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Collagen-targeting strategies have proven to be an effective method for targeting drugs to
pathological tissues for treatment of disease. The use of collagen-like peptides for controlling
the assembly of drug delivery vehicles, as well as their integration into collagen-containing
matrices, offers significant advantages for tuning the morphologies of assembled structures,
their thermoresponsiveness, and the loading and release of both small-molecule and macromo-
lecular cargo. In this contribution, we summarize the design and development of collagen-pep-
tide-based drug delivery systems introduced by the Kiick group and detail the expansion of
our understanding and the application of these unique molecules through collaborations with
experts in computational simulations (Jayaraman), osteoarthritis (Price), and gene delivery
(Sullivan). Kiick was inducted as a Fellow of the National Academy of Inventors in 2019 and
was to deliver an address describing the innovations of her research. Given the cancellation
of the NAT Annual Meeting as a result of coronavirus travel restrictions, her work based on
collagen-peptide-mediated assembly is instead summarized in this contribution.
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INTRODUCTION
The Extracellular Matrix and Collagen

An expanded understanding of the interactions
between cells and the extracellular matrix (ECM), as
well as increased knowledge about signaling path-
ways and molecules relevant to the treatment of
disease, has been applied over the past decade in
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designing cell-specific therapeutics and drug deliv-
ery systems (1-5). Given collagen’s role as the major
ECM component—providing mechanical support,
regulating cellular behaviour, and directing tissue
development—many of these studies have explored
means to capture the physical properties and/or the
biological signalling properties of the matrix via the

Address correspondence to Kristi L. Kiick, FNAI, University of Delaware, 201 DuPont Hall, Newark, DE 19716, USA. Tel: +1-302-831-0201. Email:

kiick@udel.edu



2 JAYARAMAN ET AL.

use of polymers, biopolymers, and peptides. One
key structural feature of collagen—its formation of
triple-helical fibrils—has offered many strategies in
the design of therapeutics. In addition, collagen’s
integrin-mediated interactions with cells to regu-
late adhesion, proliferation, and migration provide
additional handles for tuning bioactivity.

Collagen is widely used as a natural material for
biomedical application and as a matrix for drug deliv-
ery (6-9), controlling the delivery of drugs such as
small molecules, proteins, and genes via simple diffu-
sion and/or biodegradation. Collagen matrices have
been loaded with a variety of small molecules, such
as antibiotics for wound care, cisplatin for local can-
cer therapy, and anti-inflammatory reagents for tissue
regeneration in ophthalmology (10). Small mole-
cule gentamicin-eluting collagen matrix Collatamp®
(Schering-Plough, Stockholm, Sweden), Sulmycin®-
Implant (Schering-Plough, USA), and Septocoll®
(Biomet, Merck, Germany) have been used in the
clinic as wound care products to promote both gran-
ulation tissue formation and epithelialization as well
as to protect tissues from potential infection (11).

In addition to direct encapsulation of molecules
into collagen-based matrices, molecules modi-
fied with collagen-binding domains (CBDs) also
have been attached to drugs or polymeric carriers
to enable their immobilization in collagen-based
hydrogel matrices for sustained drug release. Studies
with CBDs derived from collagenase or fibronectin
have been employed to tether the synthetic human
antimicrobial peptide cathelicidin LL37 on colla-
gen scaffolds for treatment of wound infections (12).
Similar strategies using CBDs have been employed
for the targeting and release of both immune check-
point inhibitor antibodies («CTLA4 + aPD-L1) and
interleukin-2 (IL-2) using CBDs derived from von
Willebrand factor for cancer immunotherapy (13).
Overall, these examples demonstrate that the pep-
tide-based immobilization of therapeutic agents in
collagen-containing hydrogels can prolong their
effectiveness via controlled release from the scaffold
and suggests the utility and promise of the approach.

A wide variety of collagen-peptide-based materials
have therefore been developed, with aims of under-
standing the mechanisms by which collagen fibrils
form in vivo and for developing nanoscale fibrils,

nanostructures, and hydrogel materials. Many studies
have demonstrated that unfolded collagen-like pep-
tides (CLPs) can target native collagens or collagen
substrates via the formation of triple helix (14,15)
and that short CLPs can be used to form and modify
hydrogels, liposomes, and other structures (16-18).
Despite their prevalence in these types of investiga-
tions, however, they have not been used as a design
element to affect nanoparticle assembly via manipu-
lation of lower critical solution temperature (LCST)
transitions. Such application of CLPs, which is the
focus of our group’s work, should be very fruitful
given their hydrophilicity, rod-like triple-helical
structure, and ability to integrate in collagen-contain-
ing matrices. The approaches should also be valuable
for producing nanostructures that can target the col-
lagen in pathological connective tissue.

ECM-based Pathologies: Osteoarthritis

There are multiple pathological conditions char-
acterized by aberrant remodeling of the ECM (and
collagen), including cancers of organs and tissues, defi-
ciencies in development of skeletal tissue, arthroses,
and chronic wounds. We have been investigating the
opportunities for collagen-peptide-modified delivery
vehicles for the latter two of these applications, with
an aim toward developing collagen-targeting carriers
that can deliver small-molecule and macromolecular
cargo. Osteoarthritis (OA) is the most common form
of arthritis (19), affecting nearly 23 million people in
the United States (20) and 240 million people world-
wide (21), with these numbers expected to increase as
the population ages (22). The hallmark indicators of
OA are inflammation, remodeling, and degradation
of the cartilage ECM, leading to the loss of proteogly-
cans and collagen IT (23-29). Intra-articular injection
of therapeutics to the affected joint has remained a
primary treatment of OA (30), allowing for the deliv-
ery of small-molecule and macromolecular drugs to
address local inflammation and pain; for example, the
IA injection of the corticosteroid dexamethasone is
used to periodically alleviate inflammation and pain
and provide some disease-modifying activity (31).

