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Abstract
A new family of biodegradable and functional amino acid-based poly(ester amide)s (AA-PEAs) have been
designed and synthesized as a new generation of biodegradable biomaterials for biomedical applications.
This paper provides an overview of this new generation of biodegradable biomaterials, their design
strategy, synthesis, characterization, unique biological property and eventual biomedical applications.
AA-PEAs are synthesized from 3 basic building blocks: amino acids, fatty diols and fatty diacids. Due
to the enormous variety of these 3 building blocks, a wide range of AA-PEAs could be tailor-designed for
meeting specific clinical needs. These AA-PEAs have been engineered into a variety of physical forms
ranging from 3D microporous hydrogels, melt-spun fibers, electrospun fibrous membranes, films and
microspheres. All these AA-PEAs have shown 2 unique biological properties: support natural wound
healing, and muted inflammatory response.
Keywords: Amino Acids; Poly(ester amide); Biodegradable; Inflammation; Synthesis; Biomaterials;
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Introduction

Absorbable or biodegradable polymeric-based biomaterials have received a lot of attention since
their successful commercial launch as absorbable suture materials in early 1970s [1, 2, 3]. Those
absorbable biomaterials are from aliphatic polyesters like Polyglycolic Acid (PGA), Poly-Llactide (PLA), Poly-ε-caprolactone (PCL), poly-p-dioxanone and their copolymers. Absorbable
polyesters have very good mechanical property and can be fabricated by thermal means into
variety physical forms like fibers and micro- or nanospheres. Due to the presence of ester linkage
in the polymer backbone, absorbable polyesters are subject to hydrolytic degradation via bulk
degradation mode. Consequently, absorbable polyesters are moisture sensitive and require either
rigorous inert dry environment or vacuum seal for long-term storage and better shelf life. In
addition, due to their bulk hydrolytic degradation mode, the release profiles of the impregnated
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drugs are difficult to achieve a liner fashion. Besides the original and commercially most successful use in wound closure devices, other biomedical applications of these absorbable polyesters
have included drug carriers, components of orthopaedic, cardiovascular and dental devices, and
scaffolds for tissue engineering.
One of the major drawbacks of these absorbable polyesters as biomaterials is the lack of functionality, i.e., no pendant functional groups for simple chemical modification or attachment of
biologically active agents. Consequently, many functional absorbable aliphatic polyester derivatives have been developed and one unique approach is to introduce the natural amino acids into
these absorbable polyester backbones [4-9]. The incorporation of natural amino acids will bring
these aliphatic polyesters many new properties, such as functionality and charge property. One
example of this approach is polyester-b-poly (amino acid) s, such as PLA-b-PLL and PCL-b-PLL
[6, 7, 10]. This unique approach, however, has significantly altered the backbone structure of the
original absorbable polyesters, and due to the tedious and complexity of the chemical reaction
schemes, the yields of the final functional absorbable polyesters have been quite low and hence
their acceptance for industrial use have been quite limited.
In late 1990s and early 2000s, a new family of functional amino acid-based poly (ester amide)s
(AA-PEA) has been reported [11-13]. AA-PEAs differ from the traditional non-amino acid-based
poly(ester amide)s that have been studied for many years [14-17]. Unlike the diamine-based nonamino acid PEAs, the amino acid-based PEAs derive their amide (or peptide) linkage from amino
acids. As a result, the backbone chemical structure of AA-PEAs has both peptide and non-peptide
bonds, and hence exhibit both proteins and non-protein properties, named as “pseudo-proteins”.
In this review, the basic design and synthesis strategies, the resulting chemical structure, property,
fabrication/formulation and performance of the many generations of AA-PEAs will be given.

2

Basic Chemical Structure of Amino Acid-based
Poly(ester amide)s and Their Design and Synthesis
Strategies

The functional amino acid-based poly(ester amide)s are built from 3 basic non-toxic building
blocks: amino acids, diols and diacids. Fig. 1 shows a generic chemical structure of the AA-PEA
repeating unit:
As Fig. 1 shows, the 2 adjacent amino acid moieties per repeating unit are separated by both a
diol (via 2 ester bonds) and diacid (via 2 peptide bonds) segments. Thus AA-PEAs are the same
as polypeptides, except the sequence of peptide bonds are disrupted by ester bonds due to the
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Fig. 1: General chemical repeating unit of a generic AA-PEA.
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presence of diols and diacid segments.
This generic chemical repeating unit illustrates that there are many material parameters that
we can use to design a variety of AA-PEAs, and these material parameters include: type of
amino acids, type and length of fatty diacid (x) and fatty diol (y), and the location of amino
acids. Up to now, a considerable variety of different amino acids have been used for the design and
synthesis of AA-PEAs, and these amino acids include Phe, Arg, Lys, Leu, Gly, Ala, Ser, Val [11,
12, 13, 18-48]. Therefore, there are enormous varieties of AA-PEAs that could be tailor-designed
for specific clinical uses – one of the major characteristics of AA-PEAs. In this review, many
examples developed in my lab will be given to illustrate such a design strategy.
The general scheme of the synthesis of AA-PEA could be divided into three major steps: the
synthesis of di-p-nitrophenyl ester of dicarboxylic acids as monomer (I); the synthesis of tetrap-toluenesulfonic acid salts of bis (L-amino acid) α, ω-alkylene diesters as monomer (II); and
the synthesis of AA-PEA (III) via a solution polycondensation of monomers (I) and (II). Fig. 2
shows the generic chemical structure of monomers I (Fig. 2 (A)) and II (Fig. 2 (B)) and their
polycondensation into AA-PEA (III) (Fig. 2 (C)).
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Fig. 2: (A) synthesis of di-p-nitrophenyl ester of dicarboxylic acids as monomer (I); (B) Synthesis
of tetra-p-toluenesulfonic acid salts of bis (L-amino acid) α, ω-alkylene diesters as monomer (II); (C)
Synthesis of AA-PEA via polycondensation of monomers (I) and (II)

