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ABSTRACT: Collagen-based biomaterials loaded with antimicrobial peptides (AMPs)
present a promising approach for promoting wound healing while providing protection
against infections. In our previous work, we modified the AMP LL37 by incorporating a
collagen-binding domain (cCBD) as an anchoring unit for collagen-based wound dressings.
We demonstrated that cCBD-modified LL37 (cCBD-LL37) exhibited improved retention
on collagen after washing with PBS. However, the binding mechanism of cCBD-LL37 to
collagen remained to be elucidated. In this study, we found that cCBD-LL37 showed a
slightly higher affinity for collagen compared to LL37. Our results indicated that cCBD
inhibited cCBD-LL37 binding to collagen but did not fully eliminate the binding. This
suggests that cCBD-LL37 binding to collagen may involve more than just one-site-specific
binding through the collagen-binding domain, with non-specific interactions also playing a
role. Electrostatic studies revealed that both LL37 and cCBD-LL37 interact with collagen
via long-range electrostatic forces, initiating low-affinity binding that transitions to close-
range or hydrophobic interactions. Circular dichroism analysis showed that cCBD-LL37 exhibited enhanced structural stability
compared to LL37 under varying ionic strengths and pH conditions, implying potential improvements in antimicrobial activity.
Moreover, we demonstrated that the release of LL37 and cCBD-LL37 into the surrounding medium was influenced by the
electrostatic environment, but cCBD could enhance the retention of peptide on collagen scaffolds. Collectively, these results provide
important insights into cCBD-modified AMP-binding mechanisms and suggest that the addition of cCBD may enhance peptide
structural stability and retention under varying electrostatic conditions.

1. INTRODUCTION
Wound healing, a complex biological process, is vital for
restoring tissue function post-injury or surgery.1 Factors like
age, comorbidities, and wound severity can obstruct this
process, causing chronic or non-healing wounds.2 This imposes
a heavy burden on healthcare systems and patients, high-
lighting the need for advanced therapeutic strategies.3

Biomaterials, both synthetic and natural, are emerging as a
potential solution to wound healing complications by adjusting
the healing milieu and promoting tissue restoration.4 These
materials can be engineered into different forms like hydrogels,
films, or scaffolds, mimicking the extracellular matrix and
facilitating the delivery of bioactive agents. Collagen is essential
for maintaining the integrity and functionality of various
human tissues.5,6 Its unique properties make it a popular
biomaterial for numerous biomedical applications, such as
tissue engineering, drug delivery, and wound healing.
LL37, a 37-amino acid cationic peptide from the cathelicidin

family, exhibits broad-spectrum antimicrobial activity.7−9 LL37
exerts its antimicrobial activity primarily by disrupting
microbial membranes, leading to cell lysis.10 Importantly,
beyond its antimicrobial activity, LL37 influences several
aspects of wound repair and regeneration. It has been shown to
modulate immune responses,11 reducing inflammation12 while
also recruiting and activating cells for wound healing.13

Furthermore, it promotes reepithelization and angiogenesis,
essential steps for wound closure and restoration of tissue
function.14 To effectively harness these properties for wound
healing, the immobilization of LL37 onto collagen through a
collagen-binding domain (cCBD) has been proposed.15−17

A cCBD with selective affinity for collagen, TKKTLRT
(collagenase CBD; cCBD), has been identified.15,18,19 Our lab
developed a chimeric peptide, cCBD-LL37, by adding the
collagen-binding domain TKKTLRT to the C-terminus of
LL37, enabling the peptide to specifically bind to the collagen
scaffold. We then quantified the binding of LL37 and cCBD-
LL37 to collagen using a quartz crystal microbalance with
dissipation monitoring (QCM-D). The results showed no
significant difference between the binding of LL37 and cCBD-
LL37 to collagen; however, cCBD-LL37 exhibited enhanced
retention on collagen after washing with PBS.20 Although the
prior study provided an effective strategy for quantifying both
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unmodified and cCBD-modified peptides binding to collagen,
it did not characterize the peptide-collagen binding mecha-
nism, such as whether it involved electrostatic interactions or
binding via the cCBD.
Understanding the factors that influence LL37 and cCBD-

LL37 binding to collagen is crucial for optimizing the dosing of
antimicrobial peptide (AMP) or cCBD-AMP-loaded collagen
wound dressings and designing cCBD-AMP delivery systems.
The factors that influence proteins−collagen interactions differ
significantly. Romijn et al. reported that von Willebrand factor
binds to collagen triple helix through hydrophobic interactions
and positively charged domains.21 Sasaki et al. suggested
osteonectin binds to collagen due to a combination of van der
Waals and electrostatic interactions.22 LL37 has a charge of +6
at physiological pH, and cCBD-LL37 retains the same +6
charge with the addition of cCBD, indicating that electrostatic
interactions could be involved in the binding of cCBD-LL37 to
collagen.
In this study, our aim was to characterize the cCBD strategy

for delivering AMPs via collagen-based scaffolds. We
hypothesized that the positively charged LL37 may bind
nonspecifically to the negatively charged groups on the
collagen surface. As cCBD-LL37 retains the same positive
charge with LL37, nonspecific interactions are likely one of the
components during binding, but the cCBD may also aid in the
formation of high-affinity binding. We investigated the role of
the electrostatic interactions in LL37 and cCBD-LL37 binding
to collagen, compared the conformational stability of LL37 and
cCBD-LL37 under changing electrostatic environments, and
explored the retention of AMPs on collagen scaffolds under
varying electrostatic conditions.