However, the extremely rapid clearance of mol-
ecules, both small and large, from the joint space
significantly limits their residence times and efficacy,
and thus typically necessitates injections of very high
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doses. Indeed, the half-lives of drugs administered to
the synovium have been reported to be on the order
of tens of minutes to a few hours (32-34), and their
efficacy remains equivocal (32,35-40). Furthermore,
there is reluctance to perform more than two to four
intra-articular (IA) injections to the joint per year
owing to the risk of infection accompanying each
injection and counterindications of potential chon-
drotoxicity due to very high local drug concentrations
(32,41,42). Methods to retain drugs at the joint after
IA injection would enable significantly lower doses to
be administered, thus avoiding these complications.

A variety of hydrogel and nano-/micro-particulate
vehicles based on polymeric materials and self-as-
sembled small molecules have thus been explored
for IA delivery of therapeutics. Several studies uti-
lizing biodegradable polymeric microparticles have
demonstrated increased physical retention in the
joint (from hours to weeks) owing to limitation in
diffusion and phagocytosis because of the relatively
large size of the particles (> 5um). The use of cationic
nanocarriers instead allows for electrostatic retention
within the anionic proteoglycan-rich cartilage, thus
allowing not only retention but also penetration of
the carriers into the dense ECM (43,44). Although the
delivery of small molecules has been aimed largely at
the alleviation of inflammation, longer-term seques-
tration and tissue penetration, especially of drugs
such as glucocorticoids, should improve therapeu-
tic outcomes and promote disease-modifying effects
(45).

Collagen-targeting approaches have significant
potential advantages in IA administration and CLPs
have been widely demonstrated to hybridize/bind to
denatured and degraded collagen (46-50) through
triple-helical folding of a single monomeric strand
of CLP with denatured collagen protein chains (51).
CLPs and type-II collagen-binding peptides have
been demonstrated to target collagen in healthy car-
tilage (52), an effect which should be enhanced by
the binding to the denatured and degraded collagen
IT characteristic of OA cartilage. Opportunities are
promising for nanocarriers that not only can bind to
collagen and sequester drugs but that also can modify
release profiles with external stimuli, such as mod-
est changes in temperature.

ECM-based Pathologies: Chronic Wounds

Like the large impact of arthroses, chronic
non-healing wounds have enormous health and eco-
nomic impacts, occurring at a prevalence of 1% to
2% within the general population of developed coun-
tries and with total estimated costs in excess of $20
billion annually (53). Chronic wounds result from
irregularities in the cellular processes that are nor-
mally coordinated in the healing of wounds, which
involve a synchronized suite of activities by macro-
phages, fibroblasts, keratinocytes, and endothelial
cells, among other cell types (54,55).

The orchestration of these cellular activities is gov-
erned by a number of growth factors (GF), and many
studies and clinical trials have examined the efficacy
of topical and sustained release of GF formulations
in chronic wounds. Indeed, a topical platelet-derived
growth factor-BB (PDBF-BB) gel was, over 20 years
ago, the first successful GF treatment approved by
the U.S. Food and Drug Administration (FDA) for
the treatment of diabetic foot ulcers (DFUs) (56).
Although these therapies provide benefit, the FDA
concluded, based on clinical trial data, that topical-
ly-applied PDGEF-BB increased the number of healed
DFU patients by less than 10% (57). Clinical failure
has been attributed to incompatibilities of traditional
GF therapies with the inflammatory environment of
the chronic wound, which causes significant degra-
dation of GF. High dosing is thus required, which
can lead to undesirable side effects stemming from
high local and/or systemic levels following topical
administration (58). In addition, the complexity of
the wound healing process requires the cell-coordi-
nated activity of specific GFs (59), suggesting that
cell-mediated strategies to enhance delivery would
be of significant value.

The delivery of genes that encode transient
expression of desired GFs by endogenous cells has
thus remained of interest for these localized appli-
cations. GF gene therapies offer exciting potential
for improved GF delivery due to their ability to fos-
ter localized, cell-mediated GF production within
the wound bed. GF gene delivery also offers practi-
cal advantages, including minimization of adverse
effects (which include increased cancer risk or ecto-
pic tissue formation from systemic exposure) (60)
and reduction of cost as compared to topical delivery



of recombinant GF (50). Moreover, GF gene deliv-
ery has shown improved therapeutic effects with
orders-of-magnitude (= 2000-fold) dose reduc-
tions compared to topically administered GFs (49).
While clinical data on GF gene therapies are limited,
localized gene therapy approaches show promise for
improved safety and efficacy and are amongst the
most rapidly advancing gene therapies in clinical
trials for diseases such as ocular disorders and isch-
emic diseases (61).

Scaffold-mediated gene transfer is a particularly
appealing topical treatment option due to its capacity
to increase the stability of gene cargoes and provide
cell-mediated control over gene production in situ
within the healing site (62,63). Collagen scaffolds rep-
resent an especially interesting option because of the
wide usage of collagen in the treatment of chronic
wounds (64). Artificial skins, such as Regranex®
(Smith & Nephew), Apligraf® (Organogenesis), and
Dermagraft® (Advanced Biohealing), have been
shown to enhance chronic wound repair even in
the absence of incorporated GFs; however, the inci-
dence of complete closure after a therapeutic trial
with engineered skin remained only ~50%, high-
lighting the need for improved bioactivity (65). The
immobilization of DNA onto collagen-based scaf-
folds can improve retention (by ca. 30%) and increase
gene transfection (by ca. 2-fold) (66-71), which could
augment the therapeutic potential of collagen-com-
prising matrices.