A variety of advanced generations of this basic general synthesis of AA-PEAs has been reported
recently. They include: the use of unsaturated diols or/and diacids [21-24, 29, 48] to synthesize
unsaturated AA-PEA generations, the use of either polar amino acids like Lys, Arg, Ser or
unsaturated >C=C< moiety in the backbone or pendant group to provide pendant functionalized
AA-PEAs [11, 22, 25, 33-39, 48], and the different arrangement of these building blocks along the
backbone [21, 22, 35, 36].
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Among these different generations of AA-PEAs, hydrophobic non-polar amino acids like Phe,
Leu, Val, Ala and Gly always result in neutral and water insoluble AA-PEAs, while ionic/polar
amino acids like Lys, Arg, Ser could lead to either anionic or cationic AA-PEAs. Among those
polar amino acids used in designing and synthesizing AA-PEAs, Lys and Arg are the most unique
and studied because of their very unusual charge characteristics. For example, Arg has the highest
isoelectric point 10.76 [24, 39, 44, 48] due to its strong basic guanidine group, and Lys has pI value
of 9.59 due to its free amine groups, suggesting that AA-PEAs designed from these 2 particular
amino acids could not only have the potential to be water soluble but also retain their charge
characteristic over the most pH range. Because of the presence of 2 free amine groups in Lys,
Lys-based PEAs could be designed to exhibit either anionic charge via its pendant –COOH group
[11, 25] or cationic charge via its pendant –NH2 group [32, 34, 37].
This strong cationic charge characteristics of both Arg-based or Lys-based PEAs have been
shown to be able to condense anionic charged biopolymers like proteins and nucleic acids at a
far lower cytotoxicity than commercial and experimental transfection agents like Lipofectamine
2000r , Superfectr , and PEI [39, 47, 48]. Furthermore, these cationic AA-PEAs have also been
reported to show excellent cell attachment and proliferation for a variety of cells like human
fibroblasts, bovine vascular endothelial cells, rat vascular smooth muscle cells [32, 34, 36, 39].
Finally, the cationic Arg-based PEAs have been show to have excellent cell membrane penetration
capability, and have been extensively studied as gene transfection agents as described under 6.
Biomedical Application section.

3

Fabrication of AA-PEAs Into Variety of Physical Forms

In order to utilize these new AA-PEAs, they must be able to be engineered to a variety of physical
forms. Our lab has developed the fabrication technologies that can engineer AA-PEAs into
electrospun nanofibrous membranes [28, 40, 49, 54], melt-spun fibers [48], micro and nanospheres
[50], 3D microporous hydrogels [22, 29, 51, 52] and films [32]. Fig. 3 shows the images of these
AA-PEA physical forms engineered. These physical forms of AA-PEAs have also been tried
to delivery drugs and proteins (e.g., bFGF, IL-12, pactlitaxel, albumin, nitric oxide derivatives,
gallium nitrate, antibiotics, biotin, dyes) via pre-loading, post-loading or chemical conjugation
modes.
For examples, Phe-based PEA microspheres having a mean diameter diameter <1 µm with very
narrow size distribution were obtained at a fair yield about 80% [50]. Paclitaxel loaded Phe-PEA
microspheres showed near 100% drug loading efficiency, suggesting that AA-PEA microspheres

(A)

(B)

Fig. 3: (A) Electrospun AA-PEA fibrous membrane (left) and melt-spun fiber (right); (B) AA-PEA
microspheres (left) and 3D microporous hydrogel (right).
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may have the potential for the injection administration of highly hydrophobic anticancer drugs.
Research is in progress in the Chu’s lab to engineering AA-PEA nanospheres, and the preliminary
data indicate that the AA-PEA nanospheres of mean diameter around 158 nm with a very narrow
size distribution could be fabricated.
Similarly, Phe-PEA electrospun fibrous membrane (fiber mean diameter about 640 nm in Fig. 3
(A)) that were pre-loaded with a nitroxyl radical, 4-amino-2.2.6.6-tetramethylpiperidine-1-oxy(4amino-TEMPO), showed a linear release profile of 4-amino-TEMPO as a function of square root
of time of release (Fig. 4) [28].
Not all AA-PEAs developed could be fabricated into 3D microporous hydrogel network, and
the key requirement is that the AA-PEA macromolecules must have photo-reactive unsaturated
>C=C< groups either in the backbone [21, 22, 29, 53] or as pendant group [35, 36, 51]. Although
these AA-PEA hydrogels all exhibit 3D microporous network structure, there are considerable
differences in terms of hydrogel morphology and pore size and shape due to the difference in the 3
basic building blocks used as well as the nature of the co-precursors. For example, the Phe-based
PEAs show far more dense 3D microporous network structure than the Arg-based PEAs as shown
in Fig. 5.
Besides the difference in 3D microporous network structure due to different AA-PEA precursors
45
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Fig. 4: Cumulative release of 4-amino-TEMPO from 640 nm 8-Phe-4 electrospun fibers in a pH 7.42
PBS medium at 37 ℃ as a function of square root of time. The 4-amino-TEMPO loading amount was
10.0 mg/g 8-Phe-4 [28].

Fig. 5: AA-PEA hydrogels. Left - Phe-based PEA with polyethylene glycol diacrylate as the co-precursor
(29); Right - Arg-based PEA with pluronic acid diacrylate as the co-precursor [39].
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used, the Arg-based PEA hydrogels have cationic charge characteristic, while the Phe-based PEA
hydrogels have no charge. As a result, it has been demonstrated that the cationic Arg-based PEA
hydrogels exhibited very good cell biocompatibility, attachment and proliferation [39].

4

Enzymatic Biodegradation via Surface Erosion Mode

Unlike the hydrolytic bulk degradation mode of synthetic absorbable polyesters, due to the presence of amino acids, AA-PEAs have been shown to be enzymatically biodegraded via surface
erosion mode [21, 22, 26-29, 35, 39, 48, 50-52]. This surface erosion mode of enzymatic biodegradation distinguishes AA-PEA from all absorbable polyesters. Fig. 6 (right pane) shows the in
vitro α-chymotrypsin enzyme effect on the biodegradation of AA-PEA fibers as compared with
the PBS control (left pane) up to 2 days. These AA-PEA fibers were completely biodegraded at
the end of 2 days in α-chymotrypsin enzyme solution (right pane)
The enzymatic biodegradation of AA-PEAs is independent of their physical form. Fig. 7
shows the scanning electron microscopic interior morphology of a Phe-based PEA hydrogel with
polyethylene glycol diacrylate as a co-precursor (FPBe-G37) after one (left) and 31 days (right)
in a α-chymotrypsin (0.1 mg/mL) PBS medium at 37 ℃ [29].
The weight loss data of these Phe-based PEA hydrogels confirm the change of their morphology
shown in Fig. 7 [29]. Fig. 8 shows such a weight loss data of a typical Phe-based PEA hydrogels
with polyethylene glycol diacrylate as the co-precursor [53].

