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Abstract

A reactive oxygen species (ROS)-degradable scaffold is fabricated by crosslinking biocompatible,

hydrolytically-degradable poly(ε-caprolactone) (PCL) with a ROS-degradable oligoproline

peptide, KP7K. The ROS-mediated degradability triggers favorable host responses of the scaffold

including improved cell infiltration and angiogenesis in vivo, indicating its unique advantages for

tissue engineering applications.

Recent progress in biomaterial development emphasizes the advanced function that enables

target-specific therapeutic delivery through a stimuli-responsive structural change in a

spatiotemporally controlled manner. These materials have been designed to activate the

advanced functions in response to various physiological parameters, such as pH,2

temperature,3 protease activities, and redox balance4to target a local pathological event in

the body. One such biological stimulus that is drawing keen attention recently is reactive

oxygen species (ROS) which include hydroxyl radicals(OH.), hydrogen peroxides(H2O2),

peroxynitrites(ONOO-) and superoxides(O2
-) among others.5While low levels of ROS are

part of normal cell metabolism, excessive amounts of ROS cause oxidative stress and

damage critical components of cells at all levels including DNA, 6 proteins,7 and lipids8 by

oxidation. Moreover, chronically increased levels of ROS are present locally in cancer,9

atherosclerosis,10 diabetes,11 infections,12 inflammatory diseases,13 and even in the aging

process14 where ROS levels can be 10- to 100-times the normal levels. For example, in the

vicinity of activated macrophages that are prevalent in inflammation and implantation sites,

the hydrogen peroxide concentration can reach 10 – 100 μM.15 Therefore, ROS can be

considered as a critical parameter indicating local occurrence or progression of such

diseases, and ROS-responsive materials are needed to enable site-specific delivery of

therapeutics and imaging agents as they can undergo structural changes (e.g., degradation)

and release the payload in response to locally overproduced ROS in vivo.

Correspondence to: Hak-Joon Sung, hak-joon.sung@vanderbilt.edu.
†Electronic Supplementary Information (ESI) available: 1H-NMR and characterization of bone marrow-derived macrophages used in
in vitro experiments. See DOI: 10.1039/c000000x/

NIH Public Access
Author Manuscript
J Mater Chem B Mater Biol Med. Author manuscript; available in PMC 2015 November 07.

Published in final edited form as:
J Mater Chem B Mater Biol Med. 2014 November 7; 2(41): 7109–7113. doi:10.1039/C4TB01094A.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Starting with polypropylene sulfide (PPS) developed in 2004, ROS-sensitive materials are

still relatively new, but have been continuously developed due to the increasing demand for

various biomedical applications. While numerous other studies focused on designing

synthetic polymers that rapidly respond to ROS in nanoscale delivery formats 161718, we

investigated a peptide oligomerasa ROS-responsive unitfor long-term tissue engineering

applications. Previous studies have shown that proteins containing aspartic acid, glutamic

acid orproline residues are especially prone to oxidative degradation. 19 ROS-sensitive

degradability of proline residues has demonstrated particular promise.20, 21

In a previous study, we synthesized proline oligomers as a ROS-cleavable crosslinker and

extensively characterized its fabrication and response to ROS in vitro.22 In particular,

oligoproline peptides with 5 or 7 or 10 proline residues were tested for ROS-mediated

degradation by reactingin 5 mM H2O2 with 50 μMCu(II) at 37°C. All proline residues were

cleaved away after 6 days, confirming relatively slow ROS-mediated degradation, compared

to PPS that degrades in several hours under oxidative environment.16

Therefore, in the current study, we investigated the potential of using an oligoproline-

crosslinked poly(ε-caprolactone) (PCL)-based scaffold in an in vivo model for long-term

tissue engineering applications. PCL was chosen as the base polymer,as it is approved by the

Food and Drug Administration (FDA) for biomedical applications such as tissue engineering

and drug delivery.23 Furthermore, PCL is known for slow in vivo degradation over several

years by hydrolysis of ester bonds, thereby providing a material format where we can impart

faster-acting ROS-degradability to the scaffold. We hypothesized that such ROS-

degradability of scaffolds would allow for favourable interactions with host cells in vivo

where the initial inflammatory host response would degrade the implanted scaffold by

excess ROS production and encourage cell infiltration into the scaffold, leading to improved

neovascularization and engraftment within the site of implantation.24 Towards this end, first

we modified and improved the chemistry involved to efficiently crosslink PCL with ROS-

degradable oligoproline peptides, and studied their chemical and thermal properties as well

as their in vitro ROS-degradability. Finally, we implanted the scaffolds subcutaneously in

mice to test our hypothesis for the effect of ROS-degradability of scaffold on host-material

interaction with an emphasis on vascularization of the implanted scaffold.