Our research efforts with collagen-peptide-mod-
ified drug carriers have thus been broadly aimed at
designing carriers that can carry small-molecule (for
OA) or macromolecular cargo (for wound healing)
to affected tissues. We have exploited features of two
of the key structural proteins in mammals—colla-
gen and elastin—and developed interdisciplinary
teams to understand peptide assembly, formation
of select nanostructures, and effectiveness at loading
drugs and targeting delivery from collagen-contain-
ing matrices.

DEVELOPMENT OF CLP-BASED THERAPEUTIC
NANOSTRUCTURES
CLP-modified Self-assembling Conjugates

The self-assembly of peptides has remained an
active area of research for decades given the benefits
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Figure 1. ELP-CLP vesicles assembly/disassembly (139). (A)
TEM images of nanoparticles of the ELP-CLP conjugates. (B)
Proposed scheme for ELP-CLP nanovesicles and its bilayer
structure. Reprinted with permission from the American
Chemical Society, copyright 2015.

of converging concepts in biology and materials sci-
ence to develop functional materials (72,73). The
information encoded in amino acid sequences con-
trols chain conformations, local interactions, and
hierarchical assembly with great fidelity. The signifi-
cantly expanded chemical functionality of peptides
offers new materials that can act not only as sensors,
delivery vehicles, catalysts, and energy-harness-
ing structures but also as mediators and models of
cell behavior (74-79). While peptides lack the ter-
nary structures of longer proteins, the utilization of
well-defined a-helical, triple-helical, f-sheet, and
coiled-coil peptides has resulted in an enormous
number of assembled structures (80-84). Essentially
all studies have relied on peptides that adopt defined
secondary structures in order to trigger assem-
bly (e.g., with pH, ionic strength, ligand binding),
largely into micellar, fibrillar/tubular, and sheet-like
structures.

Because of the practical advantages for develop-
ing collagen-containing matrices, there has been
an enormous body of work on developing colla-
gen-based peptides to understand the assembly of
natural collagen and to generate synthetic matri-
ces that retain some of the assembly and biological
activities of collagen, while adding chemical and syn-
thetic versatility to their design (85). A typical CLP
possesses a (Glycine-X-Y)  repeat sequence where
n is between 6 and 10 repeats and the X and Y resi-
dues are usually proline (P) and hydroxyproline (O),
respectively (86,87). CLPs can fold reversibly into
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triple-helical secondary structures, and the midpoint
of this transition is known as the melting temperature
(T,) (86,87). Short synthetic CLPs have been widely
studied to understand the stabilization of specific
peptide sequences in collagen triple helices (88-93),
to understand the thermoresponsiveness of the col-
lagen conformational transitions (89,94-97), and to
mimic collagen fibril formation (96,98-100). Many
studies have demonstrated that unfolded CLPs can
target native collagens or collagen substrates via triple
helix formation/invasion (15,46,101) and that short
CLPs can be used to form and modify hydrogels,
make nanoparticles, and generate other assemblies
(16,18,102-104). In spite of such applications, the
use of CLPs as building blocks in assembled nano-
structures for drug delivery has been less frequently

Table 1. Identity and Properties of Select ELP-CLP Conjugates

ELP" CLP T¢ < vesicles < Tm ™ Diameter ***

F6 (GPO);GFOGER(GPO); 20°C 35°C 50 nm
(at 25°C)

Fé6 (GPO), 15°C 50°C 95 nm
Fé6 (GPO)s 20°C 58°C 100 nm
F6 (GPP)1o TBD 60°C 60 nm
F5Y (GPO)s 20°C 58°C 140 nm
F4Y2 (GPO)s 17°C 57°C 250 nm
F5 (GPO)s 33°C 56°C 200 nm
W2F2 (GPO)s 15°C 40°C 250 nm

* ELP sequences denoted by the identity of the X residue in a (VPGXG)s peptide; e.g., F4Y2 denotes a
sequence with the four N-terminal VPGFG and two C-terminal VPGYG repeats.

** T.and Tm values determined by, respectively, first derivative fits of turbidity vs. temperature in DLS
and of mean residue ellipticity at 225 nm vs. in CD either in water (or
PBS for F6-GFOGER). Repeated yield within 1-
2°C of the reported values.

d transition

*** Hydrodynamic diameters based upon number-averaged intensity measurements via DLS at 37°C
and are in agreement with measured diameters from TEM images; average standard deviations of
the measurement of multiple particles in TEM are + 10-15nm.

reported (16,104-106).