Fig. 6: In vitro enzyme hydrolysis of Phe-based PEA melt spun fibers at α-chymotryps enzyme concentration of 0.1 mg/ml in 10 ml of PBS buffer. Left 2 bottles: in pure PBS for 1 (far left) and 2 days.
Right 2 bottles: in enzyme/PBS solution for 1 and 2 (far right) days. No visible trace of AA-PEA fibers
could be found at the end of the 2 days immersion in enzyme/PBS solution (far right).

Fig. 7: SEM interior morphology of Phe-based PEA hydrogel (FPBe-G37) with polyethylene glycol
diacrylate as the co-precursor [29]. The hydrogels were immersed in a α-chymotrypsin (0.1 mg/mL)
PBS medium at 37 ℃ for 1 day (left) and 31 days (right).
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Fig. 8: The effect of precursors feed ratio of FPBe-G hydrogel on its biodegradation. (α-chymotrypsin
concentration 0.1 mg/mL). Open symbol – pure PBS mediu; Solid symbol – enzyme/PBS medium.
Circle - FPBe-G28 hydrogel; Square – FPBe-G37 hydrogel. G37 hydrogel had more Phe-PEA precursor
than G28 hydrogel [53].

The enzymatic catalytic biodegradation effect on AA-PEA hydrogels is obvious in Fig. 8 as the
weight loss of these hydrogels kept increasing with time in an enzyme medium (solid symbol),
while the weight loss of the same hydrogels in a pure PBS medium (open sympbol) reached a
constant level far below the enzyme case.
The reported enzymatic biodegradation data of AA-PEAs also show that an increase in the
hydrophobicity of AA-PEAs (via longer methylene groups in diols or/and dicarboxylic acid segments) leads to a faster enzyme-catalyzed biodegradation [12, 27]. In addition to the hydrophobicity factor to interpret this relationship between the length of methylene groups in diols/diacid
segments and enzyme-catalyzed biodegradation rate, the lack of intermolecular hydrogen bonds
resulting from misalignment of the adjacent AA-PEA macromolecules was also suggested as a
possible cause behind such a relationship.
All the reported enzymatic biodegradation data of AA-PEAs clearly illustrate that AA-PEAs
are enzymatic biodegradable via surface erosion mode. This mode of biodegradation is more
favorable than the bulk hydrolytic degradation for several reasons. First, a layer-by-layer erosion
mode like peeling an onion could have a far more uniform release of impregnated drugs within the
carrier matrix than the bulk mode, i.e., close to an ideal 1st order drug release profile. Second,
biodegradable implants with a surface erosion mode could largely eliminate the release of large
fragments of the implants that could break away during a biodegradation process, i.e., maintaining structural integrity longer and better. This is of particularly advantageous in the case of
cardiovascular or any duct repair as those large fragments from bulk degradation of an implant
could block the passage of smaller vessels/ducts. Thirdly, the shelf-life of those medical devices
made from enzymatic biodegradable biomaterials like AA-PEAs should be far more stable and
longer than the moisture-sensitive hydrolytically degradable absorbable polyester biomaterials.
A preliminary in vivo biodegradation study of selected AA-PEA (4-Phe-4) films in dorsum of
rats with and without lipase-impregnation showed that those AA-PEAs were completely absorbed
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within 1–2 months post-implantation (for the lipase-impregnatedones) and 3–6 months (for the
lipase-free ones) [27]. In a separated in vivo study in a porcine coronary artery model as described
later in the Section 6 Biomedical Applications, it was also found that a Leu-Lys based PEA
copolymer as the coating of a Genic stent had 70% AA-PEA mass remaining after one month
postimplantation, an indication of an excellent slow and sustained-release drug delivery vehicle.

5

Biological Property

AA-PEAs distinguish themselves from commercially available absorbable polyesters in many
unique biological properties that have been reported in vitro and in vivo. These unique biological properties range from blood biocompatibility, cell adhesion, attachment, and proliferation,
support natural wound healing and muted foreign-body inflammatory response.

5.1

Blood Biocompatibility

In a reported in vitro study of blood and cellular responses to AA-PEAs, ATP release from the
activated platelet adhered onto substrates was used to assess pro-thrombotic potential [38]. As
shown in Fig. 9, AA-PEA-based polymers and a FDA-approved absorbable polyester (PLGA)
had a similar ATP stimulating effect when thrombin served as the positive control. The amounts
of ATP release from the AA-PEA copolymer (PEA-Ac.Bz) was approximately 50% of that of
thrombin, while the nitric oxide derivative conjugated AA-PEA (PEA.Ac.TEMPO) induced about
35% of that of thrombin, i.e., about 15% lower platelet activation than PLGA and PEA-Ac.Bz [38].
Poly-n-butylmethacrylate (PBMA), a commercial FDA-approved coating material for commercial
drug-eluting stents used by Johnson and Johnson and Boston Scientific, stimulated the lowest
level of platelet activation of all of the polymers tested. Overall, all these polymers showed much
lower ATP than the thrombin control.
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Fig. 9: Activation of platelets as expressed by ATP production in the presence of AA-PEA and other
polymers. Results are expressed as percentage of activation by thrombin ± SEM (n=5) [38].

5.2

Cell Biocompatibility

Several in vitro cell culture studies using rat vascular smooth muscle cells, bovine aortic endothelial
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cells, human fibroblasts all indicate that AA-PEAs in a variety of physical forms (liquid, film,
hydrogel) showed cell viability close to blank control and were significantly better than commercial polymers and transfection agents. Figs. 10 and 11 shows such cell viability and cell death
data from the Arg-based PEA (Arg-PEA) [39, 47]. Over different types of Arg-PEAs and their
concentration range, Arg-PEAs showed considerably higher cell viability and lower cell death
than a commercial transfection agent, Superfectr , and the levels were close to blank control.
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Fig. 10: Rat aortic vascular smooth cell viability data upon exposure to different types of Arg-PEA
at different polymer concentrations. Blank and commercial Superfectr (SF) transfection agent are the
controls [39, 47].
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Fig. 11: Rat aortic vascular smooth cell death data upon exposure to different types of Arg-PEA at
different polymer concentrations. Blank and commercial Superfectr (SF) transfection agent are the
controls [39, 47].
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These quantitative cell data were also confirmed in the qualitative rat aortic smooth muscle
A10 cell morphological data shown in Fig. 12.

Fig. 12: Rat aortic smooth muscle cell (SMC) morphology after 24 hrs exposure to different transfection
agents including Arg-PEA at 1,500 µg (top left), Superfectr at 15 µg (top right). The blank control cell
medium only (bottom left), and PEI at 15 µg (bottom right).