To incorporate crosslinkers, PCL was functionalized with carboxyl groups (Fig. 1A).25 The

ratio of the integral peaks for carboxylated PCL (CPCL) (3.4 and 9.2 ppm) and unmodified

PCL (4.1 ppm) from the 1H-NMR spectrum revealed a molar composition of 70%PCL-30%

CPCL (Fig. S1). Of note, the extent of carboxylation can be varied from 5 - 60% by varying

the duration of the reaction (data not shown).The molecular weight of 70% PCL-30% CPCL

(number-average molecular weight (Mn) = 95.5 kDa; polydispersity (PDI = Mw/Mn) of

1.40) is comparable to the unmodified starting material, 100%PCL (Mn = 87.0 kDa; PDI =

1.28), indicating no significant hydrolysis of polyester chains during the reaction with LDA.

Fig. 1B shows the ROS-cleavable KP7K peptide crosslinker and poly(ethylene glycol)

(PEG)-dihydrazide crosslinker used as a control in this study. Dicyclohexylcarbodiimide

(DCC)/N-hydroxy-succinimide ester (NHS) was used to crosslink 70% PCL-30% CPCL

with the crosslinkers. Rapid crosslinking was observed asthe mixture began gelling

immediately.
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We then verified and characterized the crosslinking. Successful crosslinking was first

confirmed by FTIR, where amide (I) C=O band at ∼1620 cm-1 was observed for both PEG-

dihydrazide and KP7K-crosslinked 70% PCL-30% CPCL, as well as increased absorbance

for N-H stretching and O-H stretching from water molecules around 3200∼3700 cm-1 (Fig.

2A).26 Next, gel content measurement further characterized the degree of crosslinking,

where PEG-dihydrazide and KP7K-crosslinked scaffolds exhibited 73±7.1% and 82±5.9%

in gel contents with THF washes, respectively, indicating a high degree of crosslinking

within these scaffolds.

Crosslinking of 70% PCL-30% CPCL with hydrophilic KP7K peptide crosslinkers altered

physicochemical properties of the scaffolds, as evidenced by the changes in the swelling

ratios of the scaffolds. When incubated in PBS at 37 °C for 1 day, uncrosslinked 30%

CPCL-70% PCL had significantly increased the swelling ratio compared to original PCL,

and the highly hydrophilic nature of both crosslinkers further increased the swelling ratios of

the crosslinked scaffolds (Fig. 2B). Such increases in hydrophilicity are desirable as it may

improve cell attachment and infiltration compared to hydrophobic 100% PCL in vivo. 27

Similarly, the series of modifications made on PCL significantly altered the thermal

properties (Fig. 2C). First, carboxylation of PCL resulted in reduced heats of crystallization

(ΔHc) and melting (ΔHf), as the carboxyl groups disrupted the packing of semi-crystalline

PCL chains to some degree and resulted in less crystallinity. Then, the crosslinking of KP7K

or PEG-dihydrzide with 70% PCL-30% CPCL further disrupted the crystallinity of PCL and

reduced the polymer chain flexibility, resulting in drastic decreases in temperatures of

crystallization (Tc) and melting (Tm), as well as in ΔHc and ΔHf.28 These changes in the

thermal properties resulting from carboxylation and crosslinking can significantly influence

material properties, which was exhibited in elastic modulus measured by dynamic

mechanical analysis (DMA). Non-porous, thin films were prepared and measured for their

elastic moduli in wet conditions at 37 °C. While PCL and 70% PCL-30% CPCL were

similar at 77.0 ± 6.0 MPa and 82.5 ± 4.7 MPa, respectively, both PEG- and KP7K-

crosslinked conditions exhibited significantly reduced elastic moduli at 22.7 ± 2.7 MPa and

46.4 ± 0.4 MPa (each condition with N=3). The drastic decreases in elastic moduli in the

crosslinked conditions are likely due to the decreases in crystallinity (Tc and ΔHc), caused

by crosslinking. Thus, we have shown and proven the effects of crosslinking on PCL in

several aspects.