2. MATERIALS AND METHODS
2.1. Peptides and Reagents. Nutragen Type I collagen

from bovine hides (Advanced BioMatrix, Carlsbad, CA) was
received in solution (5.9 mg/mL). To obtain the desired
concentrations of 0.1 mg/mL, the collagen solution was
diluted in phosphate-buffered saline (PBS, pH ∼7.4) at 4 °C
(Sigma-Aldrich, St. Louis, MO). LL37 (LLGDFFRKSKEKIG-
KEFKRIVQRIKDFLRNLVPRTES) was purchased from
Anaspec (Fremont, CA) in lyophilized form, synthesized at
≥95% purity. cCBD-LL37 (LLGDFFRKSKEKIGKEFKRIVQ-
RIKDFLRNLVPRTESDYKDDDDKTKKTLRT) was pur-
chased from New England Peptide (Gardner, MA) in
lyophilized form, synthesized at ≥90% purity. cCBD
(DYKDDDDKTKKTLRT) was purchased from Bachem
(Torrance, CA) in lyophilized form, synthesized at ≥95%
purity. Both cCBD-LL37 and cCBD were designed to include
a FLAG linker (DYKDDDDK) as an epitope tag.
2.2. Detection of AMPs Binding to Collagen. The

binding of LL37 and cCBD-LL37 to type I collagen was
studied by a modification of the method of Calderwood et al.23

Type I collagen in PBS was incubated overnight at 4 °C in 96-
well Brand microplates. Wells were blocked with 1% w/v
bovine serum albumin (BSA) in PBS for 1 h at room
temperature and then incubated with LL37 or cCBD-LL37 for
1 h at room temperature. The wells were incubated overnight
at 4 °C with polyclonal rabbit anti-human LL37 antibody (0.4
μg/mL, AnaSpec, #AS-55927) and subsequently incubated at
room temperature for 1 h with horseradish peroxidase-
conjugated goat anti-rabbit antibody (0.3 μg/mLBio-Rad,
#1706515). The bound proteins were then detected using 1-
Step TMB (Thermo Scientific, #34024). The reaction was

stopped after 10 min by the addition of 2.5 M H2SO4, and the
absorbance was read at 450 nm. The data were fitted to a one-
site binding model using GraphPad Prism.
2.3. Inhibition of AMPs Binding by cCBD. The

inhibition of AMP binding by cCBD was studied by a
modification of the method of Ishihara et al.24 Brand
microplates were coated with type I collagen overnight at 4
°C. Then, the wells were blocked with 1% w/v BSA and further
incubated with 500 nM cCBD-LL37 for 1 h at room
temperature with 0−500 nM cCBD. Next, the wells were
incubated with polyclonal rabbit anti-human LL37 antibody
(0.4 μg/mL, AnaSpec, #AS-55927). The antibody was
detected by horseradish peroxidase-conjugated goat anti-rabbit
antibody (0.3 μg/mL, Bio-Rad, #1706515). Color develop-
ment and absorbance measurement were done as described
above.
2.4. Characterization of the Interaction between

Type I Collagen and AMPs. The assay to measure the
binding of AMPs to collagen was modified to allow for the
examination of the role of electrostatic interactions in the
binding of LL37 and cCBD-LL37 to collagen. Brand
microplates were coated with type I collagen overnight at 4
°C. Wells were blocked with 1% w/v BSA. LL37 or cCBD-
LL37 was added at a concentration of 0.5 μM for 1 h at room
temperature. After washing away unbound peptide with PBS,
pH 7.4, wells were incubated with PBS buffers at the indicated
pH levels for 10 min and washed three times at the indicated
pH. Next, the wells were incubated with polyclonal rabbit anti-
human LL37 antibody (0.4 μg/mL, AnaSpec, #AS-55927).
The antibody was detected by horseradish peroxidase-
conjugated goat anti-rabbit antibody (0.3 μg/mL, Bio-Rad,
#1706515). Color development and absorbance measurement
were done as described above. Similarly, ionic strength
dependency was investigated by utilizing PBS, pH 7.4,
containing a range of NaCl concentrations, from 0 to 500
mM. The effect of divalent cations on collagen binding was
examined using increasing concentrations of MgCl2 or CaCl2
in PBS, pH 7.4, during protein binding and in all washes. The
LL37 and cCBD-LL37 binding to collagen under varying ionic
strength and pH as percentage of the initial protein loaded was
plotted.
2.5. Circular Dichroism Spectroscopy. The influence of

pH and ionic strength on the conformation of LL37 and
cCBD-LL37 was studied by circular dichroism (CD) spec-
troscopy. The CD spectra of both peptides were acquired in
quartz cells with a 0.1 cm path length (Jasco, #0556) at 23 °C
using Jasco J-1500 CD spectrometer. The AMPs were studied
at 10 μM in 5 mM sodium phosphate buffer, with adjusting
NaCl, MgCl2, or CaCl2. Spectra corresponding to varying ionic
strengths were documented within the 200−250 nm wave-
length range, as wavelengths below 200 nm exhibited high
absorbance due to increased salt concentrations. Similarly, the
AMPs were studied at 10 μM in pH adjusted 5 mM sodium
phosphate buffer. It has been observed that the helical
structure of LL37 becomes entirely disordered in acidic
conditions yet retains its structure in an alkaline environ-
ment.25 Therefore, the CD spectra of both LL37 and cCBD-
LL37 were evaluated across a pH range of 2−10. The spectra
under varying pH were recorded between 190 and 250 nm. A
baseline with buffer only was recorded separately and
subtracted from each spectrum. The content of specific
secondary structures (helix, strand, turn, and unordered) was
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determined by the BeStSel modeling based on CD spectral
data.
2.6. Release of AMPs from Collagen Wound Dressing.

