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Abstract

Aberrant angiogenesis plays a large role in pathologies ranging from tumor growth to macular 

degeneration. Anti-angiogenic proteins have thus come under scrutiny as versatile, potent 

therapeutics but face problems with purification and tissue retention. We report here on the 

synthesis of supramolecular nanostructures that mimic the anti-angiogenic activity of maspin, a 

class II tumor suppressor protein. These maspin-mimetic nanostructures are formed via self-

assembly of small peptide amphiphiles containing the g-helix motif of maspin. Using 

tubulogenesis assays with human umbilical vein endothelial cells, we demonstrate that maspin-

mimetic nanostructures show anti-angiogenic activity at concentrations that are significantly lower 

than those necessary for the g-helix peptide. Furthermore, in vivo assays in the chick 

chorioallantoic membrane show maspin-mimetic nanostructures to be effective over controls at 

© 2014 Elsevier Ltd. All rights reserved.
*Corresponding Author: Samuel I. Stupp, s-stupp@northwestern.edu, ph: +1-847-491-3002, fax: +1-847-491-3010, 2220 Campus 
Drive, Evanston, Illinois 60208, United States.
1Current address: Department of Chemical Engineering and Chemistry, Technische Universiteit Eindhoven, P.O. Box 513, 5600 MB 
EINDHOVEN, Netherlands

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our 
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of 
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be 
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

Supporting Information Available
CD fits by DichroWeb as well as chemical structures for PAs and peptide molecules. This material is available free of charge via the 
Internet at http://www.sciencedirect.com.

NIH Public Access
Author Manuscript
Acta Biomater. Author manuscript; available in PMC 2016 January 15.

Published in final edited form as:
Acta Biomater. 2015 January 15; 12: 1–10. doi:10.1016/j.actbio.2014.11.001.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript

http://www.sciencedirect.com


inhibiting angiogenesis. Thus, the nanostructures investigated here offer an attractive alternative to 

the use of anti-angiogenic recombinant proteins in the treatment of cancer or other diseases 

involving abnormal blood vessel formation.
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1. Introduction

The growth of a tumor to clinically malignant dimensions requires angiogenesis, the 

sprouting of new blood vessels from pre-existing vasculature [1–3]. Not only is angiogenesis 

crucial for tumor growth due to oxygen and nutrient demands, it is also essential for the 

progression of tumor malignancy. Angiogenesis inhibitors, used either in conjunction with 

or in place of traditional cytotoxic chemotherapies, have shown promise in restricting tumor 

growth and have thus become of interest in the development of cancer therapies [4]. Maspin, 

a 42kDa secreted serine protease inhibitor protein, has been studied due to its potential 

potency in limiting tumor growth and metastasis [5–7]. Generally regarded as a class II 

tumor suppressor protein, maspin expression has been shown to be down-regulated during 

the malignant progression of breast and prostate cancers. Ongoing studies continue to 

investigate the multifaceted role of maspin in cancer but have suggested that its ability to 

inhibit angiogenesis is mediated through interactions at the endothelial cell surface with β1 

integrin receptor and the urokinase-type plasminogen activator (uPA) and receptor (uPAR) 

complex. These interactions result in increased adhesion and decreased migration of 

endothelial cells [8–10]. Recent research has shown that these functions of maspin require 

its "g-helix" motif [11]. This g-helix, originally identified by the protein crystal structure, is 

structurally distinct from the reactive serpin loop (RSL) of maspin [12]. However, a 15-mer 

peptide encompassing the g-helix sequence and two residues on either side (residues 236–

250) was able to inhibit migration of multiple cell lines in a β1 integrin-dependent manner 

similar to full-length maspin, albeit at much higher concentrations [8,11].

Recombinant protein therapeutics such as maspin face challenges relating to high cost, 

difficult purification, and short retention time in tissue. Peptide-based nanostructures can be 

clinical alternatives, especially if they offer comparable potency. Rationally designed 

molecules that conjugate a bioactive peptide epitope to a molecular domain that promotes 

self-assembly through hydrogen bonding and hydrophobic interactions have shown much 

promise in mimicking the bioactivity of proteins. These molecules, known as peptide 

amphiphiles (PAs), typically consist of a hydrophobic alkyl tail, a peptide sequence capable 

of β-sheet formation, a flexible peptide sequence as linker, and the bioactive peptide epitope 

at one terminus of the molecule [13–18]. These PAs are known to self-assemble in aqueous 

solution into high aspect-ratio nanofibers comprised of a hydrophobic core and stabilized by 