The ROS-degradability of KP7K-crosslinked scaffold was demonstrated by changes in

thermal properties (Fig. 3A). Scaffolds were incubated in PBS at 37 °C with or without daily

changes of 1 mM SIN-1 for 30 days which degrades into superoxides and nitric oxides to

form peroxynitrites.29 Most notably,the Tc value of the KP7K-crosslinked scaffold increased

significantly with SIN-1 treatment compared to the ones of day 0 and PBS only condition on

day 30, as radicals produced from SIN-1 degraded KP7K crosslinkers, and the newly freed

polymer chains likely underwent reorganization and recrystallization.28 In contrast,the

uncrosslinked PCL and 70%PCL-30% CPCL scaffolds showed minimal changes in the Tc.

PEG-crosslinked scaffolds also degraded with SIN-1 treatment, albeit to a lesser degree than

the KP7K-crosslinked scaffolds. Interestingly, Reid et al. has shown that PEG also degrades

in response to ROS produced from Fenton reaction with 50% (w/v) H2O2 and 6.2 mM FeCl3
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or from radicals produced by UV degradation of 30% H2O2.30 However, PEG and PEG-

crosslinked scaffolds might require supraphysiological levels of ROS for degradation which

may not be biologically relevant.

The degradation of KP7K scaffold was accelerated in a physiologically relevant ROS

environment in vitro where mouse bone marrow-derived macrophages (BMDMs, see the

cell characterization in Fig. S2A) were seeded on the scaffolds with or without the

stimulation with 50 μg/ml LPS (Fig. 3B-C).31 As an endotoxin, LPS activates macrophages

to overproduce ROS and reactive nitrogen species (RNS) including nitric oxide (NO•),

nitrite(NO2
-) and peroxynitrite (ONOO-) (Fig. S2B).32 After removing cells and protein

debris from the scaffold, the scaffold surface was imaged by scanning electron microscopy

(SEM) (Fig. 3B). ROS-cleavable KP7K-crosslinked scaffolds evidently formed numerous

pores < 1 µm2, especially when seeded with LPS activated BMDMs, while PEG-crosslinked

scaffolds appeared to maintain their smooth surface over 7 day culture. Quantification of

this pore formation after 7 day culture (Fig. 3C) reveals that sub-micron diameter pores

increased by more than 10-folds for KP7K-crosslinked scaffolds cultured with LPS-activated

BMDMs, whereas when cultured without LPS, the pore generation was minimal. These

results prove that KP7K-crosslinked scaffolds degrade in response to the physiological levels

of ROS produced by activated BMDMs.

PCL is known to slowly undergo hydrolytic chain scission over several years and become 6-

hydroxylcaproic acids that are safely removed from the body.33 We expected that the initial

host immune response to implants would degrade ROS-degradable KP7K into α-

aminobutyric acids that can be used for biosynthesis, while leaving PEG crosslinkers intact

due to its non-biodegradability.34 Therefore, we tested our hypothesis that ROS-

degradability of the scaffolds would encourage cell infiltration in a host-responsive manner,

thereby improving vascularization of the constructs in vivo (Fig. 4). Scaffolds were

subcutaneously implanted in mice for 2 weeks, and sections were stained with H&E to

determine host cell infiltration (Fig. 4A). While cell infiltration is observed in all the test

groups, there are some noticeable differences between the materials. When the density of

nuclei ismeasured per tissue/scaffold area from H&E stained sections (Fig. 4B), it is evident

that PCL-30% CPCL had significantly less cells infiltrating compared to PCL, possibly due

to the negative charges on carboxyl groups with degreased protein adsorption. PEG-

crosslinked scaffolds showed a similar number of infiltrating host cells compared to PCL.