Although there are a large number of studies on
the well-defined assembly of peptides, there have
been far fewer studies that exploit intrinsically dis-
ordered peptides as a means to generate ordered
peptide-based materials; most of the work in related
areas has focused on studies of the thermorespon-
sive elastin-like polypeptides (107-126). Elastin-like
(poly)peptides (ELPs), which mimic features of the
mammalian protein elastin, are composed largely of
Val-Pro-Gly-Xaa-Gly (VPGXG) amino acid repeat
units (in which X is any residue except proline). This
sequence exhibits the widely exploited lower-critical
solution temperature (127-131), in which the ELPs are
soluble in water below their transition temperature

but will collapse into a coacervate phase above that
temperature (132,133). High molecular-weight ELPs
have been enormously versatile as smart domains

0 s 10 15 20

- - L
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Figure 2. The reversibility of the assembly of dual-thermore-
sponsive (VPGFG)s-(GPO)y vesicles (141). (A) Normalized
turbidity of (VPGFG)s-(GPO)vesicles as function of cooling
rate as 1 °C/min to define Tt as the temperature at the 50% of
maximal turbidity, marked as dashed lines. (B) Normalized
turbidity cycling profiles of F6-GPO7 to demonstrate the
reversibility of F6-GPO7. Adapted with permission from John
Wiley & Sons, Inc., copyright 2020.

in thermally-responsive peptide amphiphilic copo-
lymers and peptide conjugates (134) and have been
investigated for manipulating transition tempera-
tures in drug delivery systems and also for targeting
cells via thermally-responsive mechanisms (135,136).
While these studies illustrate the versatility of the
ELDPs as self-assembling building blocks, essentially all
of the ELPs employed contain tens or even hundreds
of pentapeptide repeats. However, short synthetic
ELPs, which have high inverse transition tempera-
tures and are thus largely soluble in aqueous solution,
have been far more rarely studied (137).

We postulated that the conjugation of CLPs
to short ELPs of the general sequence (VPGXG) -
(GPO)_ might offer significant opportunities in
the design and assembly of new thermoresponsive
nanoparticles, and accordingly, we have synthesized
a wide variety of ELP-CLP conjugates in which select
ELP and CLP sequences are produced via solid-phase
peptide synthesis methods and then conjugated via
copper(I)-mediated azide-alkyne cycloaddition
(138). The formation of CLP triple helices by the
resulting ELP-CLP localizes three short ELP chains
at the N-terminal end of the CLP triple helix (Figure
1). The localization of the three ELP chains in this
manner enables an LCST-like transition of the ELP
domains that is not observed for the corresponding
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Figure 3. Representative computational results for ELP-

CLP conjugates (146). Number of hydrogen bonds between
(A) peptide and water and (C) intrapeptide as a function of
temperature. (E) -, a-, and nt-turns in peptide as a function
of temperature from one free ELP chain atomistic simula-
tions. (B), (D), and (F) are simulation snapshots from one free
WWWW system at 318 K representing the parameters plotted
in the curves adjacent to the images. For clarity, the hydrogen
atoms not contributing to H-bonds with water are not shown
in part B; in parts D and F, the side chains are not shown and
only hydrogen atoms attached to backbone nitrogen atoms are
shown. Adapted with permission from the American Chemical
Society, copyright 2019.

ELP peptides alone in solution. Indeed, the result-
ing ELP-CLP bioconjugates exhibit a remarkably
low inverse transition temperature (T) after forma-
tion of the CLP triple helix (in some cases ca. 80
°C lower than that of the ELP domain alone). This
arises from the anchoring and crowding of the ELPs,
which reduces the entropic penalty experienced by
the ELPs during coacervation at the T, (139). Well-
defined nanostructures can thus be formed under
aqueous conditions at temperatures above the T, of
ELP-CLP but only below the melting temperature of
the CLP triple helix (T ); once the CLP triple helix
unfolds, the monomeric ELP-CLP conjugate is fully
water-soluble (138).

We expected that the dual-phase transitions of the
ELP-CLP conjugates could be controlled by details of
the amino acid sequences and relative lengths of ELP
and CLP blocks that tailor the T, and T , thus stabi-
lizing self-assembled nanostructures at temperatures

in between T,and T, (85,140-142). The formation
of nanostructures that are stable in a narrow range
of temperatures between T, and T creates opportu-
nities for designing biocompatible ELP-CLP-based

Table 2. Transition Temperatures for Select Tyrosine-contain-
ing ELP-CLPs

ELP-CLP sequences T

Fs-(GPO)sGG 21.2+2.0°C
FsY-(GPO)sGG 20.2 +0.9°C
F4Y2-(GPO)sGG 16.4 = 0.4°C
F3Y3-(GPO)sGG 12.9 £ 0.2°C

Fs-(GPO)sGG 33.2+0.5°C
F4Y-(GPO)sGG 34.0 + 0.4°C
F3Y2-(GPO)sGG 31.3 +£0.3°C
F,Y3-(GPO)sGG 28.0 £ 0.5°C

nanomaterials for utilization under biologically rele-
vant conditions. This not only exploits the reversibility
of triple helix formation to modulate the transition
temperature of the molecules over a wide range but
should also permit manipulation of the size and mor-
phologies of the resulting assembled nanostructures.
The localization of the collagen domain at the exte-
rior surface of the vesicles also serves as a means to
localize nanoparticles in collagen-containing tissues,
hydrogels, and films (50,143,144).

Our studies have indeed shown that the T, and
T, values of these sequences are easily modulated
(Table 1) by varying the composition and length of
the (VPGXG), ELP domain (both of which serve to
modulate the hydrophobicity of the ELP) and per-
haps less intuitively also by varying the length and
stability of the CLP triple helix (85,140). The use of
phenylalanine (F), tyrosine (Y), and tryptophan (W)
in the ELP sequences of various lengths, coupled to
(GPO)_-based CLP sequences with generally between
six and ten repeat units, yield nanostructures with
morphologies and dimensions that can be manipu-
lated and thermoresponsiveness that is relevant for
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Figure 4. Assembly of ELP-CLP nanoplatelets. (A) TEM and
AFM measurements of the FWWEF-(GPO)sGG assembly

(85). Scale bars = 500 nm. Adapted with permission from the
American Chemical Society, copyright 2019. (B) Phase diagram
showing morphological transitions possible with appropriate
design of ELP-CLP conjugates (142). Adapted with permis-
sion from the American Association for the Advancement of
Science, copyright 2020.

physiological application and delivery of drugs. Our
studies further highlighted the critical influence that
the CLP domain also exerts on the ELP-CLP T, and
morphologies of assembled ELP-CLP conjugates,
indicating a nuanced relationship between the sta-
bility of the CLP and the LCST-like coacervation of
the ELP domain (140).

