies demonstrated that these explants remain

viable for at least 8 days as assessed by the Molecular

Probes’ LIVE/DEAD assay. Moreover, over this time

period, there was minimal change in the number of cells

that stained punctate red, indicative of cell membrane

compromise (79.5% F 3.8% on Day 1 and 77.5% F 8.6% on

Day 8). Of note, transport experiments were conducted over

2 days, as full penetration of the arterial explant by the RET

conjugate is achieved within this time frame.

To assess the potential for proteolytic degradation by

arterial tissue, quenched FGF-2 was incubated alone as the

experimental, with protease inhibitors, or with heparin in

10% FBS/DMEM. As a positive control, quenched FGF-2

was pre-treated with trypsin for 4 h at 37jC before in-

cubation. Explants were then assessed for fluorescence at

48 h at 37jC, as an order-of-magnitude analysis for diffusion

suggests full penetration of the conjugate within this time

(Dowd et al., 1999). Representative images of explants are

shown after axial sampling at 20-Am increments (Fig. 4A,B).

Figure 3. Proteolytic sensitivity of conjugate. (A) Effect of PBS (.) or

heparin (o) on protecting quenched conjugate from digestion by plasmin.

(B) Effect of thrombin incubation with quenched FGF-2.

Figure 2. Characterization of quenched conjugate. (A) Exhaustive

digestion of quenched conjugate in the presence or absence of heparin

(100 Ag/mL) and/or trypsin (10 Ag/mL) at 24 h at 37jC. (B) Effect of

chondroitin sulfate A (.) or heparin (o) at 100 Ag/mL on protection of

quenched conjugate from digestion by trypsin. (C) Effect of 2 M NaCl (.)

or PBS (o) on disruption of protection by heparin of quenched conjugate

from trypsin digestion.
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In all specimens, no fluorescence was observed in ex-

plants incubated with quenched FGF-2 alone, with quenched

FGF-2 and a composite of protease inhibitors, and with

quenched FGF-2 and heparin together, suggesting minimal

proteolytic degradation of FGF-2 by the vascular wall

(Fig. 4A,B). In contrast, in explants incubated with trypsin

predigested conjugate, fluorescence was readily observed in

the arterial media, suggesting sufficient signal within this

system to permit detection of degradation if pharmaco-

logically significant.

To confirm these results, conditioned media samples were

quantified for fluorescence using a 96-well plate reader. In

samples incubated with quenched FGF-2 alone, quenched

FGF-2 and protease inhibitors, and quenched FGF-2 and

heparin, unappreciable fluorescence was detected (Fig. 4C).

In contrast, significant fluorescence was measured in the

conditioned media obtained from carotid samples incubated

with trypsin predigested quenched conjugate (Fig. 4C).

Moreover, further experiments confirmed that quenched

FGF-2 was not inactivated as an artifact in the samples that

demonstrated no fluorescence, as there was a dramatic in-

crease in fluorescence upon the post-experimental addition

of trypsin to these conditioned media samples (Fig. 4D). In

contrast, quenched FGF-2 incubated with heparin when

treated with either PBS2+ or trypsin demonstrated no in-

crease in fluorescence, confirming again that heparin

protects this conjugate from degradation herein (Fig. 4D).

Taken together, quenched FGF-2 is minimally degraded

within this bovine explant model over a time course adequate

for full penetration.

DISCUSSION

In this work, we offer resonance energy transfer as a means

by which to examine the physical integrity of locally

delivered protein therapeutics. Fibroblast growth factor is a

potent vascular cell mitogen and angiogenic factor, whose

biologic effects are intimately linked to its mode of delivery

(Dinbergs et al., 1996). The fragility of the compound and

its need for heparin-binding to form a trimolecular signal-

ing complex make it particularly challenging to label and

inherently difficult to deliver (Moscatelli, 1992; Nugent

and Edelman, 1992). In these studies, quenched FGF-2

demonstrated unappreciable degradation in an ex vivo

carotid model of therapeutic angiogenesis. While trypsin

predigested conjugate was sufficiently detectable within

the arterial wall and conditioned media and thus confirmed

Figure 4. Tissue pharmacology of quenched FGF-2. (A) Representative images of fluorescence within explanted carotids subjected to experimental

quenched FGF-2 alone, or with protease inhibitors, heparin or trypsin pretreatment, as described in Methods. (B) Quantitative fluorescence intensity within

the arterial media. (C) Fluorescence of corresponding conditioned media. (D) Treatment with trypsin or with PBS2+ of conditioned medias of experimental

quenched FGF-2 alone or quenched FGF-2 + heparin, as denoted. (Abbreviations: E = experimental conjugate alone, I = with protease inhibitor, H = with

heparin, T = trypsin pre-treated conjugate).
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ample sensitivity within this system, our data suggest

minimal degradation of quenched FGF-2 within the arterial

wall over a time course relevant for adequate penetration

(Fig. 4). These results are consistent with the conclusion that

despite inherent sensitivity to protease degradation as

characterized in Figure 2, FGF-2 is not likely to be

substantially constrained by this process in local delivery.