The excellent aortic Smooth Muscle Cell (SMC) biocompatibility of AA-PEA is also evident
in other types of cells including human fibroblast primary cells, normal human epidermal keratinocytes, human coronary artery endothelial cells, and bovine vascular endothelial cells as well
as different physical forms of the AA-PEAs [33, 34, 36, 38, 39, 47, 54].
As shown in Fig. 13 [39], human fibroblast primary cells after 48 hr seeding on a cationic Argbased Arg-PEA hydrogel surface (right) show fibroblast cell morphology very close to the tissue
culture well blank control (left).

Fig. 13: Human fibroblast primary cells cultured on cationic Arg-based PEA hydrogel surface (right).
The blank control is tissue culture well (left). Duration of cell seeding – 48 hrs [39]

Fig. 14 shows the bovine aortic endothelial cell (BAEC) adhesion and proliferation on a newer
generation cationic Lys-based PEA substrate (8-Phe-4-Lys, left). Gelatin coating on a glass
coverslip served as the control (right). The immunostaining data (Fig. 18) indicates that vinculin
protein expression (green stain), an indication of focal adhesion, was as ample in the BAEC
cultured on the AA-PEA substrate (left) as on the gelatin-coated glass coverslip substrate (right).
These qualitative BAEC data in Fig. 14 were further confirmed quantitatively as shown in
Fig. 15 [34]. The proliferation data of BAEC on a newer generation cationic Lys-based PEA
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Fig. 14: Immunostaining of bovine aortic endothelial cells cultured on cationic Lys-based PEA substrate
(left). Gelatin coated glass coverslip (right) served as the control. Vinculin protein was stained in green.
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Fig. 15: Proliferation assay of bovine aortic endothelial cell on (a) Blank tissue culture control (without
any treatment); (b) Gelatin coated tissue culture plate; (c) AA-PEA (cationic 8-Phe-4-Lys) over a period
of 72 hrs [34].

substrate (8-Phe-4-Lys) shown in Fig. 15 [34] indicate that both AA-PEA and gelatin group
showed very similar high proliferation rate, and this particular member of the AA-PEA family
had a slightly higher mean cell proliferation data than the gelatin group. The support of cell
attachment and proliferation by AA-PEA is not limited to cationic members of the AA-PEA
family. When human coronary artery endothelial and smooth muscle cells were used on a neutral
Phe-based PEA substrate, the cell proliferation on this neutral Phe-based PEA was 4 fold higher
than on non-biodegradable polymers like poly(n-butyl methacrylate)/polyethylene vinyl acetate
copolymer [38].
In a reported study from the Chu’s lab [54], Normal Human Epidermal Keratinocytes (NHEK)
were used to determine the capability of the Phe-based PEA electrospun fibrous membranes
to support the NHEK growth over a period of 7 days in vitro. Two different live-cell assays,
Calcein-AM and Alamar Blue, were used to help determine the amount of viable NHEK cells
attached to the Phe-based PEA fibrous membrane scaffolds. Fig. 16 [54] shows the fluorescent
confocal microscopic images of the Calcein-AM assay of NHEK (bright green) on Phe-based PEA
fibrous membranes after 1 and 7 days culture. These in vitro NHEK data suggest that AAPEA electrospun fibrous membranes could also support the proliferation of human epidermal
keratinocytes.

5.3

In V itro and in V ivo Inflammatory Response

Inflammation after injury is a double-edged sword. It is absolutely necessary to initiate an
inflammatory response to resolve host infections or initiate wound repair. Yet, if uncontrolled,
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Fig. 16: Fluorescent confocal microscopic images of the Calcein-AM assay of NHEK (bright green) on
Phe-based PEA fibrous membranes after 1 (left) and 7 days (right) culture [54]

particularly when foreign-body induced, it can lead to slower healing, tissue damage, loss of
function, or in extreme cases, death. Controlling the inflammatory response to implantable or
topical bioengineered medical devices is an important clinical challenge that complicates the
use of biomaterials [55, 56], particularly in impaired wounds like diabetic or thermal injury. In
thermal injury, there is often a super robust inflammatory response that destroys the necessary
balance between inflammation and repair. This leads not only to local disrepair, but also to
systemic illness, and in the most extreme cases, death. Hence biomaterials that do not add to the
inflammatory response will likely result in both improved local wound healing and less systemic
injury.
In their review of growth factor release from tissue engineered scaffolding, Whitaker et al. addressed the importance of inflammation, especially the foreign-body induced inflammation from
the scaffold biomaterials [56]. It is important to recognize that all FDA-approved biomaterials
and implants/medical devices made from biomaterials havel elicited foreign-body inflammatory
response, and the issue is the level and duration of this foreign-body induced inflammatory response.
One of the most unique biological properties of the newly developed AA-PEA biomaterials
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Fig. 17: IL-6 pro-inflammatory cytokine release upon 24 hr in vitro human peripheral blood monocyte
culture on AA-PEA and other absorbable and non-absorbable polymers. 34K and 73K are molecular
weights of the corresponding absorbable PLGA copolymers. PBMA: poly-n-butyl methacrylate, served
as a commercial non-absorbable biomaterial control. TCPS (Tissue Culture-treated Polystyrene) served
as the control [38].
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is their muted inflammatory response as demonstrated both in vitro and in vivo [32, 38, 39,
40, 57]. As shown in Fig. 17 [38], human peripheral blood monocytes cultured on two types
of AA-PEA (PEA-Ac-Bz and PEA-Ac-TEMPO) secreted over 5 fold less IL-6 pleiotropic proinflammatory cytokine release over 24 hrs than the classical absorbable polyglycolide/lactide
copolymers (50/50 molar ratio), PBMA (poly-n-butyl methacrylate), and Tissue Culture-treated
Polystyrene (TCPS). IL-6 can increase macrophage cytotoxic activity. PBMA is currently used
by Johnson and Johnson and Boston Scientific as their non-biodegradable coating for their commercial drug-eluting stents to reduce restenosis problem associated with balloon angioplasty procedures.
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A similar pattern of release of IL-1β, a potent pro-inflammatory cytokine, on monocyte cultured
on the same AA-PEA biomaterials as those in Fig. 20 is shown in Fig. 18 [38]. The amounts of
IL-1β released by monocytes on AA-PEA were 1/4 to 1/2 of the FDA-approved absorbable PLGA
and non-absorbable PBMA biomaterials. It is important to know that IL-1β pro-inflammatory
cytokine can also increase the surface thrombogenicity of endothelium.