PURACOL collagen type I dressing (Medline) was prepared
with LL37, cCBD-LL37, or cCBD as described previously.15 In
brief, PURACOL collagen type I dressing was cut into 5 mm
diameter disks using biopsy punches under sterile conditions.
Scaffolds were loaded by adsorbing 5 μL of LL37 (1478 μg/
mL), cCBD-LL37 (2078 μg/mL), or cCBD (610 μg/mL) in
PBS, pH 7.4. Scaffolds were hydrated with the peptides or PBS
control solution on hydrophobic polydimethylsiloxane
(PDMS) mats, placed in a 23 °C incubator for 1 h.
After loading and incubating, the scaffolds were treated with

either peptide or PBS control solutions. The scaffolds were
then rinsed with pH-adjusted PBS twice, each for 5 min, and
the washing buffers were collected. Next, the scaffolds were
rotated on a Labquake Tube Rotator (Thermofisher) in pH-
adjusted PBS release medium at room temperature. The
release medium from each tube was collected at designated
intervals (1 h, 4 h, 1 day, 2 days, and 4 days) and subsequently
replaced with fresh medium under sterile conditions.
A direct ELISA was applied to measure peptide concen-

trations in the collected aliquots, as well as in the initial
washing buffers. Aliquots were added into Brand microplates
and incubated overnight at 4 °C. Then, the wells were blocked
with 1% w/v BSA. Next, the wells were incubated with
polyclonal rabbit anti-human LL37 antibody (0.4 μg/mL,
AnaSpec, #AS-55927) or polyclonal rabbit anti-FLAG anti-
body (1 μg/mL, Millipore Sigma, #F7425). The antibody was
detected by horseradish peroxidase-conjugated goat anti-rabbit
antibody (0.3 μg/mL, Bio-Rad, #1706515). Color develop-
ment and absorbance measurement were done as described
above.
2.7. Immunohistochemistry (IHC) and Staining. After

4 days, the scaffolds were transferred into histology cassettes
and fixed in 10% v/v formaldehyde. Then, the scaffolds were
processed (ATP 1 tissue processor, Triangle Biomedical
Sciences) and embedded in paraffin (Tissue-Tek TEC 6,
Sakura). Scaffolds were cut into 5 μm sections, de-paraffinized
with xylene, rehydrated in a series of 100−70% ethanol, and
immersed in water for 5 min. Samples were then boiling under
pressure with antigen retrieval solution followed by blocking
with 5% v/v goat serum in PBS for 30 min at room
temperature. Next, samples were incubated with polyclonal
rabbit anti-human LL37 antibody (10 μg/mL, Anaspec,

#AS55927) in 3% v/v NGS or polyclonal rabbit anti-FLAG
antibody (1μg/mL, Millipore Sigma, #F7425) in 3% v/v NGS
overnight at 4 °C. Then, AlexaFluor 594 goat anti-rabbit
antibody (5 μg/mL, Thermo Fisher Scientific, #A11012) was
added for 1 h at room temperature. After rinsing, samples were
incubated with monoclonal mouse anti-collagen antibody (10
μg/mL, Thermo Fisher Scientific, #MA1-26771) in 3% v/v
NGS overnight at 4 °C. Then, AlexaFluor 488 goat anti-mouse
antibody (2 μg/mL, Thermo Fisher Scientific, #A11001) was
added for 1 h at room temperature. The coverslip was
mounted with a ProLong Gold antifade mountant (Thermo
Fisher Scientific, #P36930). Images were acquired with a
Keyence All-in-One fluorescence microscope BZ-800 with a
20× objective.
2.8. Statistical analysis. Statistically significant differences

between experimental groups were determined by one-way
ANOVA followed by Tukey’s test with GraphPad Prism. For
single comparisons, the Mann−Whitney U test was used.

3. RESULTS
3.1. AMPs and Collagen Binding Affinity. The binding

affinity of LL37 and cCBD-LL37 to collagen was examined
(Figure 1A−B). Both LL37 and cCBD-LL37 demonstrated
saturable binding to collagen within the range tested, and the
Scatchard plot was analyzed as a straight line (Figure S1).
Based on a one-site-specific binding model, LL37 has a KD =
80 nM and cCBD-LL37 has a KD = 49 nM. The nanomolar
(nM) range of KD values demonstrates strong binding affinities
of LL37 and cCBD-LL37 to the collagen tested. The KD of
LL37 was higher than that of cCBD-LL37, indicating more
rapid dissociation; thus, LL37 bound less strongly than cCBD-
LL37 to collagen.
3.2. Inhibition of AMPs Binding by Collagen-Binding

Domain. We next investigated the cCBD responsible for
association with collagen. ELISAs for cCBD-LL37 binding to
collagen were carried out in the presence of excess cCBD. The
data are shown in Figure 1A,B. Excess cCBD significantly (*p
< 0.05) inhibited cCBD-LL37 binding to collagen, but cCBD-
LL37 was still able to bind to collagen in a saturable behavior.
3.3. Characterization of the Interaction between

Collagen and AMPs. Varying ionic strength or pH solution
has been demonstrated to be a useful method for examining
the presence of electrostatic interactions.26,27 To confirm the
role of the electrostatic interactions in LL37 and cCBD-LL37
binding to collagen, the binding of LL37 and cCBD-LL37