β-sheet formation down their long axis [19,20]. These nanofibers can therefore display on 

their surfaces a high density of biological signals [21], stabilize epitope secondary structure 

[22], and improve therapeutic retention in tissue as a result of longer half lives associated 

with their supramolecular structure [23,24]. For example, protein-mimetic PA 
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supramolecular nanostructures bearing epitopes derived from vascular endothelial growth 

factor and glucagon-like peptide 1 have shown remarkable bioactivity in stimulating 

angiogenesis and promoting insulin release, respectively [22,25]. In this work, we 

investigate a maspin-mimetic PA (MMPA) molecule that incorporates the maspin g-helix 

motif. Using nanoscale characterization methods, we investigate the supramolecular self-

assembly and secondary structure of the PA in the context of its bioactive efficacy. Using in 

vitro and in vivo assays, we also analyze the anti-angiogenic capabilities of MMPA 

nanostructures relative to controls.

2. Materials and Methods

2.1 PA Synthesis and Purification

Peptide and PAs were synthesized using standard fluoren-9-ylmethoxycarbonyl (Fmoc) 

solid-phase peptide synthesis. The maspin-mimetic peptide (MMPep) consists of the maspin 

g-helix sequence plus two residues on either end (EDESTGLEKIEKQLN) while the 

maspin-mimetic PA (MMPA) includes a 16-carbon alkylated peptide sequence 

(C16VVAAGG) on the N-terminus. PA with the same C16VVAAGG region but a 

scrambled g-helix sequence (ScramPA) of ELQEKLDEITKGENS was additionally 

synthesized. All molecules were synthesized on rink amide resin and thus display an amide 

on the C-terminus. Fluorescent versions of the peptide and PAs were synthesized by 

incorporating a C-terminus lysine with N-methyltrityl side group protection, orthogonally 

deprotecting the side group, and reacting with fluorescein isothiocyanate (FITC) while on 

resin. PAs and peptide were dissolved with 20% hexafluoro-2-propanol in acidic 18.2 

MOhm pure (MilliQ) water and were purified using reversed-phase high-performance liquid 

chromatography in an acidic methanol/water gradient containing 0.1% trifluoroacetic acid at 

a starting condition of 20% methanol. Purified PAs and peptide were lyophilized and stored 

at −20 °C until use.

Peptide content for non-fluorescent peptide and PAs was analyzed (AIBioTech) in order to 

establish an accurate conversion between mass concentration and molarity. Stock solutions 

of peptide and PAs were prepared by dissolving molecules in phosphate buffered saline 

(PBS) at 1 mM for at least overnight at room temperature prior to use.

2.2 Critical Assembly Concentration Determination by Nile Red Incorporation

The self-assembly of peptide and PAs was assessed by incorporation of hydrophobic 

solvatochromic fluorophore nile red (NR), which exhibits an emission blueshift in 

hydrophobic environments. MMPA, MMPep, or ScramPA solutions ranging from 100 nM 

to 200 µM concentration in PBS were made from stock solutions and NR dissolved in 

ethanol was diluted 200-fold into solutions to a final concentration of 500 nM. Using a 

NanoLogHJ spectrofluorometer, samples were excited at 550 nm and spectra were obtained 

between from 580 nm – 750 nm. The observed blueshift was plotted as a function of 

concentration to determine the critical assembly concentration.

Zha et al. Page 3

Acta Biomater. Author manuscript; available in PMC 2016 January 15.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



2.3 Secondary Structure Characterization by Circular Dichroism

The secondary structure of peptide and PAs was probed using circular dichroism (CD) at 22 

°C. Peptide and PAs were diluted to 100 µM in 0.1× PBS from stock solution immediately 

prior to measurement with a JASCO J-715 CD spectrophotometer in a 1 mm pathlength 

quartz cuvette. From the mean residue ellipticity data, α-helix and β strand content was 

estimated using the DichroWeb online analysis algorithm [26].

2.4 Imaging by Electron Microscopy

Samples for transmission electron microscopy (TEM) were prepared from 1 mM PA or 

peptide stock solution by placing 5 µL solution onto a 300 mesh copper grid with an 

amorphous carbon support film (Electron Microscopy Sciences). The solution was wicked 

after 2 min, washed twice with MilliQ water, and allowed to dry for 10 min before staining 

with 2% uranyl acetate. Imaging was performed on a JEOL 1230 TEM with a Hamamatsu 

ORCA camera at an accelerating voltage of 100 kV.

