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Self-Assembled Fluorescent and Antibacterial GHK-Cu
Nanoparticles for Wound Healing Applications

Leming Sun, Aipeng Li, Yanzi Hu, Yang Li, Li Shang, and Lianbing Zhang*

GHK-Cu is demonstrated with the abilities to improve wound healing,
accelerate anti-inflammatory activity, and repair DNA damage. However, the
instability of the GHK-Cu in biological fluids is always a big challenge for its
long-term and efficient function at the target site. Therefore, the self-assem-
bled GHK-Cu nanoparticles (GHK-Cu NPs) are investigated in this work to
solve the instability issue. The crystalline nanostructure within the GHK-Cu
nanoparticles offers them visible and near-infrared fluorescent properties.
With the excellent self-assembly performance, the antibacterial properties
of GHK-Cu NPs are demonstrated using E. coli and S. aureus. The L929
dermal fibroblast cells are utilized to prove the good biocompatibility and
enhanced wound healing applications of GHK-Cu NPs. This study could pave
the way for the design and elaboration of a new class of fluorescent peptides

with various biological functions in biomedical applications.

The tripeptide glycyl-L-histidyl-L-lysine (GHK) has been demo-
nstrated for applications in wound healing of skin, bone,
intestine, blood vessels, and nervous tissue since its discovery
in 1973.1 It normally presents in human saliva, plasma, and
urine. The unique regenerative capacity of GHK was founded
due to their concentration decrease from 200 ng mL™! at age
20 to 80 ng mL™! at age 60 in human plasma.l!l The subsequent
studies stated that the wound healing and anti-aging properties
of GHK were due to their strong affinity for copper ions (Cu?")
to form the GHK-Cu complex.’l Many studies have proved
the enhanced properties of GHK-Cu for wound healing, anti-
inflammation, and DNA damage repair after cancer therapy,
comparing with GHK.! Moreover, GHK-Cu has been noticed
for their potential applications in metastatic colon cancer,
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chronic obstructive pulmonary disease,
and anti-aging cosmetic products.[®-8l

Although GHK-Cu has so many well-
investigated  biological activities and
interesting functions, its instability in
biological fluids is always a big challenge
for its long-term and efficient use as a
therapeutic agent.”!% In order to over-
come this problem, peptide self-assembly
can be a potential method that may intro-
duce many attractive properties including
structural programmability, low immuno-
genicity, low cost, good biodegradability,
and biocompatibility."'-"] Peptide self-
assembly is a thermodynamic and kinetic-
driven process involving intermolecular
noncovalent interactions, including hydro-
phobic, hydrogen bonding, electrostatic,
77 stacking, and van der Waals interactions.'1% As a useful
fabrication approach, peptide self-assembly can be utilized
to create many different architectures such as nanoparticles,
nanotubes, nanowires, nanofibers, and hydrogels.'’-??l These
self-assembled structures have the potential to overcome the
instability problems due to their aggregation mechanisms and
spatial arrangements. Moreover, peptide nanomaterials with
different shapes and functions have various potential applica-
tions in drug delivery, tissue engineering, biosensor, nanode-
vices, and energy.['7:23-28]

Peptide self-assembly strategy not only has the ability to form
different nanostructures with well-demonstrated biological
properties but also supply new features such as fluorescence
and conductivity.?-** These new discoveries have attracted
more and more attention recently in material science and
biomedical fields.>>=3% For instance, inspired from the red shift
in the yellow fluorescent protein (YFP) and improved fluores-
cence intensity in the green fluorescent protein (GFP) mutant
BFPmsl, tryptophan-phenylalanine dipeptide was self-assem-
bled into nanoparticles with blue fluorescent signal due to the
n- stacking and zinc coordination.l3”% These biocompatible
and photostable dipeptide nanoparticles have been demon-
strated for targeted cancer cell imaging and real-time monitoring
of drug release.’”) Near-infrared (NIR) fluorescent peptide
nanoparticles were also obtained through the self-assembly of
cyclic octa-peptides.?® People have discovered that not only
the aromatic peptides have the potential to self-assembly into
fluorescent peptide nanomaterials but also the nonaromatic
peptides could form intrinsic visible fluorescence.*!l The
GHK-Cu peptides have similar key components including
amino acids and metal ions as the GFP mutant BFPmsl
that contribute to the generation of fluorescent properties.*’!
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Therefore, the peptide self-assembly strategy can be a promi-
sing method to overcome the instability of GHK-Cu monomers
and enhance their original functions with new features such as
fluorescence. This new function could offer them a controlled
release of GHK-Cu at wound sites with intradermal drug reten-
tion probed by fluorescence.