Fig. 18: IL-1β pro-inflammatory cytokine release upon 24 hr in vitro human peripheral blood monocyte
culture on PEA and other absorbable and non-absorbable polymers. 34K and 73K are molecular weights
of the corresponding absorbable PLGA. PBMA: poly-n-butyl methacrylate, served as a commercial nonabsorbable biomaterial control. TCPS (Tissue Culture-treated Polystyrene) served as the control [38].

In a yet published study of several newer generations of AA-PEAs [39], Wu et al. have shown
that these newer AA-PEAs themselves exhibited muted inflammatory response as evident by the
very similar level of TNF-α production (by mouse J774 macrophages) as in the absence of any
biomaterial control. Wu et al. also demonstrated that when a FDA-approved biomaterial, i.e.,
absorbable Poly-ε-caprolactone (PCL), was chemically coupled with these new AA-PEAs, the
resulting hybrid exhibited lower TNF-α production than the pure FDA-approved PCL.
These in vitro inflammatory data show that AA-PEAs not only could have a muted inflammatory response themselves but also could reduce the inflammatory response of other FDA-approved
biomaterials when they are chemically coupled with AA-PEAs. It is unclear what the fundamental
mechanisms are behind this muted inflammatory response of AA-PEAs. Chu has suggested that
the disruption of the peptide linkage in AA-PEA backbone macromolecules by non-amino acid
building blocks (i.e., diols and diacids) may trick the surrounding living tissues that AA-PEAs
are individual amino acids rather than foreign polymeric biomaterials of proteins or non-protein
nature.
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This unusual biological property of AA-PEAs (i.e., muted inflammatory response) could be
their most important characteristic for their applications in the biomedical fields, particularly
the coating of existing medical devices and implants for significantly improving their in vivo
performance by reducing undesirable foreign-body induced inflammatory response. As described
in the section of biomedical applications later (Section 6), many published and unpublished studies
like coating for drug-eluting stents and suture devices have illustrated the enormous impact of
having muted inflammatory biomaterials like AA-PEAs.
The in vitro low inflammatory data of AA-PEA described above are further confirmed in an
in vivo porcine coronary artery model of AA-PEA coated stent [57]. Fig. 19 shows a Phe-based
PEA coated metallic stent that was used for the porcine coronary artery model study [57].

Fig. 19: Phe-based PEA coated Genic 316L stainless steel stent used in the porcine coronary artery
model study [57].

After 28 days post-implantation, the AA-PEA copolymer-coated 316L stainless steel stent
(Genic stent) exhibited statistically similar inflammatory score as the bare stent control (1.18±0.38
of AA-PEA coated stent vs. 1.11±0.32 of a bare stent control). There was no statistical difference in % area of stenosis and neointimal hyperplasia between the AA-PEA-coated and bare
stents either. Their biocompatibility data in an in vivo porcine model suggest that these new
biodegradable AA-PEA copolymers are as biocompatible as bare stents under a dynamic blood
vessel condition [57]. As described later in the Section 6 Biomedical Applications, the AAPEA-coated Genic stent in a multicenter human trial study also showed a much lower level of
inflammatory response than a bare stent at 6 weeks postimplantation.
The in vivo muted inflammatory response of the AA-PEA biomaterials was also in in vivo
implantation study of Phe-based PEA biodegradable fibers in rat gluteal muscle tissue up to 42
days as shown in Fig. 20.
The Phe-based PEA fiber showed far lower inflammatory response than a commercial absorbable suture, Monocryl from Ethicon. The tissue reaction score of the Phe-based PEA fibers
was only 1/3 of the Monocryl suture fiber, and the Phe-based fiber site showed far better wound
healing than the Monocryl site.
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(B)

Fig. 20: Histopathology images of (A) a Phe-based PEA fiber and (B) 2/0 size Monocryl absorbable
suture implanted in rat gluteal muscle for 42 days.

6

Biomedical Applications

This new family of synthetic biodegradable amino acid-based poly(ester amide)s has been studied
for a wide range of biomedical applications, such as drug-eluting stents, wound dressing for
treating burns, drug-delivery vehicles, vascular patch, scaffolds for tissue engineering, DNA carrier
for gene transfection. In the following, several selected biomedical applications will be used for
such an illustration.

6.1

As Drug-eluting Dressing for Burn Treatment – an in vivo Porcine
Model Study

In the United States 40,000 people each year are hospitalized for burn treatment, and 5 million
people each year suffer from non-healing wounds [58, 59]. Wound treatment is a significant
burden on the American healthcare system, with yearly expenditures over $1.7 billion [60]. When
considering the cost to society in lost workdays and productivity, management of these acute and
chronic wounds exceeds $20 billion dollars annually [61].
For the past thirty year researchers have been searching for better methods to accelerate wound
repair and improve the quality of the healed wound [62, 63]. The most recent approach involves
bioengineered wound dressings that allow for the diffusion of pharmacologically active components
into the wound [64].
In a simulated 2nd degree burn (i.e., partial thickness) on a porcine model, Chu et al. used electrospun Phe-based PEA fibrous membranes (Fig. 3 (A), left) with or without the pharmacologic
agent Gallium Nitrate (GN) were tested for safety and efficacy with a commercial DuoDermr
wound dressing as a control [40]. Fig. 21 shows the experimental wound model.
One of the most striking findings from this in vivo burn trial was the accelerated wound healing
in the AA-PEA treated burn sites. For example, at the end of the 2 days postoperation, the AAPEA-GN sites had already achieved a complete wound closure, whereas the control sites had not
achieved complete wound closure and required re-dressing of test material. The control DuoDermtreated burn site, however, caught up the AA-PEA-GN site at the 6th day postoperation, and no
visual difference could be detected.
Besides the much accelerated wound healing rate at the AA-PEA-GN treated burn site, the
histology data showed that, at the end of the 9th day postoperation, the regenerated skin tissue
under the AA-PEA-GN burn site exhibited the irregular Rete ridge formation at the interface
between epidermal and dermal layers (Fig. 22 (A)), while the control DuoDerm treated burn site
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Control

AA-PEA

Fig. 21: Experimental setup for the coverage of 2nd degree burn sites by either gallium nitrate eluting
AA-PEA electrospun fibrous membranes or a commercial DuoDerm wound dressing on a porcine model
[40].
(A)

(B)

Fig. 22: H&E stain of the biopsy sample retrieved from the 9th day postoperation in a porcine burn
model. (A) treated by AA-PEA-GN; (B) treated by a commercial DuoDerm wound dressing control.
Note the Rete ridge formation in the regenerated skin tissue treated by AA-PEA-GN [40].

didn’t show such irregular Rete ridge formation (Fig. 22 (B)).
It is important to know that a normal skin always exhibit such a Rete ridge formation. The
much slower rate of Rete ridge formation under the commercial Duoderm dressing control is
consistent with its slower rate of wound healing observed visually.
Another unique histological observation of the regenerated skin tissue under the AA-PEA-GN
fibrous membranes was the much smaller fibrosis tissue formation and dermal proliferation than
the commercial DuoDerm control at the end of 27 days postoperation (Fig. 23).