2.5 Small Angle X-ray Scattering

Small angle x-ray scattering (SAXS) was used to probe the the nanostructure morphology of 

peptide and PAs at 1mM concentration in PBS. SAXS measurements were performed using 

beam line 5ID-D in the DuPont-Northwestern-Dow Collaborative Access Team (DND-

CAT) Synchrotron Research Center at the Advanced Photon Source of Argonne National 

Laboratory. Using a double-crystal monochromator to select an energy of 15 keV, scattering 

data was collected using a CCD detector (MAR) positioned 245 cm behind the sample. 

Scattering intensity was recorded in the interval 0.008< q < 0.25 A−1 and the wave vector 

was defined as q = (4 π / λ) sin(θ / 2), where θ is the scattering angle. Solution samples were 

loaded in 1.5 mm diameter quartz capillaries with exposure times between 2 and 8 s. The 2D 

SAXS images collected were azimuthally averaged to produce 1D profiles of intensity using 

the data reduction program Fit2D. Background scattering of the capillary with only PBS was 

also collected and was subtracted from sample data prior to data analysis.

2.6 Flow Cytometry and Confocal Microscopy to Assess PA Binding

Stock fluorescent PA and peptide solutions were made by dissolving FITC-labeled 

molecules in PBS at a concentration of 200 µM (assuming peptide content of 90%). Stock 

fluorescent solutions were then mixed in equal volumes with 1 mM stock solutions of non-

fluorescent PA or peptide solution and allowed to sit overnight at room temperature to make 

working solutions. Subconfluent human umbilical vein endothelial cells (HUVECs) were 

incubated for 2 hr in starvation media before detaching with 0.05% trypsin/EDTA. Cells 

were then spun down to remove trypsin/EDTA and were resuspended in starvation media at 

250,000 /mL. Working peptide and PA solutions then added to cell suspensions such that the 

final concentration corresponded to 10 µM non-fluorescent molecule. After incubating at 37 

°C for 30 mins, cells were spun down and resuspended in Hank's balanced salt solution 

(HBSS) twice. Fluorescence signal of each cell was quantified using a LSRFortessa cell 

analyzer (BD Biosciences). Cells were also plated on poly(d-lysine) coated glass coverslips, 

fixed with 4% paraformaldehyde, and embedded in mounting media for imaging using an 
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A1R laser scanning confocal microscope (Nikon). Machine parameters were kept constant 

for all samples in both confocal microscopy and flow cytometry experiments.

2.7 Assessment of Cell Adhesion on Fibronectin

The effect of peptide and PAs on HUVEC adhesion was assessed. Fibronectin from human 

plasma (Sigma) was dissolved in sterile MilliQ water and was added to tissue culture-treated 

96 well plates at 5 ug/cm2, which were then left to dry overnight at room temperature in a 

sterile laminar flow hood. Coated plates were stored at 4 °C and warmed to 37 °C prior to 

use. Subconfluent HUVECs were incubated for 2 hr in starvation media (EndoGRO basal 

media from Millipore supplemented with 0.5% fetal bovine serum and 1× penicillin-

streptomycin from Gibco) before detaching with 0.05% trypsin/EDTA. Cells were then spun 

down to remove trypsin/EDTA and were resuspended in PBS containing peptide or PA 

molecules. Cells were then incubated for 30 min at 37 °C and then plated at 15,000 cells/

well. After 45 mins, wells were washed once with PBS to detach loosely adhered cells. A 

PicoGreen assay (Invitrogen) was used to quantify number of cells in each well. Cell counts 

were normalized to that obtained in wells with no treatment. Statistical analysis was 

performed in GraphPad Prism software using one-way analysis of variance (ANOVA) with 

a Bonferroni's Multiple Comparisons post-test comparing all pairs of columns. The number 

of samples for all treatment conditions, n, was equal to 4.

