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Abstract
Effective targeting of drugs to cells requires that the drug reach the target cell and interact specifically
with it. In this study we synthesized a biomacromolecular, multivalent construct intended to target
glioblastoma tumors. The construct was created by linking three dodecapeptides, reported to bind
the α6β1 integrin, with poly(ethylene glycol) linkers. The construct is intended to be delivered locally,
and it demonstrates a more homogenous and more rapid perfusion profile in comparison with
quantum dots. The binding specificity of the construct was investigated using glioblastoma cells and
normal human astrocyte cells. The results reveal qualitative differences in binding between glioma
and normal human astrocyte cells, with a moderate increase in binding avidity due to multivalency
(0.79 μM for the trivalent construct versus 4.28 μM for the dodecapeptide). Overall,
biomacromolecular constructs appear to be a promising approach for targeting with high
biocompatibility, good perfusion abilities, and specificity.

Introduction
Drug targeting promises to improve treatment of cellular pathologies such as cancer by
allowing earlier detection, determining the position of the tumor(s), and increasing local
concentration of therapeutics at the tumor sites.1 One method for accomplishing this is to
conjugate an imaging or therapeutic modality to a ligand or antibody for a cell surface receptor
over-expressed by the target cells.2, 3 The conjugation can take many forms including linkage
of the targeting molecule via a short polymeric linker,4 or by conjugating to nanoscale materials
such as liposomes,5 nanoshells,6 or quantum dots.7

Recent interest in nanoparticles such as nanoshells and quantum dots has led to several concerns
for these technologies. First, it is likely that much of the targeting achieved by these
nanoparticles is due to their size and not receptor-ligand binding. Experiments have shown
enhanced accumulation of poly(ethylene glycol) (PEG) coated nanoparticles at tumor sites.8
Likewise these particles accumulate in the liver and spleen in even greater concentrations than
they do at the tumor site.9 Alone this might not present a major problem, but most nanoparticles
studied to date are not rapidly degraded which will likely lead to phagocytosis by macrophages
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and, in the case of quantum dots, this leads to concerns of toxicity from the metals in their
cores.10

Polymeric constructs have the potential to avoid both of these concerns, but they have not been
developed or characterized sufficiently to realize this potential. Drug-antibody conjugates are
the most developed targeting constructs; however, antibodies are large – almost as large as
nanoparticles. Caplan and Rosca demonstrated that increased specificity due to multivalency
can only be reached at ligand concentrations less than the affinity of the receptor ligand
interactions.11 Antibodies bind very tightly to their antigens (KA ~ 1011), thus specificity at
nM or μM concentration would be no greater than the ratio of receptor overexpression.12
Investigations using peptide ligands have also been shown to mediate binding of targeting
constructs to cell surface receptors,13 but to date these constructs have not been shown to target
pathological cells in greater concentration than they do non-pathological cells. Additionally,
it has not been demonstrated that these smaller constructs exhibit more rapid diffusion and/or
perfusion in tissue.14

In this study we synthesized and characterized the function of a biomacromolecular,
multivalent targeting construct. A dodecapeptide ligand, reported to bind specifically to the
α6β1-integrin,15 was linked via PEG to create a construct consisting of three identical ligands.
The avidity of this construct was determined relative to the unlinked dodecapeptide ligand.
Cellular specificity is assayed by exposing a glioblastoma cell line and a normal human
astrocyte cell line to fluorescently-labeled multivalent constructs. Finally the concentration
profile of these biomacromolecular constructs was compared to quantum dots in a perfusion
assay. These characterizations tested the hypothesis that a relatively small biomacromolecular
construct will achieve specific targeting while enhancing its ability to perfuse/diffuse through
tissue analogs.