Indeed, a conjugate with the sequence (VPGFG), -
(GPO), exhibits highly reversible assembly of
well-defined vesicles at a T, value of ca. 15°C, with a
T value of ca. 50°C (Figure 2). The dual-temperature
responsiveness of the (VPGFG) -(GPO), conjugate
further illustrates the feasibility of designing ELP-
CLP vesicles that possess both hyperthermic and
hypothermic responsiveness, with potential future
applications in targeted drug release in the treatment
of ECM-related diseases.

A significant advantage of employing peptides in
these studies has been the ability to understand molec-
ular-level details that affect the thermal transitions
and assembly of the ELP-CLPs via the use of atom-
istic and coarse-grained (CG) simulations (139,145).
Information about chain conformations and struc-
tural transitions (e.g., formation of B-turns) as well
as hydration (e.g., average number of peptide-water
versus peptide-peptide hydrogen bonds) as a func-
tion of temperature (Figure 3) has been garnered via
an atomistically detailed analysis of ELP and sur-
rounding water molecules. Atomistically-informed

CG molecular dynamics simulations have then been
applied to evaluate the effect of guest residues on the
LCST-like transitions of free ELPs and ELP-CLP con-

jugates at experimentally relevant concentrations.

Even though the net hydrophobicity of an ELP pen-

tad is a key factor that influences the T, of a given ELP,
- the molecular origins of the T, for ELPs containing

E Y, or W are not completely clear, as there are dis-
crepancies in hydrophobicity scales for these amino
acid residues (146-150). Computational investiga-
tions have thus offered fundamental understanding
of the chain-level origins of the ELP phase behavior
as well as guidance for the design of thermorespon-
sive ELP-CLP nanostructures.

For short F-containing ELPs, in their free state and
upon conjugation to CLPs, we have observed that
the incorporation of the bulkier aromatic residues
Y and W induces greater chain stiffness, increased
hydrophobic interactions, more facile formation of
B-turn structure, and improved ni—m overlap, all of
which contribute to a lowering in the T, of an ELP
domain with increasing W/Y content (145). These
results illustrate reductions in T, that are completely
consistent with the empirical hydrophobicity scales
determined for high molecular-weight ELPs and
highlight the key design parameters, in addition to
hydrophobicity, that can be exploited to tune the
LCST-like behavior of these short molecules.

We have demonstrated that Y-containing ELP-
CLP conjugates exhibit T,and T transitions that are
within physiologically and clinically relevant tem-
peratures for hypo- and hyper-thermic therapies
(T,values shown in Table 2). In addition, the impact
of short-range n—m interactions between Y residues
enabled finely tuned and reliable manipulation of T,
with the addition of each Y residue, with the posi-
tion of the Y residues in the ELP-CLP conjugates
altering the thermal responsiveness of these conju-
gates. Observed reductions in T, were greater with the
inclusion of the Y residues at the N-terminal end of
the ELP domain; computational results confirm this
observation and suggest that locating the Y residues
at the N-terminal end permits close enough approach
of the Y residues that they can engage in -7 inter-
actions, a possibility that is eliminated when the Y
residues are anchored near the CLP and are thus con-
formationally restricted at distances exceeding that
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Figure 5. Cytocompatibility and collagen targeting of ELP-CLP
vesicles (152). (A) Viability of NTH-3T3 fibroblasts after 24

h incubation with/without ELP-CLP vesicles (100 pg/mL) in
serum. Scale bars = 100 um. (B) Viability of ATDC5 chondro-
cytes after incubation with ELP-CLP vesicles (0, 50, 100, 500,
1000 pug/mL). (C) Activation of murine-derived RAW264.7
macrophage after 8 h incubation with ELP-CLP vesicles (0, 50,
150, 500, 1000 pug/mL). N = 3; *represents significance from
control cultures and cultures treated with vesicles at any con-
centration (p < 0.0001, as determined via ANOVA with Tukey
HSD posthoc). (D) Cumulative release of fluorescently labeled
ELP-CLP vesicles from type II collagen films as a function of
time at room temperature. (N = 4 for a sample preincubated
above Tm and N = 3 for the control). Adapted with permission
from the American Chemical Society, copyright 2017.

necessary for - interactions (Figure 3).

The increase in chain stiffness observed for the
more hydrophobic W-containing ELPs suggested
that our methods might also be useful for tuning the
morphological features of ELP-CLP-based nanostruc-
tures. Because of the significant hydrophobicity of W,
our original sequences were based on the (VPGXG),
motif. For sequences with zero or one (VPGWG)
pentad, the ELP-CLP conjugates failed to assemble
at any temperature, indicating the water solubility of
the short ELPs—even those containing W residues.
For ELP domains containing two or more (VPGWG)
pentads, however, assembly was observed at tempera-
tures greater than 4 °C with an unexpected platelet
morphology (Figure 4), which presumably forms
because of the relatively rigid nature of the hydro-
phobic and B-turn forming ELP domains. Tuning
the relative lengths of ELP and CLP domains has

A s,
T D 0% GPP-PEI
45 4
%42 | @10% GPP-PEI
w B 20% GPP-PEI
2 35 | msow Gep-pel
8 1
c
g 4
“
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£ {
E
3
-
0 3 -] 7 0 3 5 7
No Treatment MMP Stimulated