(A)

(B)

Fig. 23: Organized fibrosis of the regenerated skin after 27 days postoperation. (A) under AA-PEAGN of fibrosis thickness ranging from 72-426 µm; (B) under commercial DuoDermr control of fibrosis
thickness ranging from 97-838 µm [40].
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As Vascular Patch – an in vivo Rat Aortic Patch Model Study

All existing commercial vascular patches are made of synthetic non-biodegradable vascular fabrics
like poly(ethylene terephthalate) polyester and poly(tetrafluoroethylene) [65]. Although these
non-biodegradable fibrous polymers are adequate, due to their non-biodegradability, they elicit
permanent foreign-body reaction.
The availability of biodegradable AA-PEA permits us to conduct a preliminary trial of AAPEA based vascular patch for assessing the potential of AA-PEA biomaterials in cardiovascular
reconstructive surgery.
A Phe-based PEA having impregnated with a Nitric Oxide Derivative (NOD) (4-amino-2.2.6.6tetramethylpiperidine-1-oxy) was first fabricated into a tubular form via electrospinning method
[66]. A sample of this NOD-eluting Phe-PEA tubular fibrous graft is shown in Fig. 24. This NODeluting Phe-PEA tubular vascular graft was shaped into a 5 mm diameter patch (Fig. 25) and
then implanted in the 5 mm long defect created on a carotid artery of a male Sprague-Dawley
rats (BW 400-450 g), and the wound was closed by 3/0 size Vicryl suture. A FDA-approved
absorbable polyester (poly-ε-caprolactone, PCL) electrospun fibrous patch was used as a control.

Fig. 24: Electrospun NOD-eluting Phe-based PEA tubular fibrous graft.

Fig. 25: Schematic illustration of shaping a Phe-based PEA tubular fibrous graft into a vascular patch
to patch onto a defect of a rat carotid artery.

At the end of 14 days postimplantation, the patched carotid artery was explanted, processed
and H&E stained as well as immunohistochemical stained for monoclonal rabbit antibody against
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macrophage for inflammation assessment, smooth muscle actin for intimal hyperplasia determination, and endothelial cells for endothelium lining analysis. Fig. 26 shows such histopathological
data of the Phe-based PEA patch.
The data in Fig. 26 show that no intimal hyperplasia formation was found in the NOD-eluting
Phe-based PEA patch site, and an endothelial lining on the top of the Phe-based PEA fibrous
patch (left image) with a muted inflammatory response (right image) was also found at the 14
days post-implantation.

Fig. 26: Histopathological data of the NOD-eluting Phe-based PEA electrospun fibrous membrane patch
of a rat carotid artery after 14 days. Left image is stained for endothelial cells, and Right image is stained
for inflammatory cells. The endothelial cell lining (left) and the absence of inflammatory cells (right)
are evident.

On the contrary, the PCL patch control showed no endothelium lining (Fig. 27, left) with severe
inflammatory response (Fig. 27, right) and intimal hyperplasia formation. Some macrophages also
infiltrated into the interior of the PCL fibrous membrane (indicated by a red arrow).

Fig. 27: Histopathological data of the absorbable poly-ε-caprolactine (PCL) fibrous patch of a rat carotid
artery after 14 days. Left image was stained for endothelial cells, and the Right image was stained for
macrophage for inflammation assessment. The infiltration of macrophages into the interior of the PCL
fibrous patch is indicated by the red arrow.

This unpublished in vivo data in a rat carotid artery patch model clearly confirm other published
in vitro and in vivo data of this new family of biodegradable amino acid-based poly(ester amide)
biomaterials that they have the unique and favborable biological property: muted inflammatory
response and support natural wound healing.

6.3

As Coating Biomaterial for Metallic Drug-eluting Stents – an
in vivo Porcine Aortic Model Study [57]

Metallic stent devices are the standard choice of care for the percutaneous treatment of blocked
coronary artery disease due to their proven acute [67] and long-term benefits [68, 69]. In-stent
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restenosis still remains a major problem, especially in unfavorable lesion subsets, such as diffuselesion, small-vessel or diabetic patients [70-72], even though subacute stent thrombosis has been
reduced to less than 1% [73] with improved stent implantation techniques [74], antiplatelet therapy [75] and stent surface treatment and coating [76, 77]. As the mechanism of in-stent restenosis
is predominantly neointimal hyperplasia [78], prevention will require concomitant antiproliferative
and possibly antiinflammatory therapies. Thus, drug-coated stents containing an antiproliferative
agent would be ideal to treat both the geometric remodeling [79] and neointimal hyperplasia components of restenosis. Indeed, clinical studies with rapamycin-coated stents [80] and paclitaxelcoated stents [81] have supported this approach with significant reduction in in-stent restenosis
compared with bare metal stents. However, late stage thrombosis has been surfaced as the major
complication from this generation of drug-eluting stents.
One requirement for successful drug-coated stent development is biocompatible and biologically
inert polymers for drug impregnation to create a sustained drug release, as drugs can’t be easily
coated onto metallic stents by itself. The current commercial polymer coating materials used
for both rapamycin-coated and Paclitaxel-coated stents are the non-biodegradable poly-n-butyl
methacrylates (PBMA) of molecular weight 265,000 – 375,000.
Chu’s lab developed a promising alternative to the current commercial drug-eluting stent technology in terms of the type of polymer coating and the type of drug. Instead of off-the-shelf
non-biodegradable PBMA and poly(vinylidene fluoride)-Hexafluoropropylene copolymer coatings,
the biodegradable functional amino acid-based poly(ester amide)s AA-PEA copolymer with conjugated nitric oxide derivative, NOD (4-amino-2.2.6.6-tetramethylpiperidine-1-oxy) as the drug
based on the Chu’s patent technology [11, 25, 82, 83]. An example of this NOD-tagged AA-PEA
copolymer made of Leu and Lys amino acids is given below, where x and y are the number of
methylene groups in the diacids and diol building blocks (refer to Fig. 1 for x and y).
x-[Leu-y]m − [Lys-NOD]n
Depending on the m to n ratio, the amounts of NOD conjugated onto the functional AA-PEA
copolymers can be controlled. The m block is not limited to Leu, any other amino acid like Phe
could also be used.
To evaluate the biocompatibility of this functional AA-PEA copolymer coating, Genic stents
(316 stainless steel stent with expanded tubular slotted stents and 18% surface coverage) were
coated by a particular 8-[Lue-6]0.75 –[Lys]0.25 AA-PEA copolymer using a computer-controlled
robotic dip-coating technology (Zynergy Core Technology, Runcorn, UK) with 1% weight per
volume (w/v) AA-PEA solution in ethanol [57]. Fig. 19 shows such a AA-PEA coated Genic
stent. This AA-PEA coated stent along with a bare stent as the control were deployed in Yorkshire
swine (30–35 kg).
Both quantitative coronary angiography and histological data were obtained at the end of
4 weeks postimplantation and analyzed. This 4 week duration for in vivo biocompatibility is
sufficient to distinguish biocompatibility from severe inflammatory reaction to the polymer as the
majority of preclinical studies with polymer-coated stents [84-86] for evaluating the polymers had
used such 1 month duration.
Fig. 28 shows the images of the porcine coronary arteries 28 days postimplantation. Table
1 summarizes the angiographic and histologic findings of both the AA-PEA coated and bare
stents. The angiographic results indicated that all stents were widely patent at followup. There
was only one animal with 450% diameter stenosis, but both the control and the polymer-coated
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stents exhibited a similar stenosis (51.5% for both). The angiographic data were confirmed by the
histologic data which showed that there was normal appearance of media with mild compression at
the stent wire sites. The neointima was thin and consists of smooth muscle cells with extracellular
matrix. Only a few inflammatory cells were present adjacent to the stent strut. The neointimal
and inflammatory responses are between the polymer-coated and the bare stents were comparable.