Experimental Details
Synthesis of constructs

Peptides were synthesized using TentaGel R-NH2 resin (Rapp Polymere, Germany), and all
Fmoc protected amino acids were purchased from Novabiochem (San Diego, CA). All
additional chemicals were purchased from Sigma-Aldrich (St. Louis, MO). The synthesis was
accomplished using standard solid phase synthesis described in detail by Handl et al.13 After
completion of each dodecapeptidetide (TWYKIAFQRNRK), three molecules of PEG were
added manually via the following protocol. The N-terminus of the previous peptide segment
was de-protected and the resin was incubated with 2 molar equivalence of Fmoc-NH-(PEG)2-
COOH (20 atoms, Nα-Fmoc-19-amino-5-oxo-3,10,13,16-tetraoxa-6-azanonadecan-1-oic
acid, Novabiochem) and 2-(1H-9-Azobenzotriazole-1-yl)-1,1,3,3-tetramethylaminium
Hexafluorophosphate (HATU) in a 3:1 mixture of Dichloromethane: N, N,-
Dimethylformamide. The reaction was allowed to proceed overnight. This procedure was
repeated two additional times to create a linker containing three molecules of PEG. After this
manual addition, the second peptide sequence was synthesized using the automatic synthesizer
as above. The trivalent construct consists of three peptide sequences and two linkers (each
containing three PEG molecules). After synthesis was completed, the protecting groups were
cleaved, and the final peptide construct was precipitated using standard techniques.4 The
molecular masses of the constructs were checked using MALDI-TOF, and the products were
purified using reverse phase chromatography as described in detail by Handl et al.13 Constructs
for imaging were synthesized in the same manner; however, at the end of the sequence a biotin
molecule was added. The Europium binding assays were in competition with Europium-labeled
dodecapeptide which was synthesized by adding a chelator molecule,
Diethylenetriaminepentaacetic Acid (DTPA), for Europium to a dodecapeptide as described
in detail by Handl et al.13
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Europium binding assays
Normal human astrocytes (NHA) and glioma cells (SF767) were generously supplied by
Michael Berens (Translational Genomic Institute, Phoenix, Arizona). Cells were maintained
under standard conditions (37 °C and 5% CO2) and were grown in Dulbecco’s modified Eagle
medium (DMEM) supplemented with 10% bovine growth serum (BGS). The day prior to the
experiment, cells were passaged. On the day of the experiments, the cells were harvested using
PBS/EDTA (7mM EDTA) and then incubated in DMEM supplemented with 3% bovine serum
albumin. 50,000 cells were added to each well in a round bottom 96-well plate (Sarstead). The
cells were incubated with 50 μL of binding media (DMEM, 1mM 1,10-phenanthroline, 200mg/
L bacitracin, 0.5mg/L leupeptin, and 3% BSA) and 50 μL of un-labeled construct in binding
media. After 30 minutes incubation at 37 °C and 5% CO2, 50 μL of Eu-dodecapeptide in binding
media was added and incubated with the cells for an additional 30 minutes. Following
incubation, cells were washed three times with wash buffer (50mM Tris-HCl, 30mM NaCl,
and 0.5% BSA). Enhancement solution (Perkin Elmer) was added (100 μL/well) and incubated
at 37 °C and 5% CO2, for approximately 1 hour. Cells were pelleted at 700 rpm for 10 minutes,
and the supernatant was transferred to a 96-well black, clear-bottom plate and fluorescence
was read on Wallac Victor3 V instrument using the standard Time Resolved Fluorescence
(TRF) protocol (emission 340 nm, excitation 615 nm). Each data point is the average of
quadruplicates and the error bars represent standard error of the mean.

The affinities (KD) of constructs were calculated by fitting a scalar factor to theoretical binding,
calculated using a well established cell surface receptor binding model,16 and then comparing
it to the binding assay data: saturation assay for the Eu-dodecapeptide and competitive assay
for the dodecapeptide and trivalent constructs.

Imaging of binding
Visual investigation of binding was performed on the same cells using the biotinylated
constructs. Prior to the assay the cells were labeled with CellTracker blue (SF767) or green
(NHA) (Molecular Probes, Invitrogen). Cells were incubated with biotinylated constructs
(trivalent) for 30 minutes, at 37 °C and 5% CO2. Binding was visualized using streptavidin
conjugated to Texas Red fluorophore (Product #21624, Pierce) using the manufacturer
recommended protocol. Random fields (2 per well) were chosen and imaged. Contrast levels
for each image were adjusted in Adobe Photoshop using the auto levels feature to allow
visualization of all cells. An area corresponding to a cell was selected and the pixel intensity
was calculated using the histogram tool (mean pixel intensity). This measurement was
performed for each cell type, and a t-test was performed to determine if the mean pixel intensity
was significantly different between the two cell types.