Pre-incubation Time (Days)
20% GPP-PEI

B 0% GPP-PEI

7

Figure 6. CLP-modified polyplexes in collagen matrix. (A)
pGluc expression of sequestered GPP-PEI in the collagen
hydrogel and free GPP polyplex in hydrogel with a week pre-in-
cubation in the media with and without metalloproteinase (50).
Reproduced with permission from The Royal Society of Chem-
istry, copyright 2014. (B) Colocalization study of FITC labeled
collagen (Green) with Alexa Fluor 350 labeled GPP-PEI (Blue)
in fibroblastic cells with five days pre-incubation in the media
(49). The scale bar is 25 pm. Reproduced with permission from
Elsevier Inc., copyright 2017.

also proven to be a sensitive parameter for tuning the
morphology of these nanostructures, with a threshold
ratio of ELP and CLP domain lengths that delineates
a transition between spherical vesicles and bilayer
platelets (141). The platelets appear to exhibit greater
thermo-stability, suggesting mechanisms to tune both
stability and morphology of these materials.

These ELP-CLP nanostructures should offer sig-
nificant opportunities in cargo delivery, and future
studies will assess (experimentally and computation-
ally) the impact of cargo encapsulation on assembly.
The incorporation of aromatic guest residues in the
ELP domain allows adjustment of the T, and tuning
of morphological properties for specific applications
and should also facilitate the loading of hydrophobic
drugs. The capability of fine-tuning T, within clin-
ically relevant ranges, either through modification
of ELP or CLP domains, will enable designed cargo
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delivery profiles. The ability of the ELP-CLP nano-
structures to also target collagen-containing matrices
should permit their targeting to tissues with aberrant
ECM remodeling.

ELP-CLPs for Application in Osteoarthritis

The CLP sequence (GPO)s«GFOGER(GPO)+GG
was employed in the design of initial ELP-CLP
conjugates that might be useful for delivery of OA
therapeutics (151). CLPs with eight or more GPO
repeats exhibit melting temperatures (T ) above 37 °C

B Time Post Scaffold Application (Days)

11l | | Bl

n POGFB8  plux pPOGE  pPDGF
(10g/mi) Polyplex 20% GPP
Pelyplex

Wound Closure (% of Total)

) —‘I
o L1
Collage

Figure 7. In vitro wound healing assay using CLP-modified
polyplex encoding PDGF-BB in collagen matrix (160). (A)
Representative images for wound closure by Calcein-AM
stained NIH3T3 fibroblasts (Green). (B) The quantification

of wound closure using Image]. The data represent the mean
+/-SD of three separately prepared and analyzed samples. *
denotes a statistically-significant difference (p <.05) relative to
the luciferase-encoding control. Reproduced with permission
from John Wiley & Sons, Inc., copyright 2016.

Polyplex

and enable formation of stable triple helix at physio-
logical temperature. The peptide sequence GFOGER
is widely recognized by several kinds of integrins,
such as aif2, a2p1, and a1 (152-154), enabling
receptor-mediated endocytosis and enhanced gene
expression of type II collagen (155,156). An ELP
with the sequence (VPGFG)s would be expected
to have a T, below 37 °C, allowing the conjugate to
assemble via collapse of the ELP domain at physio-
logical temperature. Indeed, these conjugates show
strong affinity to native collagen through collagen
triple helix hybridization and are therefore able to
sequester, for at least 21 days, a hydrophobic model
compound (fluorescein) in collagen type II films, with
subsequent thermally triggered release demonstrat-
ing the proof of concept. The vesicles also show high
cytocompatibility with both fibroblasts and chondro-
cytes and essentially no activation of a macrophage
cell line (Figure 5). We have also sought to establish
that these ELP-CLP nanovesicles could be used to
effectively target type II collagen in the joints of mice
and have employed a fluorescently labeled ELP-CLP
sequence ((VPGFG)s-(GPO)7) that was previously
shown to have optimal thermal and colloidal stabil-
ity required for both application and ease of handling
(140). We demonstrate (in preparation) that not only
do the ELP-CLP vesicles bind to collagen II in films
but that they can be retained in the knee joints of
mice. These studies highlight the exciting possibility
of utilizing ELP-CLP nanovesicles for active target-
ing of drug therapeutics to the degraded cartilage
that is typically found in OA joints.

CLP-modified Polyplexes for Wound Healing
The tunable hybridization of CLPs to collagen can
also provide improved control of the delivery of other
types of nanostructures, such as DNA polyplexes.
Collagen-based matrices with encapsulated DNA
polyplexes have been utilized to promote improved
skin tissue repair or bone regeneration (157,158),
and matrices that sequester DNA polyplexes via
non-covalent binding demonstrate improvements in
transfection efficiencies to fibroblastic cells (71). We
have engineered matrices for improved gene transfer
by harnessing CLP binding to anchor DNA poly-
plexes in collagenous tissue, such that cell-mediated
collagen remodeling triggers the release and uptake
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of the polyplexes as fibroblasts are repairing the tis-
sue. Given that uncoordinated healing is a hallmark
in chronic wounds, tailoring of gene delivery profiles
via these methods may better match the sequential
upregulation of genes observed during normal wound
healing processes.