Figure 1. binding affinities of (A) LL37 and (B) cCBD-LL37 to collagen were determined. Experimental curves were fitted with saturation binding,
one-site-specific binding model. (n = 4 replicates; data are mean ± S.D.). Dissociation constants [KD] and binding capacities (red dotted line)
determined from the fitted curves are shown in the figure. (C) cCBD-LL37 binding to collagen with the inhibition of cCBD. ELISA plates were
coated with collagen and further incubated with cCBD and cCBD-LL37. Bound cCBD-LL37 was detected using anti-LL37 antibody. (n = 4
replicates; data are mean ± S.D.). Experimental curves were fitted with saturation binding, one-site-specific binding model.
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under varying ionic strength and pH was measured. The
binding of LL37 and cCBD-LL37 to collagen under varying
NaCl concentration is presented in Figure 2A. Initially, the
binding of LL37 and cCBD-LL37 to collagen decreased at low
NaCl concentrations, but then the binding increased in a
concentration-dependent manner, reaching a maximum
between 150 and 250 mM NaCl. Assays containing bivalent
salts, CaCl2 and MgCl2, were also tested and exhibited similar
binding behaviors (Figure 2B,C). The bound peptides are
expressed as the percentage of the initial protein loaded
(Figure 2D,E). The interpreted binding values with CaCl2 and
MgCl2 were much higher than with NaCl. The binding of
LL37 and cCBD-LL37 to collagen was highest at pH 4 (Figure
3).

3.4. Conformation Stability of AMPs under Varying
Ionic Strength and pH. CD experiments were employed to
assess whether changes in the electrostatic environment
induced detectable secondary structure changes in LL37 and
cCBD-LL37. The first set of analyses was carried out in 5 mM
phosphate buffer, pH 7.4, with varying ionic strength adjusted
by NaCl. The concentration of LL37 and cCBD-LL37 was
kept constant at 10 μM during all the experiments, while the
NaCl concentration was increased. The CD measurements of
LL37 (Figure 4A) and cCBD-LL37 (Figure 4D) all displayed
two broad minima at ∼208 and ∼222 nm, indicating the
existence of a helical structure. The spectra of LL37 shifted the
minima slightly to the right for NaCl concentrations at 500 and
800 mM, indicating an increase in α-helical content. The
spectra of cCBD-LL37 nearly overlapped at different NaCl
concentrations, indicating that cCBD-LL37 had similar
secondary structures at different NaCl concentrations. The
content of specific secondary structures (helix, strand, turn,
unordered) was determined by the BeStSel modeling based on
CD spectral data as shown in Figure 4B,E.28 Further, the
helicity of LL37 (Figure 4C) and cCBD-LL37 (Figure 4F) at
different NaCl concentrations was compared. The helicity of
LL37 at higher NaCl concentrations (>200 mM) had a
significant (***p < 0.001) helicity increase. Interestingly, no
significant differences were observed for cCBD-LL37 at
different NaCl concentrations.
The activity of AMPs can be inhibited in the presence of

physiological serum concentrations of sodium chloride as well
as divalent cations.29,30 To investigate whether divalent cations
can induce conformational changes of LL37 and cCBD-LL37,
we examined the concentration-dependent effects of Mg2+ and
Ca2+ on LL37 and cCBD-LL37 using 0.5, 1, 2, 5, and 10 mM
MgCl2 and CaCl2 (normal physiological serum concentration
of Mg2+ and Ca2+ are in the range of 2 ± 0.5 mM).31 The CD

Figure 2. Effect of ionic strength on the binding of LL37 and cCBD-LL37 to collagen. Binding of 0.5 μM of LL37 and cCBD-LL37 to collagen as a
function of ionic strength was measured by ELISA in various concentrations of (A) NaCl, (B) MgCl2, and (C) CaCl2. (n = 4 replicates; data are
mean ± S.D.). (D) LL37 and (E) cCBD-LL37 binding to collagen under varying ionic strength is indicated as percentage of the initial protein
loaded. One-way ANOVA Tukey’s tests were performed to compare difference (n = 4 replicates; data are mean ± S.D.; *p < 0.05, **p < 0.01, ***p
< 0.001).

Figure 3. Effect of pH on the binding of LL37 and cCBD-LL37 to
collagen. Binding of 0.5 μM of LL37 and cCBD-LL37 to collagen at
pH 2.0, 4.0, 6.0, and 7.4 indicated as percentage of the initial protein
loaded. One-way ANOVA Tukey’s tests were performed to compare
difference (n = 4 replicates; data are mean ± S.D.; *p < 0.05).
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measurements of LL37 (Figure 5A) and cCBD-LL37 (Figure
5D) at different MgCl2 concentrations displayed two broad
minima at ∼208 and ∼222 nm. Increasing the concentration of
MgCl2 caused an increase in LL37 helicity (Figure 5C). The
LL37 helicity at 0.5, 1, and 5 mM was significantly higher than
without MgCl2. For cCBD-LL37, the only α-helical percentage
that was significantly altered was the helicity at 10 mM MgCl2
(Figure 5D). Notably, the CD results with the bivalent salts
CaCl2 yielded distinct results. For LL37, in the presence of
CaCl2, the spectra at 0.5 and 10 mM CaCl2 showed negative
minima at ∼208 and ∼222 nm; the spectra at 0.5 mM CaCl2
shifted the minima slightly to the right when compared with 0
mM CaCl2, which indicated an increase in α-helical content,
and the spectra at 10 mM CaCl2 shifted the minima slightly to
the left, indicating a decrease in α-helical content (Figure 6A).
These two minima disappeared at 1, 2, and 5 mM CaCl2
concentrations, and a positive trajectory appeared, which
associated with the loss of an α-helical structure. The helicity
of LL37 at 1, 2, and 5 mM CaCl2 concentrations disappeared
and replaced by a significant proportion of the β-strand (Figure
6B). For cCBD-LL37, the spectra minima at ∼208 and ∼222
nm were observed for the 0.5, 1, and 10 mM CaCl2
concentrations, and the peaks for 1 and 10 mM were less
intensive than the 0.5 mM concentration (Figure 6D). Then,
the spectra trajectories of 2 and 5 mM CaCl2 concentrations
changed to positive with weak peaks, which indicated the loss
of α-helical content. cCBD-LL37 retained α-helical content at
0.5, 1, and 10 mM CaCl2 concentrations but also abolished the
helicity at 2 and 5 mM CaCl2 concentrations (Figure 6F).