Perfusion
Perfusion studies were performed in 0.6 % agarose gels molded in 24 well plates. Either FITC-
conjugated construct (FITC-trivalent) or quantum dots (Qtracker® 655, Molecular Probes)
were injected (22 gauge blunt end needle) into the gel at a rate of 3μL/min using a syringe
pump (Harvard Instruments) for two hours. The perfusion distance was measured in Adobe
Photoshop (version 5.0.2) using concentric circles generated by choosing pixels of similar
intensity by setting a low tolerance level (10) for the tool. Three measurements were performed
in each set of concentric circles, North, East, South, and the background fluorescence was
measured at the edge of the well. The pixel intensities were normalized against the intensity
at the site of injection where the concentration should equal that of the injectate. The error bars
depict standard error of the mean for the measured distance.
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Toxicity
The level of toxicity of the construct was assessed using the LIVE/DEAD Viability/
Cytotoxicity Kit (Molecular Probes). Cells were plated in a 96-well plate at a density of5000
cell/well (4 replicates) and incubated in the presence of construct (concentration varied from
30 μM to 30 nM) for five days. Cells were labeled using the cytotoxicity kit according to the
manufacturer protocol, and two images of randomly selected fields were collected per well.
The contrast of the image was adjusted in Adobe Photoshop to allow visualization of all cells.
The number of dead cells was counted visually, and the number of live cells was calculated by
dividing the number of green pixels by the average number of pixels per cell. Error bars depict
standard error of the mean.

Results
Construct synthesis

Figure 2 illustrates the typical mass spectroscopy results for the trivalent construct. The group
of peaks at 5966, 6285, 6603, and 6922 Da represents a mixture of trivalent constructs linked
by one, two or three PEG molecules per linker, for a total of three, four, five or six molecules
per construct. The peaks centered around 3200 Da are the corresponding doubly charged
products. Products containing a total of four, five and six PEG molecules are the most abundant.
Isolation of trivalent constructs containing linkers of different lengths was difficult due to
similarity in degree of hydrophilicity, therefore all of these compounds eluted in the same
chromatography fraction.

Binding activity
The activity of the constructs was investigated through binding assays. Since the constructs
were created using peptide sequences demonstrated to bind to integrins,15, 18 binding assays
were performed using non-adherent cells to ensure that all integrins were available for binding.
Cells were harvested using a PBS/EDTA mixture to prevent the cleavage of the integrins, and
then incubated with the ligand. The assay is competitive, in which the binding of the Eu-
dodecapeptide is competed off by either the dodecapeptide or the trivalent construct. The results
in Figure 3 illustrate the percent binding of the labeled competitor to glioma cells in the presence
of each construct. It was expected that the trivalent construct would exhibit stronger avidity in
comparison to the dodecapeptide due to cooperativity of multiple ligands. We found the value
of the affinity for the trivalent construct and the dodecapeptide by minimizing the square of
the error between theoretical and actual binding to cells.16 Replicates were obtained by
measuring additional binding vs. concentration curves and fitting EC50 values for each curve
(DDP, n=8; Eu-DDP, n=4; Trivalent, n=8). The trivalent construct was best fit by an affinity
(KD) value of 0.79μM in comparison with the weaker affinity of the dodecapeptide of
approximately 4.28 μM. The two values are statistically significant (p<0.05) based on t-test.

Imaging of binding
To visualize binding of the constructs to the cells, we examined the binding of biotin-Trivalent
construct with cells. Prior to the experiment, the two cell types, astrocytes and glioblastoma
cells were labeled with green and blue cell tracker respectively, and the construct was detected
using streptavidin conjugated to Texas Red fluorophore. Figure 4 shows a field of cells for
which green/blue (4A) and red (4B) fluorescence were imaged. Figure (4B) shows that glioma
cells, denoted by filled arrow heads, are consistently outlined by the trivalent constructs;
whereas, normal human astrocytes, denoted by open arrow heads, are not. Although total
fluorescence per cell shows no statistical significance (average intensity per pixel), there is a
qualitative difference in the binding to the two cell types. The glioma cells consistently display
peripheral staining, outlining the cells, most likely indicative of binding to integrins, while

Rosca et al. Page 4

Biomacromolecules. Author manuscript; available in PMC 2008 December 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



some but not all of the normal astrocytes exhibit punctuate staining throughout the cell. This
is possibly indicative of non-specific staining or internalization of construct. Because the
punctuate staining is particularly intense, no statistical difference in intensity/pixel is observed
due to large variance in the astrocyte data (data not shown).