(A)

(B)

Fig. 28: Representative photomicrographs of porcine coronary arteries 28 days after AA-PEA polymercoated stent (A) and bare stent (B). There is normal appearance of media with mild compression at the
stent wire sites [57].

Table 1: Summary of the angiographic and histologic data [57]
Type

AA-PEA coated stents

Bare stents

Reference vessel (mm)

2.74 ± 0.4

2.74 ± 0.4

Stent/artery

1.18 ±0.15

1.18±0.15

Inflammatory score

1.18±0.38

1.11±0.32

Area stenosis (%)

26±17

28±22

1.21±0.37

1.13±0.28

1.46±0.71

1.69±1.16

Pervasculitis
2

Neointimal hyperplasia (mm )

A two years international multicenter human trial (45 patients) for assessing AA-PEA-NOD
coated Genic coronary stents was reported by Costantini et al. [87]. No Major Adverse Cardiac
Effect (MACE) was observed at 30 days, 12 and 24 months postimplantation, and no significant
angiographic differences between 4 and 12 months based on quantitative coronary analysis. There
was statistically significant lower (p<0.01) thickness of the neointimal hyperplasia in the 50% AAPEA-NOD-coated stent vs. the bare stent. Based on the late loss and binary restenosis rate data
as well as intravascular ultrasound volumetric analysis, no detrimental interaction between the
AA-PEA-NOD and neointimal hyperplasia at a long-term follow up could be concluded.
In conclusion, both angiographic and histological findings showed similar inflammation and
neointimal hyperplasia between the two groups. The results of this study suggest that the AAPEA polymer is biocompatible and may be a suitable candidate as a stent coating. A human
trial of these AA-PEA coated drug-eluting stent is currently in progress by a third party.

6.4

As Coating for Wound Closure Biomaterials - an in vivo Study

In addition as the coating for metallic drug-eluting stents described in 6.3 section above, AAPEAs have also been studied as the coating materials for other medical devices like wound closure
biomaterials and devices for the purpose of reducing inflammatory response of the coated devices.
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Wound closure biomaterials and devices are required for every surgery and wound closure and
they are made of both natural and synthetic, and absorbable and non-absorbable polymers and
metals, [1, 2]. Among the nature-based wound closure biomaterials, catgut (reconstituted collagen) and silk are the most frequently used. Although these nature-based wound closure biomaterials have some good mechanical property like knot security and handling characteristics, they
are foreign proteins to the human body, and hence are well-known for inducing far more intense
tissue reaction than synthetic absorbable and most nonabsorbable wound closure biomaterials [1,
2].
Wound closure biomaterials and devices are frequently coated for improving their handling
property like reducing tissue drags. The trend in using coating materials for wound closure biomaterials purpose is to develop coating materials that have a chemical property similar to the
suture to be coated, and most of these coating materials are tailored toward synthetic absorbable
and non-absorbable wound closure biomaterials. There is relatively little research and development of new coating materials for natural absorbable sutures like catgut and reconstituted
collagen sutures.
Gaillard recently reported that the widely reported relatively poor in vivo biocompatibility
and performance of collagen-based sutures could be improved by using biodegradable polymeric
coating materials instead of the conventional chromium salts [88]. The rationale behind his
approach is that a biodegradable protective coating could temporarily shield the substrate catgut
sutures from enzymatic biodegradation during the early stage of wound healing so that the coated
catgut sutures should be able to not only retain better strength in this critical period of wound
healing but also delay and reduce the well-known adverse tissue reactions by delaying the onset
of enzymatic biodegradation beyond the initial stage of wound healing. It is well-known that
the rapid loss of tensile strength during the early stage of wound healing is one of the most
important concerns for catgut sutures. By varying the composition and thickness of coating
materials, Gaillard believed that a range of biodegradation properties of coated catguts could be
achieved for a variety of clinical purposes. The use of synthetic biodegradable polymers as the
coating for catgut sutures would also eliminate the known toxicity of chromium salts and improve
knot tie-down and security. Gaillard’s recipe for the biodegradable protective coating consists of
biodegradable linear polyesters like glycolide or lactide reinforced with urea and urethane linkages.
In a preliminary trial, a simple Phe-based-PEA (8-Phe-4) was used to coat both 2/0 size plain
catgut and silk sutures and implanted in the mouse gluteal muscles. The inflammatory zone
surrounding the implanted sutures at the end of the 7 days postimplantation was measured as an
indication of local tissue reaction. The corresponding uncoated sutures served as the control to
assess the merit of the AA-PEA coating biomaterials.
Fig. 29 shows the measured inflammatory zone of both 8-Phe-4 coated and uncoated plain
catgut sutures. The 8-Phe-4 coated plain catgut sutures had an inflammatory zone of only 33%
of the uncoated plain catgut control at 7 days postimplantation. Similar significant reduction
in the inflammatory zone was also found in the 8-Phe-4 coated silk suture. Therefore, this 7
days inflammatory zone data of the AA-PEA coated plain catgut and silk sutures clearly confirm
all other in vivo and in vitro data that AA-PEA biomaterials indeed have muted inflammatory
response, and would have a great potential as a coating material to reduce tissue inflammatory
response of all existing medical devices of metallic or polymer nature.
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Fig. 29: Calculated inflammatory zone surrounding both the 8-Phe-4 coated and uncoated 2/0 size plain
catgut sutures after 7 days in mouse gluteal muscle.