Furthermore, to confirm the pH-dependent conformational
changes of LL37 and cCBD-LL37, we examined the secondary
structure of LL37 and cCBD-LL37 at pH 2, 4, 6, 7.4, and 10.
Our results from CD spectra show that LL37 at pH 7.4 and 10
exhibited minima at ∼208 and ∼222 nm, indicating the
presence of a helical structure (Figure 7A). However, when the
pH was decreased to below 7.4, a single minimum was
observed, suggesting a pH-induced relaxation toward the
formation of a random coil structure (Figure 7A,B). The
calculation of secondary structure shows that the helicity of
LL37 is highest at pH 10 (Figure 7C). For cCBD-LL37,
similarly, CD spectra show minima at ∼208 and ∼222 nm at
pH 7.4, and at pH 10, similar negative features were observed
at ∼208 and ∼222 nm but with greater resolution between the
two peaks, indicating higher helical content. At pH 6, 4, and 2,
the negative peak at ∼222 nm of CD spectra gradually
diminished, indicating an unfolded or disordered conformation
(Figure 7C). Similarly, the calculation of cCBD-LL37’s
secondary structure shows that the helicity of LL37 is also
highest at pH 10 (Figure 7F).
3.5. In Vitro Release Kinetics of AMPs. The acute and

chronic wound healing environment progresses from an
alkaline state to a neutral and then acidic state during
healing.32,33 We hypothesized that unmodified LL37 may be
nonspecifically adsorbed onto collagen and released into the
surrounding media with decreasing pH, while cCBD-LL37 and
cCBD with the aid of the collagen-binding domain for specific
binding would have a slower and similar release profile under
varying pH. To test this hypothesis, we measured peptide
release from PURACOL collagen scaffolds at pH 5.5, 6, 7.4,

Figure 4. CD analysis of LL37 and cCBD-LL37 peptides with increasing NaCl. Representative CD spectra of 10 μM (A) LL37 and (D) cCBD-
LL37 at 23 °C with increasing NaCl. From CD spectra, the content of secondary structures of (B) LL37 and (E) cCBD-LL37 in the form of
helices, beta strands, turns, and unordered percentages was shown. (n = 3 replicates; data are mean ± S.D.). One-way ANOVA Tukey’s tests were
performed to compare difference in the percentage of the helical structure of (C) LL37 and (F) cCBD-LL37. (n = 3 replicates; data are mean ±
S.D.; *p < 0.05, ***p < 0.001).

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c05328
ACS Omega 2023, 8, 35370−35381

35374

https://pubs.acs.org/doi/10.1021/acsomega.3c05328?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05328?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05328?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05328?fig=fig4&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c05328?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


and 8 by ELISA and then calculated the cumulative release
profiles for each peptide (Figure 8A−C). PURACOL is
composed of 100% native bovine collagen type I. It is a porous
material with approximately 80% porosity of scaffold
volume.15,34

Prior to each peptide cumulative release study, the scaffolds
were rinsed twice with the release medium to remove the
weakly bound peptide. The mass loss of peptide during
washing procedures is expressed as a percentage of the initial
protein loaded (Table 1). As shown in the table, the mass loss
of LL37 increased as pH decreased, with the highest mass loss
of LL37 at pH 5.5 (∼32.1%). Similarly, the mass loss of cCBD-
LL37 increased as pH decreased, but the value was smaller
than the mass loss of LL37; the highest mass loss of cCBD-
LL37 was ∼14.6% at pH 5.5. However, the cCBD showed a
higher mass loss at pH 8. The highest mass loss of cCBD was
∼16.1% at pH 8 during the washing. These results suggest that
cCBD is able to enhance retention of cCBD-LL37 and cCBD
on collagen scaffolds under varying pH but may also be
affected by electrostatic interactions induced by varying pH.
The release profiles of LL37 showed a short burst-like

release at pH 5.5 and 6, represented by an initial increase in
cumulative release within the first hour (Figure 8A). The
release at the first hour was ∼4.1% at pH 5.5, ∼3.6% at pH 6,
with a cumulative release of ∼5.2% at pH 5.5 and ∼5.0% at pH
6 by day 4. The release at the first hour at pH 7.4 (∼0.6%) and
pH 8 (∼0.5%) was much lower than at pH 5.5 and 6, and the
cumulative release at pH 7.4 (∼2.0%) and pH 8 (∼1.7%) by