Perfusion studies
The constructs investigated in this study are directed toward glioblastoma cells, and it is
possible to envision future application to specific targeting by direct injection to the tumor site
via intracranial cannula (i.e. Ommaya reservoir or intrathecal cannula).19 To simulate such
conditions we injected the constructs into 0.6 % agarose gels, a typical brain tissue mimetic.
20 The constructs were delivered using a flow rate of 3 μL/min, a practical injection rate for
intracranial delivery, for 2 hours.21 The time of infusion was determined experimentally as
the optimal elapsed time for visualization. The multivalent constructs demonstrate good
perfusion qualities, a circular pattern of perfusion with an approximate radius of 8.2 mm versus
the quantum dots with an area of approximately 5.2 mm at a normalized concentration of 35%
of the initial injection concentration. Statistical analyses revealed significant difference
(p<0.05) in the distance perfused at percent concentration of 63, 44, 35, and 29%. To
characterize this difference we fit the data to a well established mass transport model of flow
through porous media by fitting the diffusion coefficient (D) and the retardation coefficient
(f), which characterize the diffusion and the hindrance of convective transport through porous
media.22 We found that the profile of the multivalent construct was best fit by D = 6×10−6

cm2/sec and f = 1, (a value greater than one would provide a better fit; however f = 1 represents
no retardation), while the profile of the quantum dots was best fit by D = 1×10−6 cm2/sec and
f = 0.25.

Discussion
One of the reasons to synthesize biomacromolecular constructs is to provide constructs that
are eliminated from the body after injection. Here we synthesized, biodegradable multivalent
constructs of low molecular weight (<8000 Da). Since molecules that are smaller than 40 kDa
can pass through the kidney, these constructs can likely be eliminated without the need to be
degraded.23 Additionally the peptide segments of these molecules will likely undergo
hydrolysis further decreasing the size of any remaining constructs thus allowing their
elimination. Achieving this goal, however, raises the concern that intravenous injection of such
low molecular weight constructs could lead to their clearance from the blood before achieving
efficacious targeting.23 This concern can be avoided by using localized injection near the site
suspected to contain tumors.

For the purposes of this study, we created constructs that are targeted to glioblastoma tumors
in the brain for which local delivery is preferred due to the presence of the blood-brain barrier.
Injection of therapeutic molecules directly into brain tissue has been investigated and used
clinically;21, 24 however, this technique presupposes knowledge of the tumor site. Combining
this technique with targeting constructs allows the clinician to inject in a region suspected to
contain tumor sites, and the construct will theoretically establish concentration gradients within
the tissue based on receptor-ligand binding.25 Constructs that do not bind to cells will
eventually diffuse/perfuse away from the injection site and/or be taken up into the blood stream
from which they will be rapidly cleared. Thus, rapid clearance of these constructs is likely to
enhance contrast between the tumor site and normal tissue while at the same time minimizing
accumulation of drug in the liver and spleen.

The ability of the constructs to perfuse through tissue will determine the size of the region that
the clinician can image or treat with one injection of the constructs. Here we compare the
perfusion of biomacromolecular constructs with quantum dots in a tissue analog. The data show
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that biomacromolecular constructs perfuse more readily and more homogeneously than do
quantum dots. This is further indication that quantum dots injected intravenously are likely
limited to delivery to tissues in which the vasculature has been permeabilized, most likely by
growth factors, near well-established tumors.26 Direct injection into the tissue will allow
imaging and treatment of nascent tumors that have not permeabilized their vasculature. In
addition to these considerations, the data indicate that polymeric constructs injected locally
can perfuse a region of approximately 3 cm diameter in two hours. Extrapolation based on
best-fit retardation and diffusion coefficients suggests that these constructs could image or treat
a region of approximately 7.5 cm in diameter after 12 hour injection duration. Although several
of these injections at various positions in the brain may need to be performed concurrently to
image or treat the entire brain, it is likely that this would be clinically viable if the increase in
patient prognosis is substantial.