2.8 Assessment of Cell Migration on Fibronectin

Fibronectin from human plasma was coated onto tissue culture-treated 4-chamber glass-

bottom petri dishes (In Vitro Scientific) at 7 ug/cm2 as previously described. Subconfluent 

HUVECs were incubated for 2 hr in starvation media before detaching with 0.05% trypsin/

EDTA. Cells were then spun down to remove trypsin/EDTA, re-suspended in starvation 

media, and plated onto glass-bottom petri dishes at a concentration of 4000 cells per 

chamber. After cells attached (approximately 1 hr at 37 °C), the media was aspirated and 

replaced with starvation media containing 80 µg/mL basic fibroblast growth factor (bFGF) 

and 10 µM MMPA, MMPep, or Scram PA. Live-cell imaging was performed on a Nikon 

BioStation IM at 37 °C, and cell migration was quantified manually using a plugin to track 

the location of the cell nucleus every 30 mins in ImageJ software. ANOVA with a Dunnett’s 

Multiple Comparisons post-test of each treatment condition against control was performed 

using GraphPad Prism software. For control, MMPA, MMPep, and ScramPA, n = 56, 54, 

31, and 42 respectively.

2.9 Assay of Angiogenesis In Vitro by Tube Formation

Wells of a 96-well plate were coated with ECMatrix solution, and 5 × 103 HUVECs were 

plated in triplicate wells in a volume of 50 µL of endothelial growth medium (EGM) 

containing 0.5% FBS with 50 ng/mL bFGF for 2 hours. MMPA, MMPep, ScramPA 

treatments at respective dosages were added to the wells for 5 hours. Tube formation was 

evaluated by phase-contrast microscopy using an Olympus IX-70 microscope (100× 

magnification) connected to a Diagnostic Instruments Spot RT Camera. Two images were 

captured per well. Experiments were repeated independently three times.
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2.10 Characterization of Angiogenesis In Vivo by CAM Assay

In vivo assessment of the anti-angiogenic potential of PAs and peptide was performed using 

the chicken chorioallantoic membrane (CAM). In this well-established CAM assay, 

angiogenesis of the extraembryonic allantois was measured at several time points after 

treatment with PAs or peptide. Fertilized chicken eggs (Sunnyside Hatchery) were received 

and cultured in a temperature controlled, humidified egg incubator. On embryonic day 3, 

eggs were cracked into 100 mm sterile petri dishes without breaking the yolk sac and were 

transferred to a water-jacketed humidified CO2 incubator set to 37 °C. On embryonic day 5, 

5 µL of treatment (PA, peptide, or scrambled PA dissolved in PBS at 1 mM) or control 

(PBS) solutions were deposited onto autoclaved filter paper circles 1/4" in diameter. 

Solution-soaked filter paper circles were placed on top of the CAM and digital images were 

captured using a Nikon stereomicroscope. ImageJ software was used to extract the green 

channel from images so that vessels could be more easily seen. Vessel density was 

quantified by counting the number of vessels intersecting the circumference of filter paper 

circles and is expressed relative to the initial time point. ANOVA with a Dunnett’s Multiple 

Comparisons post-test of each treatment condition against control was performed using 

GraphPad Prism software. A minimum of n = 5 samples was analyzed for each treatment 

condition at each time point. Chicken embryo assays were conducted following ethical 

guidelines specified by the Center for Comparative Medicine at Northwestern University.

3. Results and Discussion

3.1 PAs self-assemble at µM concentrations

The g-helix of maspin is an 11-residue motif presented on the protein periphery and has 

been shown to be crucial for decreasing motility and increasing adhesion, two functions 

which act together on endothelial cells to inhibit angiogenesis [11,12]. The 15-residue 

peptide encompassing the g-helix plus two additional residues on either side (MMPep) was 

synthesized as previously reported [11]. MMPA was rationally designed by conjugating 

MMPep to a C16VVAA self-assembly domain via a flexible glycine linker (Figure 1A). A 

control PA consisting of the same self-assembly domain and flexible linker but a randomly 

scrambled version of the MMPep sequence (ScramPA) was also synthesized. The critical 

assembly concentration (CAC) of MMPA, MMPep, and ScramPA in phosphate buffered 

saline (PBS) was determined by observing solvatochromic nile red incorporation into 

hydrophobic domains, which manifests as a blueshift in peak emission. Results indicate that 

MMPA is capable of forming hydrophobic domains encapsulating nile red at concentrations 

between 1 µM – 2.5 µM, while ScramPA may begin to encapsulate nile red at concentrations 

as low as 500 nM (Figure 1B). Similarly to many surfactant molecules, the self-assembly of 

PAs is partly driven by hydrophobic collapse of alkyl tails, leading to core-shell 

nanostructures in which the more hydrophilic peptide segments are displayed at the surface. 