day 4 was also lower when compared with that at pH 5.5 and 6.
The cCBD-LL37 released ∼4.3% at pH 5.5 and ∼3.6% at pH 6
at the first hour, and then cCBD-LL37 release appeared
comparatively sustainable through these time points with a
cumulative release of ∼10.4% at pH 5.5 and ∼10.0% at pH 6
by day 4. At pH 7.4 and 8, cCBD-LL37 showed burst-like
release at the first hour, reaching ∼3.1% and ∼3.4%, and
∼4.8% and ∼6.7% by day 4, respectively. The cumulative
release of cCBD at all pH levels showed similar release profiles.
Overall, the total mean cumulative release of cCBD after 4
days was ∼2.2% at pH 8, ∼2.0% at pH 7.4, ∼2.8% at pH 6, and
∼3.3% at pH 5.5.
The peptide-absorbed collagen scaffold samples at varying

pH harvested at day 4 were immunostained to observe the
retention of peptides during the release assay (Figure 9A−E).
In all peptide-absorbed scaffold sample groups, peptides were
observed. At pH 8, 7.4, and 6, LL37 and cCBD-LL37 showed a
diffuse distribution, with enrichment around the collagen
scaffolds as expected (Figure 9A−C). At pH 5.5, LL37 and
cCBD-LL37 were observed along the edges of collagen
scaffolds (Figure 9D). Immunohistochemistry images of
cCBD-absorbed scaffolds also suggest that cCBD is retained
on the scaffolds (Figure 9E).

4. DISCUSSION
The collagen-binding domain has been reported to exhibit high
specific affinity for type I collagen35−37 and enhance the
retention of cCBD-LL37 on collagen.20 However, the binding

Figure 5. CD analysis of LL37 and cCBD-LL37 peptides with increasing MgCl2. Representative CD spectra of 10 μM (A) LL37 and (D) cCBD-
LL37 at 23 °C with increasing MgCl2. From CD spectra, the content of secondary structures of (B) LL37 and (E) cCBD-LL37 in the form of
helices, beta strands, turns, and unordered percentages was shown. (n = 3 replicates; data are mean ± S.D.). One-way ANOVA Tukey’s tests were
performed to compare difference in the percentage of the helical structure of (C) LL37 and (F) cCBD-LL37. (n = 3 replicates; data are mean ±
S.D.; *p < 0.05, **p < 0.01).
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Figure 6. CD analysis of LL37 and cCBD-LL37 peptides with increasing CaCl2. Representative CD spectra of 10 μM (A) LL37 and (D) cCBD-
LL37 at 23 °C with increasing CaCl2. From CD spectra, the content of secondary structures of (B) LL37 and (E) cCBD-LL37 in the form of
helices, beta strands, turns, and unordered percentages was shown. (n = 3 replicates; data are mean ± S.D.). One-way ANOVA Tukey’s tests were
performed to compare difference in the percentage of the helical structure of (C) LL37 and (F) cCBD-LL37. (n = 3 replicates; data are mean ±
S.D.; **p < 0.01, ***p < 0.001, ****p < 0.0001).

Figure 7. CD analysis of LL37 and cCBD-LL37 peptides with decreasing pH. Representative CD spectra of 10 μM (A) LL37 and (D) cCBD-LL37
at 23 °C at pH 10.0, 7.4, 6.0, 4.0, and 2.0. From CD spectra, the content of secondary structures of (B) LL37 and (E) cCBD-LL37 in the form of
helices, beta strands, turns, and unordered percentages was shown. (n = 3 replicates; data are mean ± S.D.). One-way ANOVA Tukey’s tests were
performed to compare difference in the percentage of the helical structure of (C) LL37 and (F) cCBD-LL37. (n = 3 replicates; data are mean ±
S.D.; *p < 0.05, **p < 0.01, ****p < 0.0001).
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mechanism of cCBD-LL37 to collagen remains unclear. We
hypothesized that the positively charged LL37 may bind
nonspecifically to the negatively charged groups on the
collagen surface. cCBD-LL37 possesses the same positive
charge as LL37, whose nonspecific interaction is likely a
contributing factor during the binding, and the cCBD may
further enhance the formation of high affinity.
In this study, we first demonstrate that both LL37 and

cCBD-LL37 interact with type I collagen, exhibiting
comparable binding capacities (∼625 nM) for collagen, and
cCBD-LL37 had a slightly higher affinity for collagen than
LL37 (Figure 1A,B). The theoretical binding capacities of
LL37 and cCBD-LL37 were calculated as follows to compare
with the experimental value (Supporting Information). The
adsorbed collagen mass per well in a 96-well plate was
calculated according to manufacturer’s data (∼0.14 μg). One-
site-specific binding to collagen of collagenase binding domains
to collagen triple helices was applied.38−41 The number of
collagen triple helices was determined using the molecular
weight of the collagen monomer triple helix (280 kDa).40