It has been demonstrated that linker length and flexibility play a critical role in effective binding
of multimeric constructs. A study performed by Arnold et al. demonstrated that a separation
of 25–73 nm leads to integrin clustering, i.e. binding of multiple integrins.27 In our constructs
each NH2-(PEG)2-COOH molecule is approximately 10 nm, in the elongated form; thus,
constructs with three PEG molecules per linker (30nm in elongated form) are likely to be able
to bind multiple integrins.

The mechanisms of binding, increased avidity, and effects of linkers on multivalent constructs
have been reviewed extensively.13, 28, 29 In this study we observe that the trivalent construct
exhibits slightly stronger avidity than does the dodecapeptide, 0.79μM vs. 4.28μM. The Eu-
dodecapeptide appears to have a stronger affinity in comparison with the dodecapeptide
(0.62μM); however, the KD for the labeled dodecapeptide was determined using a saturation
assay which might result in estimation of stronger KD due to readings above the linear range
of the TRF at high concentrations (above 10μM). However, the difference in binding affinity
might also be due to the addition of the DTPA molecule, as it has been reported in a study by
Benyhe et al. to slightly enhance affinity.17 Although there is a difference in the affinity of
the two constructs, dodecapeptide with or without DTPA-Eu, the increase in affinity due to
multivalency is determined using competitive assay which is identical to the method used to
obtain affinity of the unlabeled dodecapeptide, so the comparison between the two unlabeled
constructs (DDP and trivalent) is performed using identical procedures.

Although the trivalent construct did exhibit slightly stronger avidity than the dodecapeptide,
0.79μM vs. 4.28μM, there is not as great an increase as would be expected from cooperativity.
This is most likely due to sub-optimal linker properties. Krishnamurthy et al. have
demonstrated that linkers longer than necessary are able to bind cooperatively but that they
lose additional entropy in order to do so.29 Handl and co-workers have shown that the avidity
of multivalent constructs can be greatly increased by optimization of the length and rigidity of
the linkers.4 The results here could be greatly improved by such optimization. In addition to
the properties of the linker, the placement of peptides within the construct most likely affects
individual ligand-receptor affinity. For the trivalent construct, affinity of the peptides at the N-
terminus, C-terminus, and middle of the construct may differ significantly. It would be possible
to test this by making constructs in which one dodecapeptide is functional
(TWYKIAFQRNRK) while the other two dodecapeptide sequences are scrambled and then
repeating the competitive binding assay to quantify affinity for each of the three possible
arrangements. Since cooperativity is not possible in a construct with only one functional
peptide, such a study would help distinguish suboptimal avidity due to peptide placement
within the construct versus penalties to cooperativity due to sub-optimal linker properties.

The α6β1-integrin was chosen because it has been shown to be over-expressed by glioma
cells30 and also because a ligand for this receptor has been identified. Nakahara et al.,
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demonstrated that the dodecameric peptide binds specifically to the α6β1-integrin but also acts
on the integrin signaling of invasion by stimulating invadopodial activity. This could present
a limitation to this particular choice of ligand if these constructs are not utilized either as a
therapeutic or for imaging immediately followed by treatment. More importantly, this work is
intended to demonstrate proof-of-principle for receptor targeting. Thus, if this issue is found
to be problematic, identification of alternate ligands which do not signal for undesired cell
behavior would be warranted to achieve specific targeting while avoiding this issue.

Finally, construct binding to α6β1-integrin receptors results in qualitative differences in binding
between glioblastoma cells (SF767s) and normal human astrocytes (NHAs). Mathematical
modeling work by two of us (Caplan and Rosca) suggests that multivalency can potentially
increase the contrast between cell types beyond that achievable by monovalent drug-ligand
constructs.11 According to that theoretical work, monovalent constructs will establish a ratio
of binding equal to the ratio of receptor numbers on the target/non-target cells. Increasing the
affinity of this single bond will increase the number of monomers bound to each cell type, but
the relative numbers bound to each cell type should not change. Achieving cooperativity
through multiple weak interactions, however, takes advantage of the fact that cells with a
greater number of receptors are more likely to form multiple bonds with each construct.
Therefore, multivalent constructs have potential to achieve specificity much greater than the
ratio of receptor over-expression. Although the specificity achieved in this study is not
quantified sufficiently to draw conclusions of this sort, it is promising that the trivalent
construct studied shows qualitative differences between the glioblastoma (peripheral) and the
normal human astrocyte (punctuate) cell lines suggesting that multivalent constructs may be
bound in greater numbers to cell surface receptors on the glioblastoma cells.