To this end, we have employed PEI-based
DNA polyplexes decorated with CLPs (e.g., GPP:
(GPP)sGPRGEKGERGPR(GPP):GPCCG) to enable
sequestration of polyplexes in collagen-containing
matrices via triple helix-based binding (49,50,159).
Employing cell-mediated collagen turnover as a
mechanism for increased gene uptake should have
multiple advantages, including improved cell traffick-
ing via engagement of the a2p1 integrin expressed
in a wide range of cells (160). In vitro, our CLP-
based methods show polyplex retention in collagen
I films for up to 35 days (50), with increased and
highly robust gene transfer in MMP-stimulated cells
(Figure 6A). A collagen-polyplex colocalization study
revealed that the CLP-polyplex, along with colla-
gen fragments, were internalized in cells largely via

CMP-polyplex loaded collagen scaff‘,% -
< &
<
g Al 5& N 1 Fibroblast:
%
; (‘5
Matrix

metalloproteinases
(MMPs)

— CMP - PEI
= Plasmid DNA === Collagen

- S, -

] . - )

Enhanced cell proliferation,
migration, collagen deposition,
ECM remodeling, and wound
healing effects

Polyplex transfection in wound fibroblasts

Collagen Spatio-temporally
degradation controlled polyplex

caveolar endocytosis, suggesting integrin interaction
with the integrin-binding sites of collagen fragments
are involved in cellular internalization (Figure 6B)
(49). The benefits of using collagen remodeling as a
driver for gene release and activity were confirmed
in a more complicated in vivo model, in which trans-
gene expression was localized and extended from
three to over 20 days (49).

PDGEF represents a particularly appealing tar-
get for gene delivery, as it plays a pivotal role in the
recruitment of inflammatory cells as well as multiple
important processes necessary for healing, including
fibroblast proliferation and migration, re-epitheli-
alization, collagen deposition, angiogenesis, and
granulation tissue formation within the wound bed
(161). Matrix-based strategies for the delivery of
PDGF genes exhibit superior healing in experimental
chronic wounds (162) although clinical translation
has been inhibited by construct escape and limited
gene transfer in protein/serum-rich environments
(162,163). Improved control over the level, dura-
tion, and localization of PDGF gene would greatly
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Figure 8. CLP (= CMP) modified PDGF encoding polyplex in co-gel scaffold for wound healing (167). (A) Schematic of the cel-
lular responsive PDGF gene delivery using CLP-modified polyplex loaded co-gel scaffold. (B) TNF-a stimulated In vitro NTH3T3
fibroblasts PDGF expression (or GLuc expression as controls) by CLP modified polyplex loaded co-gel scaffold. (*P < 0.05 as com-
pared to GLuc). (C) Images of skin wound closure in mice at Days 0, 9, and 14 after treating with CLP modified PDGF polyplex
loaded co-gel. Adapted with permission from the American Chemical Society, copyright 2020.
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Figure 9. In vivo CLP (= CMP) modified vancomycin liposomes in co-gel scaffold for treatment of MRSA wound infections (169).
(A) Schematic of the control of vancomycin release using CLP-modified, vancomycin-loaded liposomes in a co-gel scaffold for
anti-bacterial effect. (B) Bacterial counts on mouse punch biopsy wounds inoculated with Staphylococcus aureus after treatment
with different groups; G1: Punch biopsy wounds + no bacterial inoculation; G2: Punch biopsy wounds + bacterial inoculation; G3:
Punch biopsy wounds + bacterial inoculation + blank co-gel; G4: Punch biopsy wounds + bacterial inoculation + Van solution;
G5: Punch biopsy wounds + bacterial inoculation + Van loaded co-gel; G5R: Punch biopsy wounds + bacterial inoculation + Van
loaded co-gel + re-inoculation at day 1; G6: Punch biopsy wounds + bacterial inoculation + Van-Lipo loaded co-gel; G6R: Punch
biopsy wounds + bacterial inoculation + Van-Lipo loaded co-gel + re-inoculation at day 1; G7: Punch biopsy wounds + bacterial
inoculation + CMP-Van-Lipo loaded co-gel; G7R: Punch biopsy wounds + bacterial inoculation + CMP-Van-Lipo loaded co-gel +
re-inoculation at day 1. (* P < 0.05 as compared to G2; 1 P < 0.05 as compared to G3; # P < 0.05 as compared to G4; € P < 0.05 as
compared to G5R; £ P < 0.05 as compared to G6; ¢ P < 0.05 as compared to G6R). Yellow arrow indicates that the bacterial count
couldn’t be calculated below 10,000 cfu and hence are indicated as 10,000 cfu for the treatment groups. (n = 3, values represent
mean + standard deviation). H&E staining of G7 for wound healing evaluation and green arrows indicate epidermal thickness.
Scale bar is 100 um. Reproduced with permission from the Elsevier. Inc., copyright 2020.G5: Punch biopsy wounds + bacterial
inoculation + Van loaded co-gel; G5R: Punch biopsy wounds + bacterial inoculation + Van loaded co-gel + re-inoculation at day 1;
G6: Punch biopsy wounds + bacterial inoculation + Van-Lipo loaded co-gel; G6R: Punch biopsy wounds + bacterial inoculation +
Van-Lipo loaded co-gel + re-inoculation at day 1; G7: Punch biopsy wounds + bacterial inoculation + CMP-Van-Lipo loaded co-
gel; G7R: Punch biopsy wounds + bacterial inoculation + CMP-Van-Lipo loaded co-gel + re-inoculation at day 1.
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advance chronic wound therapies (164,165).
Initial in vitro studies demonstrated that CLP

scaffold applications was demonstrated by increased
cell densities and accelerated migration of fibroblasts

display, on PEI polyplexes encoding PDGE-B, sig-
nificantly enhanced polyplex activity and PDGF-BB
protein expression (ca. four-fold) even after expo-
sure to serum for seven days at 37 °C (49). Collagen
remodeling and cell migration were also enhanced
by CLPs, as highlighted through collagen contrac-
tion assays and cell migration studies. The promising
capacity for the CLP-polyplex/collagen gels in wound