There are approximately 0.3 × 1012 collagenase binding sites.
The moles of LL37 and cCBD-LL37 that can bind on the
collagen are 4.9 × 10−13 mol and 5.1 × 10−13 mol, respectively.
Therefore, the molar concentration of LL37 and cCBD-LL37
needed for saturated collagen binding is 5.4 and 5.6 nM,
respectively. As the experimental binding capacity (∼625 nM)
is higher than the theoretical value (∼4 nM), it is reasonable to
assume that LL37 and cCBD-LL37 bind through one-site-
specific binding to collagen. The involvement of cCBD during
the binding was studied by testing the inhibition of AMPs
binding by excess cCBD. The results show that the excess
cCBD inhibited cCBD-LL37 binding to collagen but did not
completely abrogate the binding, which implies that cCBD-
LL37 binding to collagen may not be the simply one-site-

specific binding through collagen-binding domain, but non-
specific interactions may also be involved.
LL37 has a charge of +6 at physiological pH.15 cCBD-LL37

retains the same +6 charge with the addition of cCBD,
indicating that there is a possibility that electrostatic
interactions are involved in the binding of cCBD-LL37 to
collagen. The involvement of electrostatic interactions can be
examined by increasing the ionic strength or decreasing the pH
of the buffer used during binding.42,43 In the present study, we
examined various salt and pH changes, conditions that would
be expected to disrupt charge−charge interactions between the
peptides and collagen. Each of these treatments affects the
binding of LL37 and cCBD-LL37 to collagen (Figures 2 and3).
Electrostatic interactions have been found to be involved in
protein−protein interactions in long-range electrostatic forces
which lead to the formation of a low-affinity complex and then
in close-range interactions which give the final high-affinity
complex.44−46 It is possible that electrostatic interactions are
involved in the binding of LL37 and cCBD-LL37 to collagen,
and the non-specific, long-range electrostatic interactions
would develop an initial low affinity prior to the formation
of close-range interactions (salt bridges). Interestingly, AMP
binding to collagen was never completely abolished, even at
low pH or very high salt. Furthermore, AMP-collagen binding
is higher at high salt concentrations. Previous studies have
shown that increased ionic strength stabilizes hydrophobic
interactions.45,47 Thus, hydrophobic interactions may also be
involved in stabilization of the binding of AMPs to collagen.
This explanation corresponds with the results shown in Figure
2D,E, where AMP-collagen binding was enhanced by the
bivalent cations Ca2+ and Mg2+, which may be related to their
higher charge density having a greater stabilizing effect.
Several groups have reported that α-helix stability is

dominant for antimicrobial activity.48−51 An assessment of
the peptide conformations in aqueous media at varying ionic
strengths and pH levels can be helpful in comparing the
conformational stability between LL37 and cCBD-LL37. We
have shown that the helicity of LL37 (26%) and cCBD-LL37
(29%) is comparable when no salt adjustment is made (Figures
4−6). Previous studies reported a similar helical content of
LL37.52,53 The helicity of LL37 showed significant differences
upon exposure to increasing salt concentrations. We observed
that LL37 lost the helicity at 1, 2, and 5 mM CaCl2. White et
al. observed with the addition of 2.5 mM CaCl2 that the
minimum inhibitory concentration (MIC) of LL37 against
Escherichia coli (ATCC 25922) and Pseudomonas aeruginosa
(ATCC 27853) increased from 1.25 to >10 μM.54 Turner et al.
revealed that the addition of 1 mM Ca2+ substantially increased
the MIC of LL37.55 Moreover, the helicity decreased from 26

Figure 8. Cumulative release profiles for (A) LL37, (B) cCBD-LL37, and (C) cCBD from collagen scaffolds as a function of time. Statistical
analyses were performed to compare cumulative release of pH 5.5, 6, and 8 with pH 7.4 at each time point. The cumulative release profiles of LL37
at pH 5.5 and pH 6 were significantly higher than LL37 at pH 7.4 and 8 at all time points. (n = 3 replicates; data are mean ± S.D.; *p < 0.05).

Table 1. Percentage Mass Loss of LL37, cCBD-LL37, cCBD
during the Washing Procedures in the Cumulative Release
Studya

mass % LL37 cCBD-LL37 cCBD

pH 8 wash 1 1.5 ± 0.4 0.9 ± 0.1 5.1 ± 1.6
wash 2 0.1 ± 0.08 0.8 ± 0.3 8.5 ± 0.7

pH 7.4 wash 1 11.6 ± 2.5 11.8 ± 2.9 3.3 ± 3.1
wash 2 0.6 ± 0.09 1.22 ± 0.6 0.07 ± 0.003

pH 6 wash 1 21.3 ± 2.5 10.5 ± 0.4 1.1 ± 0.8
wash 2 1.1 ± 0.4 2.7 ± 0.3 1.1 ± 0.1

pH 5.5 wash 1 29.4 ± 1.7 13.1 ± 1.5 1.5 ± 0.7
wash 2 0.7 ± 0.3 1.3 ± 0.2 1.2 ± 0.06

an = 3 replicates; data are mean ± S.D.
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to 18% with the addition of 100 mM NaCl. Turner et al. tested
LL37 against Gram-positive and Gram-negative bacteria with
the addition of 100 mM NaCl and showed that LL37 retained
its antimicrobial activity, but the MIC increased.55 These
results are consistent with previous studies that the helical
content of LL37 is correlated with antibacterial activity.56−58

cCBD-LL37 displayed stronger structural stability at varying
ionic strengths when compared with LL37, which may indicate
better antimicrobial activity. Although altering the ionic
strength of the buffer using different cations does cause
changes in the α-helical content of the peptides, it does not
seem that the specificity of the cations is responsible for the
binding of peptides to the collagen, as similar binding profiles
were observed.
Interestingly, both LL37 and cCBD-LL37 exhibited a

decrease in helicity at low pH and an increase in helicity at
high pH (Figure 7). This finding is in excellent agreement with
what Johansson et al. reported for LL37 helicity changes under
varying pH.25 Johansson et al. suggested that the destabilizing
interactions between positive residues can be largely affected at
low pH; therefore, the conformational changes of LL37 could

be due to protonation of acidic side chains, accompanied by
losses of stabilizing complimentary side chain ion pairs.25