However, in the PA investigated here, the VVAA motif is expected to promote nanofiber 

formation through aggregation of molecules caused by the high propensity of valine residues 

to form β-sheets [27]. Furthermore, the presence of valine residues immediately adjacent to 

the hydrophobic tail is known to promote formation of high aspect ratio nanofibers 

stabilized by β-sheets parallel to the long axis [28]. As a result, the CAC values of PAs 

measured here are orders of magnitude lower than those of surfactants such as 
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hexadecyltrimethylammonium bromide [29] and may be even lower in the presence of 

serum proteins, which could act as nucleation points for aggregation. Thus in contrast to 

MMPA molecules, MMPep molecules do not show any appreciable aggregation at the 

concentrations investigated here (up to 200 µM). Circular dichroism (CD) supports the 

assembly of PA molecules into nanofibers with internal order in the presence of ions, as 

both MMPA and ScramPA exhibit significantly less random coil signature than MMPep 

(Figure 1C).

Conventional TEM was performed to investigate the morphology of self-assembled 

nanostructures in solution. Results show that MMPA and ScramPA form short nanofibers at 

1 mM in PBS (Figures 1D and 1E) but do not show any evidence of nanostructure formation 

in MMPep solutions. SAXS at 1 mM displays relatively low scattering signal for MMPep, 

which is consistent with lack of nanoscale self-assembly of this peptide as inferred by TEM. 

SAXS further indicates that the MMPA and ScramPA nanofibers are a mixture of 

cylindrical and ribbon-like shapes based on a slope of approximately −1.75 in the Guinier 

region at low q values (Figure 1F). The flatter shape of the Guinier region seen for ScramPA 

may be due to aggregation of nanostructures in solution. However, it should be emphasized 

that detailed characterization of PA nanostructure morphology at the micromolar 

concentrations relevant to biological assays remains an unfortunately difficult challenge and 

that such nanostructures are likely to vary from those seen at higher concentrations by 

SAXS and TEM.

3.2 MMPA self-assembly stabilizes g-helix secondary structure

The arrangement of polar (P) and apolar (H) residues in the maspin g-helix can be depicted 

as PPPXHPPHPPP, where X represents glycine. This periodically hydrophobic sequence is 

characteristic of amphipathic α-helices and despite the helix-breaking tendency of glycine 

residues [30], structural data from crystalized maspin confirms that the g-helix exhibits α-

helical secondary structure [12]. Thus, CD was further used to examine the secondary 

structure formation of MMPep, MMPA, and ScramPA (Figure 1C). PAs and peptide were 

examined at 100 µM in 0.1× PBS. Fitting results obtained with the DichroWeb algorithm 

(Figure S1) show that MMPep displays primarily random coil conformation with very little 

α-helical character, while MMPA exhibits significantly enhanced α-helix signature. In 

comparison, ScramPA also shows increased α-helical character over MMPep but 

additionally displays higher β-sheet signature. These results suggest that the g-helix 

sequence alone does not take on the native helical structure found in maspin protein but that 

PA self-assembly stabilizes and promotes α-helix conformation. Similar stabilization of 

helical structure has been previously observed in PA systems [22,25,31] and likely results 

from clustering of helices facilitated by supramolecular self-assembly. Because amphipathic 

helices such as the g-helix exhibit a hydrophobic face and a polar face, secondary structure 

stability is greatly improved by coil-coil interactions. Previous studies of helical peptides 

showing increased helicity with increasing concentration confirm this hypothesis [32,33] 

and further implicate the role of nanostructure self-assembly in stabilizing the native g-helix 

conformation. In summary, the assembly of rationally designed MMPA molecules into 

nanostructures via hydrophobic collapse and β-sheet formation has been confirmed by nile 
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red incorporation, CD, SAXS, and TEM. Furthermore, this supramolecular assembly 

stabilizes the helical conformation of g-helix epitopes.

3.3 MMPA nanostructures bind to cells and recapitulate multiple functions of maspin

Previous studies have shown that maspin interacts with the β1 integrin receptors of 

endothelial cells, thereby triggering pathways that inhibit cell migration [9,34,35]. 

Specifically, the migration inhibiting activity of g-helix peptide alone has been shown to 

depend on β1 integrin interaction, indicating that the g-helix epitope binds to β1 integrins.11 

Therefore, we investigated the ability of PAs and peptide to bind to HUVECs in culture. 