Conclusion
Biomacromolecular, multivalent constructs bind with greater avidity than a dodecapeptide to
glioblastoma cells. Visualization demonstrates qualitative differences in binding between
glioblastoma (peripheral) and normal human astrocytes (punctuate) when fluorescently-
labeled constructs are added to in vitro cell culture. The relatively small size of these constructs
enhances their ability (vis-à-vis quantum dots) to perfuse and diffuse through tissue analogs.
Overall, the biomacromolecular targeting constructs show promise as a biocompatible method
for tumor targeting via direct injection into tissue.
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Figure 1.
Structure of the trivalent construct. The amine end of the dodecapeptide sequence (the amine
end of the Threonine) attaches to the carboxylic end of the PEG linker. The amino acid residues
present at the end of the peptide sequence (Lys and Thr) are expanded for full visualization of
peptide bond formation.
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Figure 2.
MALDI-TOF results of the trivalent construct. The major group of peaks represents the mass
of constructs containing three (5966 Da), four (6284 Da), five (6603 Da) and six (6921Da)
molecules of PEG. The group of peaks around 3200 Da represents the corresponding mass of
doubly charged molecules.
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Figure 3.
Competitive binding of dodecapeptide (solid circle) and trivalent construct (open circles) to
glioblastoma cells. Trivalent construct exhibits an avidity of approximately 0.79 μM while the
dodecapeptide has an affinity of approximately 4.28 μM. Continuous lines depict theoretical
binding fit for the affinity constant, dashed (dodecapeptide) and solid (trivalent). Error bars
depict standard error of the mean.
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Figure 4.
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Figure 5.
Live/dead analysis. (A) Open symbols represent toxicity results of the dodecapeptide, triangles
of the normal astrocytes, and diamonds of the glioblastoma cells. Solid symbols represent
results of the toxicity of the trivalent construct, circles of the normal astrocyte cells and squares
of the glioma cells. Statistical difference in toxicity levels are marked, (*) for the trivalent
(p<0.01) and (#) for dodecapeptide (p<0.01). Note the compressed scale of the y-axis. Error
bars denote standard error of the mean (n=4). (B) Representative picture of the live/dead assay
on normal astrocyte cells. (C) Picture illustrating live/dead assay on glioma cells. Dead cells
appear at the edge of the cell clusters leading to large error bars when the imaging field is
selected randomly.
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Figure 6.
(A) Perfusion profiles of quantum dots (diamond, n=2), dodecapeptide construct (square, n=2),
and trivalent construct (circle, n=3). Continuous lines depict model results fit for the diffusion
and retardation coefficients, dashed (QD) and solid (trivalent). Perfusion patterns of quantum
dots (B) and trivalent construct (C) after two hours of infusion. Scale = 1mm.
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Table 1
Structure and activity of the constructs

Construct Structure Construct Name EC50 ± SE
(μM)

PEG Not applicable

NH2-TWYKIAFQRNRK-COOH Dodecapeptide (DDP) 4.28 ± 0.58
DTPA(Eu)-TWYKIAFQRNRK-COOH Eu-Dodecapeptide 0.62 ± 0.02
FITC-TWYKIAFQRNRK-COOH FITC-Dodecapeptide Not determined
Biotin-TWYKIAFQRNRK-COOH Biotin-Dodecapeptide Not determined
NH2-DDP-(PEG)3-DDP-(PEG)3-DDP-COOH Trivalent 0.79 ± 0.13
Biotin-NH-DDP-(PEG)3-DDP-(PEG)3-DDP-COOH Biotin-Trivalent Not determined
FITC-NH-DDP-(PEG)3-DDP-(PEG)3-DDP-COOH FITC-Trivalent Not determined
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