Although LL37 and cCBD-LL37 showed similar helicity
changing behavior under varying pH, cCBD-LL37 exhibited
less helicity changes. Amidzadeh et al. designed a novel fusion
protein that consists of KGF (keratinocyte growth factor) and
cCBD, and their study revealed that the secondary structure of
the recombinant peptide was better preserved when cCBD was
fused to the C-terminal of KGF.59 A possible explanation for
these results is that the cCBD is a hydrophilic peptide, so this
hydrophilic tail contributes to the conformational stability by
forming a hydrogen bond with water.60−62

Our earlier findings reasoned that the electrostatic
interactions are likely involved in the binding of LL37 and
cCBD-LL37 to collagen. The CD results showed that the
helical conformation of LL37 and cCBD-LL37 is pH-
dependent. We concerned if the pH, which shifts from alkaline
to neutral and then to acidic during the progression of acute
and chronic wound healing, would also impact the peptide’s
retention on the collagen scaffolds.32,33 We calculated the
cumulative release of LL37, cCBD-LL37, and cCBD from

Figure 9. Representative immunohistochemistry images of scaffold sections at pH 8, 7.4, 6, and 5.5 harvested at 4 days. LL37 and cCBD-LL37
immunohistochemistry images of scaffold sections at (A) pH 8, (B) pH 7.4, (C) pH 6, (D) pH 5.5 and cCBD immunohistochemistry images of
scaffold sections (E) at pH 8, 7.4, 6, and 5.5 were shown. The collagen scaffolds were identified by anti-collagen antibody (green), LL37 and cCBD-
LL37 were identified by anti-LL37 antibody (red), cCBD were identified by anti-FLAG antibody (red). Scale bar = 100 μm.
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collagen scaffolds over 4 days and hypothesized that the
addition of cCBD would improve the retention of LL37 on the
collagen scaffold, which would lead to prolonged local
bioactivities. Our data show that both cCBD-LL37 and
cCBD were retained more strongly on the collagen scaffolds
than LL37 during the two washing steps, suggesting that cCBD
is able to enhance the retention of AMPs on collagen (Table
1). This result is consistent with our previous QCM-D assay
for quantifying the AMPs binding to collagen, which suggested
that there was no significant difference between LL37 and
cCBD-LL37 binding with collagen, but cCBD-LL37 showed
better retention on the collagen after washing with buffer.20

The large mass loss of LL37 and cCBD-LL37 at pH 5.5 and
cCBD at pH 8 during the washing step indicated that how
environmental pH impacts the peptide retention. The
isoelectric point (pI) of LL37, cCBD-LL37, and cCBD is
11.15, 10.53, and 6.91, respectively (ExPASy pI/MW tool).
The pI of type I collagen is usually given as 4.7.63,64 At pH 5.5
and 6, LL37, cCBD-LL37, and the collagen surface are all
positively charged, so the electrostatic force between LL37 or
cCBD-LL37 and collagen is repulsive. For a similar reason,
cCBD and collagen are both negatively charged at pH 8 and
7.4, so the electrostatic force between cCBD and collagen is
also mutual repulsion force.
When the peptides were placed in the release medium, the

cumulative release profiles of cCBD-LL37 and cCBD showed
no significant difference at varying pH. However, the
cumulative release profiles of LL37 at pH 5.5 and pH 6 were
significantly higher than those of LL37 at pH 8 and 7.4 at all
time points (Figure 8). Incubation of LL37 in the release
medium at pH 5.5 and 6 resulted in protonation of the amino
groups in both the peptide and collagen, and the electrostatic
repulsion between positively charged LL37 and collagen would
accelerate drug release.65 It is worth noting that both LL37 and
cCBD-LL37 exhibited a burst-like release during the first hour,
but the release profile of cCBD-LL37 appeared comparatively
sustainable through these time points. This pattern of release
profile has been reported to be suitable for wound infection
control, since the rapid release during the first hours would kill
most injury-associated pathogens, and then the slow and
constant release over the following few days would keep the
infection under control.66,67

5. CONCLUSIONS
Despite many studies reporting promising results of collagen-
binding domain fusion proteins when added to a collagen-
based scaffolds, the interaction between the collagen-binding
domain fusion protein and the collagen-based scaffold has
seldom been reported. Similarly, the effect of adding a
collagen-binding domain on the conformational stability of
AMPs has rarely been studied.
This study presents a comprehensive analysis of the

interaction between the collagen-binding domain fusion
protein (cCBD-LL37) and collagen-based scaffolds, as well
as the impact of cCBD on the conformational stability of
AMPs in various electrostatic environments. Our findings
reveal that both LL37 and cCBD-LL37 interact with type I
collagen through long-range electrostatic forces, which
facilitate an initial low-affinity binding before transitioning to
close-range or hydrophobic interactions. Notably, cCBD-LL37
exhibits enhanced structural stability compared to LL37 under
different ionic strengths and pH conditions, suggesting
potential improvements in antimicrobial activity.

Additionally, we demonstrate that cCBD could improve the
retention of AMPs on collagen scaffolds, although the release
of LL37 and cCBD-LL37 into the surrounding medium is
influenced by the electrostatic environment. These insights
contribute to the broader understanding of cCBD-AMP
interactions with collagen-based scaffolds, which will be
invaluable in the design and optimization of future cCBD-
AMP delivery systems for biomaterial applications.
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