Fluorescent analogues of MMPA, MMPep, and ScramPA molecules were synthesized by 

coupling FITC to an additional lysine residue on the C-terminus (Figure S2) and were mixed 

as a small fraction to the corresponding non-fluorescent molecule for visualization. Confocal 

microscopy suggests that both MMPA and ScramPA bind to HUVEC membranes and are 

additionally present in the interior of the cells (Figures 2A–2D). Flow cytometry 

additionally reveals that cells treated with MMPA or ScramPA have significantly more 

surface fluorescence than untreated controls or those treated with MMPep (Figure 2E). The 

median FITC intensity per cell for MMPA, ScramPA, and MMPep was 28.7, 14.1, and 2.6 

times that of untreated control, respectively. This result indicates that the binding of MMPA 

to the surface of HUVECs is enhanced over the binding of g-helix peptide alone. Flow 

cytometry also indicates that MMPA binds more avidly than ScramPA to HUVEC surfaces, 

suggesting that the g-helix epitopes displayed by MMPA nanostructures interact specifically 

with β1 integrins. However, the significant presence of ScramPA on HUVECs compared to 

untreated controls suggests that binding of PAs to cells is partly non-specific, possibly 

resulting from ionic interaction between cell surfaces and the highly charged PA 

nanostructures. Unfortunately, given the degree of non-specific interaction between PA 

nanostructures and cells, it is difficult to ascertain whether the enhanced binding of MMPA 

over MMPep results from epitope multivalency or from stabilization of the native g-helix 

conformation. The significant non-specific binding of PA nanostructures limits the use of 

standard techniques to assess integrin co-localization studies. In light of the previous work 

on the mechanisms of g-helix activity, we focus in this work on the mimetic capabilities of 

MMPA from the perspective of cell behavior and function.

The anti-angiogenic function of maspin relies primarily on two activities: decreasing 

endothelial cell motility on extracellular matrix (ECM) and increasing endothelial cell 

adhesion to ECM [9–11]. Live-cell imaging was used to observe HUVEC movement on 

fibronectin (FN), a common component of ECM, in response to bFGF stimulus. Results 

demonstrate the ability of both MMPep and MMPA to significantly decrease cell motility 

over untreated controls (Figure 3A). The average cell speed (measured over at least 2 hrs 

and up to 8 hrs) on a FN-coated surface was 0.30 µ/min for both MMPA and MMPep 

treatment conditions compared with 0.40 µ/min for PBS control. The speed of cell 

movement with ScramPA treatment was not significantly different from control. To 

investigate HUVEC adhesion to ECM in vitro, PA or peptide-treated cells were allowed to 

adhere to a surface coated with FN. The number of cells that remained attached to the 

surface after washing was then quantified. Cells treated with MMPA showed statistically 

significant increase in adhesion to the FN surface over untreated controls at 5 µM or 10 µM 
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PA concentrations (Figure 3B). The difference between these two higher concentrations was 

insignificant. However, treatment concentrations that are below the measured CAC of 

MMPA (i.e. ≤ 1 µM) were not effective at increasing adhesion. Moreover, increased cell 

adhesion is likely nonspecific, as cells treated with ScramPA showed similar behavior at 10 

µM. Because the concentration of PA in solution was extremely low, increased adhesion is 

not likely to be caused by significant coverage of the FN surface by PAs but is more likely 

due to the strong non-specific binding of PA nanostructures to the cell surface. This 

phenomenon covers the cell with attachment points, as PA nanostructures can likely adhere 

via charge interaction to ECM components as well.

Previous studies have shown that the g-helix sequence alone is sufficient and necessary to 

decrease cell motility in vitro [11]. Thus, it is not surprising that both MMPep and MMPA 

were able to decrease cell motility on FN while ScramPA did not affect cell motility. 

However, it is interesting that MMPep was unable to increase cell adhesion on FN. 