Saltzman and Radomsky (1991) first postulated that

extensive proteolytic degradation is a significant concern for

the effective local delivery of proteins. They noted that while

spatially averaged drug concentrations approach maximal

concentrations when degradation is less dominant than diffu-

sion, significant concentration gradients exist when diffu-

sion is overshadowed by degradation. Indeed, several groups

have confirmed this prediction experimentally and compu-

tationally (Chu, 1998; Mahoney and Saltzman, 1999; Rippley

and Stokes, 1995). These issues are perhaps more profound

considering the environment into which many local growth

factor or protein therapies are targeted. For instance, tissue

ischemia, injury, and necrosismay result in the indiscriminant

release of normally sequestered enzymes that can rapidly

degrade proteins in a nonspecific manner. In addition, local

changes in pH may inherently denature growth factors or alter

their ability to interact avidly with cell surface receptors.

Taken together, tissue pharmacokinetics may dramatically

alter the molecular integrity of delivered therapeutics.

That quenched FGF-2 remained intact in the arterial wall

in this system could be due to a variety of reasons. For

instance, there could be reduced presence or activity of

enzymes capable of degrading FGF-2, such as trypsin- or

plasmin-like enzymes. This seems less likely, since the

explant arterial wall model used in this study has been

shown to serve as an in vitro model of intimal hyperplasia, a

state of injury involving remodeling by matrix proteases,

cell migration, and proliferation (Koo and Gotlieb, 1991,

1992). Alternatively, the quenched conjugate may have

been partially degraded, yet because of a poor signal to

noise ratio, the fluorescence was undetectable. While this

might be a possibility, it is nevertheless irrelevant for local

growth factor delivery in which growth factor concen-

trations that far exceed the equilibrium receptor binding

constant are typically employed, and which we simulated

here. Labeling of FGF2 on lysines and cysteines might

prevent putative enzymes in the arterial wall from

recognizing key domains for interaction. However, given

the low one-to-one molar labeling ratios of dye to growth

factor used in these studies, this is a less significant

concern. Most likely, heparan sulfate proteoglycans found

within extracellular matrix and on cellular surfaces stabilize

FGF-2 and protect it from degradation and denaturation

(Sperinde and Nugent, 2000; Vlodavsky et al., 1991;

Vlodavsky et al., 1987). Indeed, several reports have

demonstrated the role of heparan sulfate proteoglycans in

protecting growth factor as a kinetic storage depot for later

presentation (Flaumenhaft et al., 1990; Rifkin et al., 1990,

1991; Saksela et al., 1988). Stabilization of FGF-2 through

heparin binding to enhance its function would make sense

especially as FGF-2 lacks a signal sequence and is released

upon endothelial damage (McNeil et al., 1989).

In general, failure of local growth factor therapy can be

due to only three reasons: (i) inadequate targeting and

delivery to the tissue site, (ii) adequate targeting and

delivery, but in an inadequate molecular state, either

denatured or degraded, or (iii) pharmacodynamic differ-

ences in tissue responsiveness that mute the response as

compared to in vitro expectations. In this report, we offer

resonance energy transfer as a novel approach to assess the

molecular integrity of protein-based therapies in local

delivery. Using this approach, we found insignificant

proteolysis of FGF-2 and conclude that local delivery of

FGF-2 is likely to be minimally constrained by tissue

pharmacology in vascular tissues and myocardium, which

both contain high amounts of heparan sulfate proteoglycans.

Thus, failure of FGF-2 therapy must be attributed to

alternative explanations. Of note, two recent studies have

suggested that growth factor mediated angiogenesis may

require a battery of growth factors given in their physio-

logically appropriate sequence and timing (Cao et al., 2003;

Richardson et al., 2001). Future studies elucidating the

complex pharmacokinetics of these growth factors in

combination should provide further insight on enhancing

the potency of these agents in local delivery.
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