6.5

In vitro Gene Delivery Vehicle for Transfection Purpose

During the past several decades, with the fast growing molecular biology techniques, gene therapy
technology has been developed rapidly. Since the first treatment of patients with gene transfer
techniques under the approved FDA protocols in 1990, more than 1000 gene therapy clinical
trials have been approved worldwide. However, the successful rate of gene therapy is not very
encouraging. Based on the reported gene trial results, one of the key limitations is that there
have not been safe, efficient and controllable methods for gene delivery [47, 89-96].
Gene delivery can be mainly accomplished by either virus or non-viral transfer methods. The
advantages and disadvantages of viral delivery have been well documented [97]. Based on the
aspect of the clinical safety, the non-viral gene delivery method appears to be the most promising
approach.
For the reported non-viral gene delivery vectors, most of them can be divided into the following 4 broad categories: water soluble cationic polymers, lipids, dendrimers and nanoparticles.
Among them, the water soluble synthetic and natural polycations have attracted the most attentions [94, 98-100]. A large number of cationic polymers have been tested for gene delivery.
Among them, poly-L-lysine (PLL) [100-102] and polyethylenimine (PEI) [98, 103-105] have been
intensively studied because of their strong interaction with the plasmid DNA, resulting the formation of a compact polymer/DNA complex. Other synthetic and natural polycations developed as non-viral vectors includes polyamidoamine dendrimers [106, 107] and chitosan [108-110],
imidazole-containing polymers with proton-sponge effect [111-113], membrane-disruptive peptides
and polymers like polyethylacrylic acid (PEAA) [114, 115], poly[alpha-(4-aminobutyl)-L-glycolic
acid] (PAGA) [116], and poly(amino acid) based materials [117]. However, most of them could
not achieve both high transfection efficiency and low toxicity simultaneously.
One of the new generations in the AA-PEA family developed very recently is the cationic Argbased PEAs shown in Fig. 30 [24, 36, 39, 44, 48]. Most of these Arg-PEAs are water soluble, and
due to the presence of the guanidino group which has an isoelectric point 10.96 and pKa 12.5,
Arg-PEAs exhibit cationic charge over a wide range of pH including physiological pH 7.4. Hence,
Arg-PEAs could be very good DNA condensation agents. In addition, Arg-based polymers have
been shown to enter cells efficiently, suggesting that Arg-PEA/DNA complex could enter cells
easily for transfection purpose.
The use of Arg-based PEAs for gene transfection purpose has been extensively studied in the
Chu’s lab [39, 48]. A wide range of cell lines, primary cells and stem cells like rat A10 vascular
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smooth muscle cells, human umbilical vein endothelial cells, macrophages, rat aortic fibroblasts,
and mesenchymal stem cells, lymphoma cells, was investigated for the transfection capability as
well cytotoxicity of these new generations of water soluble cationic Arg-based PEAs. Fig. 31
shows some representative transfection data of rat A10 smooth muscle cell line based on fire fly
luciferase assay [39].

Fig. 31: In vitro transfection data (based on firefly luciferase) of 2 different generations of the Arg-based
PEAs at different weight ratio of the polymer to DNA. The transfection time was 4 hrs. Both commercial
Lipofectamine 2000r and Superfectr transfection agents were used as the control (the 2 on the far left).

The transfection data in Fig. 31 clearly demonstrate that some of these Arg-PEAs (e.g., 2-ArgPEG300-Cl-500, and 8-Arg-3-S-200 exhibit far better transfection efficiency than both commercial
controls. The most unique property of these Arg-based PEAs as gene transfection agents is that
they can achieved better transfection than commercial transfection agents (Lipofectaine2000r
and Superfectr ) and the most popular experimental transfection agent (PEI) at a far lower
cytotoxicity as shown in Fig. 32.
The quantitative MTT data illustrate the outstanding cell biocompatibility of these new ArgPEA transfection agents, and these quantitative MTTdata were further confirmed by the qualitative rat aortic smooth muscle cell A10 cell morphology data as shown in Fig. 16.
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Fig. 32: Cytotoxicity of a series of Arg-PEA/DNA complexes after 48 hrs incubation with rat aortic
smooth muscle cell A10 cell line (SMC A10) and primary cells (RSMC Primary). Blank and commercial
Superfectr (SF), experimental PEI and poly-L-lysine (PLL) were used as the controls. The numeric #
after each transfection agent label is the weight ratio of that agent to DNA.
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Conclusion

A new family of synthetic biodegradable amino acid-based poly(ester amide)s (AA-PEAs) has
very recently been designed and developed for the purpose of providing a new class of biomaterials
for significantly improved performance of medical devices. These AA-PEAs are designed from
3 building blocks: amino acids, fatty diols and fatty diacids. Due to the enormous variety of
these 3 building blocks, a wide range of AA-PEAs could be tailor-designed for meeting specific
clinical needs. Many generations of AA-PEAs have been developed, depending on the type of the
3 building blocks. For example, the use of ionic/polar amino acids like Arg or Lys, cationic and
anionic AA-PEAs have been designed, while the use of non-polar amino acids like Phe or Leu,
hydrophobic and neutral charged AA-PEAs have been designed. These AA-PEAs have been engineered into a variety of physical forms ranging from 3D microporous hydrogels, melt-spun fibers,
electrospun fibrous membranes, films and microspheres. All these AA-PEAs have shown 2 unique
biological properties: support natural wound healing, and muted inflammatory response. When
AA-PEAs are chemically coupled with other biomaterials, the muted inflammatory response characteristics of AA-PEAs can also be extended to the coupled biomaterials. Many animal and few
human trials have established the safety aspect of this new family of synthetic biodegradable
biomaterials. AA-PEAs have been explored for a variety of biomedical applications ranging from
treating burns, as coating for drug-eluting stents, drug delivery vehicles, gene transfection agents,
scaffolds for tissue engineering and synthetic vaccines.
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