Ravenhill and coworkers similarly showed the inability of the g-helix peptide alone to 

increase HUVEC adhesion, even though the same function of maspin protein requires the g-

helix domain [11]. These findings suggest that even though the ability of maspin to increase 

cell adhesion and decrease cell motility both rely on having an intact g-helix, only the latter 

function is directly mediated by activation of β1 integrin by the g-helix. Studies show that 

this interaction enhances the inactivation rate of β1 integrin and also changes cytoskeletal 

architecture to a less motile phenotype [11]. These results are in agreement with other 

previous studies suggesting that activation of β1 integrin by maspin causes reorganization of 

vinculin and F-actin in HUVECs via inhibition of Rac1 and cdc42, thereby decreasing 

motility [9]. However, Endsley and coworkers showed that the ability of maspin to increase 

cell adhesion requires formation of a supercomplex wherein maspin acts as a bridge between 

between β1 integrin and the uPA/uPAR system [10]. The g-helix motif directly interacts 

with β1 integrin, while a separate domain of maspin interacts with uPA/uPAR. It is therefore 

not surprising that the g-helix peptide alone can only recapitulate the anti-motility function 

but not the pro-adhesion function of maspin. In contrast, MMPA can mimic both functions 

due to the nature of its supramolecular structure.

3.4 MMPA inhibits tube formation in vitro and blocks angiogenesis in vivo

Well-established models exist for assessing angiogenesis in vitro and in vivo [36,37]. 

Tubulogenesis, the formation of tube-like structures by HUVECs on matrigel, was used to 

observe the anti-angiogenic potency of PAs and peptide in a quasi-3D system. Based on 

images obtained 5 hrs after addition of treatments (Figure 4), MMPA was found to be 

effective in inhibiting tube formation at even sub-micromolar concentrations, which is on 

par with the bioactivity of native full-length maspin previously reported [8]. The results also 

show that MMPA is less effective than angiostatin, which can inhibit in vitro tube formation 

at 10 nM [38], but more effective than small molecule angiogenesis inhibitors such as 

captopril, which typically require at least 10 µM to inhibit tube formation [39]. In contrast to 

MMPA, MMPep only partially inhibited tube formation at higher concentrations (10 µM), 

while ScramPA did not inhibit tube formation even at high concentrations despite non-

specific binding to cells. This effect suggests that the g-helix sequence is required for anti-
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angiogenic activity in vitro. Moreover, PA nanostructures displaying the g-helix show 

drastically improved efficacy over the g-helix peptide alone.

The efficacy of PAs or peptide in blocking angiogenesis in vivo was investigated using a 

chick embryo chorioallantoic membrane (CAM) assay. Because the CAM is highly 

angiogenic, especially in stages of early development, PA or peptide treatment was 

delivered from filter paper circles (each containing 5 µmol treatment) placed onto the shell-

less embryo CAM on embryonic day 5. The number of blood vessels intersecting each filter 

paper perimeter was then counted at 21 hrs and 42 hrs. Figure 5A shows the increase in 

intersections, normalized to the initial count, for each treatment condition. Only MMPA was 

found to significantly reduce angiogenesis over PBS controls at both time points, while the 

anti-angiogenic activity of MMPep was present but is statistically insignificant. 

Interestingly, ScramPA-treated samples showed a trend towards increased angiogenesis over 

PBS control. This trend is not statistically significant due to large sample variation but can 

potentially correlate with increased endothelial cell adhesion in vitro caused by ScramPA. In 

comparison with native maspin, the data obtained here suggest that MMPA exhibits anti-

angiogenic activity in vivo at approximately similar concentrations, as previous reports 

showed that 3–10 µM maspin inhibits angiogenesis in rat corneal and mouse tumor 

angiogenesis [8].

The ability of MMPA to block angiogenesis both in vitro and in vivo indicates that 

incorporation of the g-helix motif into self-assembled nanostructures drastically improves its 

maspin-mimetic functions. Like the g-helix peptide alone, MMPA nanostructures decrease 

cell motility on FN. Unlike the g-helix peptide alone, MMPA nanostructures also bind 

aggressively to endothelial cell surfaces and significantly increase cell adhesion as a result 

of their supramolecular structure. While PA nanostructures bearing a scrambled g-helix 

sequence also non-specifically increase cell adhesion, they cannot decrease cell motility. It 

is the combination of specific g-helix-mediated inhibition of cell motility with non-specific 

promotion of cell adhesion that allows MMPA to mimic multiple functions of full-length 

maspin and block angiogenesis with high potency.