More importantly, KP7K-crosslinked scaffolds exhibited the highest nuclei density with

50% more cells infiltrating compared to PCL. Additionally, mice were perfused through the

heart with fluorescent microbeads for angiography before harvesting35 (Fig. 4A), and the

implanted scaffolds were collected for gene expression analysis (Fig. 4C). While PCL-30%

CPCL and PEG-crosslinked scaffolds showed similarly higher levels of neovasculature

formation compared to PCL, KP7K-crosslinked scaffolds significantly promoted

angiogenesis, as evidenced by abundant functional, perfusable blood vessels shown in the

angiograms, compared to those of PCL scaffolds. This result was further supported by

significant increases in gene expression of angiogenesis markers (CD31 and

VEGFA)36assessed by quantitative RT-PCR (Fig. 4C), indicating that crosslinking with

KP7K significantly increases blood vessel growth into the scaffolds upon implantation. This
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is likely due to the fact that early inflammatory responses resulted in degradation of KP7K-

crosslinked scaffolds, which enhances cell infiltration and growth of host cells into the

implanted scaffolds, thereby promoting angiogenesis, compared to other conditions that

degrade slowly through hydrolysis only. It is also possible that the oligoproline peptides

themselves may have collagen-mimetic functions and properties, as oligoproline peptides

mimic collagen in both chemical composition and structure37. However, further studies are

required to confirm this possibility.

Conclusions

This study demonstrated synthesis and crosslinking of 70% PCL-30% CPCL with ROS-

cleavable KP7K and PEG-dihydrazide crosslinkers via DCC/NHS coupling. To examine

their ROS-mediated degradation in a physiologically relevant condition, BMDMs were

cultured on the scaffolds under LPS treatment to stimulate their ROS overproduction in

vitro. The KP7K-crosslinked scaffolds underwent significant surface degradation in response

to overproduced ROS from activated BMDMs. Furthermore, angiogenesis was significantly

promoted within the implanted KP7K-crosslinked scaffolds. This pro-angiogenic behavior

can likely be explained by ROS production from host inflammatory cells which induce

scaffold degradation and pore generation, resulting in enhanced host cell infiltration into the

scaffolds. We have shown that KP7K-crosslinked 70%PCL-30%CPCL is 1) degradable in

response to physiologically relevant ROS levels which allows for better host cell infiltration,

and 2) pro-angiogenic in vivo via host-material interactions.

While various stimuli-sensitive materials have been developed innano- to microscale

formats as drug delivery vehicles, applying large-scale stimuli-sensitive scaffolds for tissue

engineering remain underexplored. Here, we demonstrated the unique advantages of

applying ROS-responsive scaffolds in improving vascularization, which is currently an

unmet need in the field of tissue engineering. Further studies are required to understand the

mechanism by which ROS-degradable KP7K-crosslinked scaffolds promote angiogenesis

with favorable host response. In this way, the scaffold design can be improved to achieve

successful engraftment and better clinical outcomes in the future.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
(A) Synthesis and fabrication of porous KP7K or PEG-crosslinked 70%PCL-30%CPCL

scaffolds with a representative SEM image. (B) ROS-cleavable peptide KP7K1 and PEG-

dihydrazide (control) crosslinkers.
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Fig. 2.
Characterization of scaffolds. (A) FTIR spec for 70%PCL-30%CPCL crosslinked with

either KP7K (KP7K X) or PEG-Hz (PEG X). (B) Swelling ratios of porous scaffolds. Error

bar= ±1 SD. (C) Thermal characterization of porous scaffolds byDSC.
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Fig. 3.
Characterization of scaffold degradation in response to ROS in vitro. (A) Tc values of

scaffolds obtained from DSC after daily changes of PBS with or without 1mM SIN-1 over

30 days at 37°C. (B) SEM images of the scaffold surface after culturing mousebone marrow-

derived macrophages (BMDMs)for 7 days with or without LPS stimulation. (C)
Quantification of pores created by BMDMs on KP7K-crosslinked scaffold surface on day 7.
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Fig. 4.
(A) After 2-week subcutaneous implantation, scaffolds were stained with H&E (purple:

cytoplasm, dark blue: nuclei; scale bar = 50 μm), and imaged for angiography (scale bar =

300 μm). (B) Cell infiltration was quantified by Area (nuclei) / Area (tissue) (%) from H&E

stained sections. (C) mRNA expression of angiogenesis markers by qRT-PCR (N=4; Error =

±1 SEM).
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