(NIH 3T3) in collagen-based in vitro 3D wound mod-
els (Figure 7). Defects treated with CLP-modified
collagens reached approximately 90% wound closure
after 10 days of treatment, whereas wound closure
never exceeded 40% using scaffolds containing
unmodified polyplex. The use of gene transfer was
significantly more effective than protein-based deliv-
ery; in fact, rPDGF-BB levels had to be increased
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by an order of magnitude to achieve similar bioac-
tivity as that observed in CLP-modified scaffolds.
The increase in gene stability and improved expres-
sion associated with CLP-based gene delivery may
translate in vivo, aiding in multiple aspects of wound
repair.

To test this, we aimed to develop a biomaterial
scaffold able to recruit fibroblast cells in vivo and
harness cell-mediated collagen-turnover to trigger
PDGF gene delivery and thereby stimulate enhanced
skin wound healing (166). We prepared a robust col-
lagen-fibrin containing, provisional-like matrix with
CLPs (CLP/PDGF gene-modified ‘co-gels, Figure
8) to capture aspects of the natural healing environ-
ment (167) and to enable facile application within
the wound bed. CLP-polyplex-modified co-gel scaf-
folds permitted highly tunable, sustained release of
polyplexes for up to 24 days, with release and expres-
sion profiles that could be tailored depending upon
the amount of CLP incorporated in the polyplexes.
As we had observed for CLP-polyplex-modified col-
lagen-only scaffolds, release was dependent upon
matrix metalloproteinase (MMP)-mediated remod-
eling of the collagen scaffold, in this case with ~30%
higher PDGF expression by MMP-producing fibro-
blasts in vitro as compared with non-MMP producing
cells.

The integration of fibrin with the gene-modified
collagens resulted in co-gels that strongly sup-
ported both fibroblast cell recruitment/invasion as
well as multiple aspects of the longer-term healing
response. In vivo wound healing studies established
faster wound closure (~80% wound closure in nine
days) with minimal scar formation following the
application of CLP-modified PDGF gene-incorpo-
rating collagen scaffolds and with improved collagen
production, cell proliferation, cell migration, and
myofibroblast activity in vivo (Figure 8).

These strategies also enable delivery of therapeutics
that treat multiple aspects of the chronic wound envi-
ronment, including infection. CLPs were conjugated
to the surface of vancomycin-loaded liposomes via
maleimide-thiol click chemistry, and CLP-tethered
liposomal particles (CMP-Van-Lipo) were incorpo-
rated into the collagen-fibrin scaffolds for sustained
liposome retention and Van delivery (168). Tethering
CMP-Van-Lipo to co-gels sustained Van delivery in

vitro, as compared to Van-Lipo or Van-Lipo loaded
co-gels, for up to 48 hours. These antibacterial effects
of CMP-Van-Lipo loaded co-gels were successfully
translated in vivo in an MRSA-inoculated murine
excisional wound model (Figure 9) and were retained
even following a second fresh bacterial inoculation
on the wound. This study is a proof-of-concept for
the potential application of CMP-Van-Lipo loaded
co-gels for sustained antimicrobial release and poten-
tial infection control in wounds.

Taken together, our findings stress the advantages
of CLP-mediated GF gene therapies for enabling
effective wound healing in vivo and providing sub-
stantial reductions in GF exposure, which may reduce
concerns with both cost and safety. The methods are
also valuable, with appropriately modified carriers, for
extending the duration of release of small-molecule
therapeutics. These advantages highlight the potential
of CLP-triggered gene delivery to enhance numerous
collagen-based materials through improved non-vi-
ral gene delivery regimens. Future studies involving
chronic wound models (with existing co-morbidities
such as diabetes and bacterial colonization in wound
site) are thus warranted to further confirm the appli-
cability of co-gels for chronic wound healing.

CONCLUSIONS

We have demonstrated that CLP conjugation can
be used to tune ELP T, transitions and morpholog-
ical features of ELP-CLP conjugates, which in the
future should enable finely tuned, thermally triggered
release of cargo by hypo- and hyperthermic treat-
ments. The computational modeling of the molecular
transitions will enable significant opportunities to
design carriers for specific applications. The deliv-
ery of macromolecular cargo (e.g., DNA) has also
been improved via CLP-based approaches, enabling
cell-mediated delivery of functional genes from colla-
gen-containing matrices, with demonstrated efficacy
in the treatment of wounds in vivo. Our ability to
make these advances has been enabled by a collab-
orative approach that has merged molecular-level
materials design with the predictive capabilities of
computation. The applications development has
been possible only with collaboration with groups
with expertise in specific cell signaling and human
pathologies.
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Many opportunities and challenges remain in fur-
ther development of these CLP-based strategies. For
example, the delivery of multiple drugs from a single
matrix-based carrier will require judicious selec-
tion of peptide components and an understanding of
how the binding of drugs affects the thermorespon-
sivesness and morphologies of ELP-CLP conjugates.
On-demand drug release with a high level of speci-
ficity for a select cell type will require modification
of the CLP domain and/or the nanocarrier surface.
The use of multiple ECM-inspired peptides may also
offer a promising strategy to increase affinity to a par-
ticular cell type, using information about the cell’s
natural ECM receptor expression patterns, or to pro-
mote the sequential delivery of a series of drugs.
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