4. Conclusions

We have developed a supramolecular PA nanostructure that incorporates the maspin g-helix 

motif and exhibits potent anti-angiogenic bioactivity in vitro and in vivo. These MMPA 

nanostructures are formed via self-assembly in aqueous environments and display g-helix 

epitopes in high density as well as stabilize their native helical conformation. In vitro cell 

assays show that, like maspin protein, MMPA nanostructures inhibit endothelial cell motility 

via g-helix mediated pathways. Furthermore, MMPA nanostructures can recapitulate the 

ability of maspin protein to increase endothelial cell adhesion, a function not mediated 

through the g-helix, via non-specific interactions with cells and substrate. This function 

results from the supramolecular nature of MMPA. As MMPA nanostructures can mimic 

multiple functions of the full maspin protein, it is effective in blocking tubulogenesis in vitro 

at sub-micromolar concentrations and is also effective at inhibiting angiogenesis in vivo in 

the chicken embryo chorioallantois. Thus, MMPA can form the basis of a versatile 

therapeutic platform, as it is more accessible synthetically than native maspin and more 
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readily combined with other bioactive molecules (e.g. PAs with other epitopes). 

Furthermore, MMPA nanostructures can potentially be more resistant to degradation and 

have prolonged retention time within tissue relative to protein therapeutics.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Characterization of PA self-assembly. (A) Structure of MMPA, with the bioactive sequence 

shown in red, the β-sheet and flexible linker sequence shown in blue, and the hydrophobic 

alkyl tail shown in black. (B) Blueshift in peak nile red emission as a function of 

concentration, indicating a CAC between 1 – 2.5 µM for MMPA and 0.5 – 2.5 µM for 

ScramPA in PBS. (C) Circular dichroism of 100 µM PAs and peptide in 0.1× PBS, showing 

that MMPep exhibits primarily random coil conformation while MMPA and ScramPA have 

increased α-helix signature. Conventional TEM of (D) MMPA and (E) ScramPA in PBS at 

1 mM, showing the existence of short nanofibers. (F) SAXS of PAs and peptides in PBS at 1 

mM, indicating that MMPA and ScramPA assemble into a mixture of cylindrical and flat 

nanofibers while MMPep does not assemble appreciably in solution.
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Figure 2. 
Binding of PA to cells. Confocal microscopy images of cells treated with (A) PBS control, 

(B) FITC-labeled MMPep, (C) FITC-labeled MMPA, and (D) FITC-labeled ScramPA show 

that PAs associate with cell surfaces and are also internalized by cells. (E) FACS analysis of 

HUVEC fluorescence after treatment with FITC-labeled PAs and peptide. Results show that 

MMPA binds to cells most effectively but that ScramPA also non-specifically binds to cells, 

while MMPep binds to cells significantly less effectively than PA nanostructures.

Zha et al. Page 15

Acta Biomater. Author manuscript; available in PMC 2016 January 15.

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. 
Effect of PAs on cell mobility and adhesion. (A) Average velocity of HUVECs on FN-

coated glass as measured by time-lapse imaging and manual tracking, showing cells treated 

with MMPA and MMPep to be statistically less migratory (P<0.05) as compared to PBS 

control. (B) Number of HUVECs, as obtained by PicoGreen assay, that remain adhered to 

FN-coated tissue culture plastic after treatment with PAs or peptide and repeated washing 

steps. Results are normalized to the mean of the control group and show that MMPA and 

ScramPA treatments above their CAC non-specifically increase cell adhesion to FN, while 
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MMPep and unassembled PA do not show this effect. Statistical analysis shows that groups 

a and b are statistically insignificant, groups a and c are statistically significant (P<0.001), 

and groups b and c are statistically significant (P<0.01).
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Figure 4. 
Effect of PAs on HUVEC tube formation. Tubulogenesis on Matrigel as imaged 5 hrs after 

addition of (A, D) MMPA, (B, E) MMPep, and (C, F) ScramPA. Results show that MMPA 

is capable of inhibiting tube formation at sub-micromolar concentrations while MMPep is 

slightly effective at concentrations greater than 10 µM. ScramPA does not show efficacy in 

blocking tube formation at any concentrations investigated.
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Figure 5. 
In vivo assay of angiogenesis. (A) Angiogenesis in chick embryo CAM as quantified by 

counting the number of vessels intersecting the circumference of filter paper circles at 1, 21, 

and 41 hr after application of treatment. For each sample, counts at later time points are 

normalized to initial time point (t = 1 hr). Statistical analysis indicates that MMPA 

significantly decreases angiogenesis at both 21 hr and 41 hr time points (P<0.01). Sample 
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images of PBS treatment at (B) 1 hr and (D) 21 hr as compared to PA treatment at (C) 1 hr 

and (E) 21 hr.
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