To verify this proposal, in this study, the peptide self-
assembly strategy was applied to fabricate GHK-Cu nanopar-
ticles (GHK-Cu NPs) with different reaction conditions. The
nanomorphology, size distribution, and crystalline structure of
GHK-Cu NPs were investigated for the understanding of their
self-assembly process and correlations with fluorescent pro-
perties. The antibacterial, biocompatible, and wound healing
activities were also studied to explore the advantages of the self-
assembled GHK-Cu NPs including stability and wound healing
potentials.

GFPs and their mutants such as YFPs and blue fluorescent
proteins (BFPs) have regarded as one of the most widely uti-
lized proteins due to their intrinsic visible fluorescent proper-
ties. From previous studies, the most important discoveries
are the physical extent of n—m stacking contained within the
chromophore, which is the most important factor to determine
the general spectral types such as cyan, green, yellow, and red.
However, there are also many other factors such as hydro-
phobic interactions, position of charged amino acid residues,
and hydrogen bonding network within the protein matrix that
can generate either blue or red spectral shifts in the absorp-
tion and emission.*?) The GHK-Cu peptides have the similar
amino acids Glycine (G) and Histidine (H) in the chromophore
as in BFPs, and the Lysine (K) residues also could supply extra
charged amino acids for the generation of fluorescence.’]
Moreover, in the BFPs, not only the zinc coordination but also
the copper coordination have the ability to enhance the fluo-
rescent intensity.*”) Therefore, inspired from the molecular
mechanisms described above, the GHK-Cu monomers were
self-assembled into nanoparticles with potential fluorescent
properties through hydrogen bonding and copper coordination
(Figure 1).

After the self-assembly process, the morphology, size distri-
bution, elements, and crystalline structure of the self-assem-
bled GHK-Cu NPs were characterized and the results were
shown in Figure 2 and Figure S1 in the Supporting Informa-
tion. The HRTEM and atomic force microscopy (AFM) images
demonstrated the morphology of the GHK-Cu NPs with a
diameter of around 15 nm (Figure 2A,C). It is noteworthy that
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layered structures existed in GHK-Cu NPs based on HRTEM
(Figure 2B), which revealed the appearance of supramolecular
stacked structures inside the peptide nanoparticles. Moreover,
the X-ray diffraction (XRD) spectrum results (Figure 2D) with
distinct sharp peaks and high intensities also stated the well-
ordered nanocrystal structure of the GHK-Cu NPs. The size
distribution of GHK-Cu NPs analyzed with dynamic lighting
scattering (DLS) (Figure 2E) also confirmed the uniform 15 nm
sized GHK-Cu NPs were synthesized successfully in this
study. The energy-dispersive X-ray (EDX) results (Figure S1,
Supporting Information) stated that before and after the self-
assembly, both of the GHK-Cu monomers and NPs have the
same elements. All these results demonstrated that the uniform
GHK-Cu NPs were successfully fabricated through a noncova-
lent self-assembly process.

People have demonstrated that aromatic peptides could be
assembled into quantum wells that exhibit visible and NIR
fluorescence.® The quantum-confinement phenomena were
believed to occur because of the presence of the crystalline
structure at the sub-nanometer scale. In this study, the simi-
lar crystalline structure was also discovered by the previous
HRTEM and XRD results. The fluorescent emission spectra
of the GHK-Cu monomers and GHK-Cu NPs are shown in
Figure 3A,B. With the 375 nm excitation wavelength, only
the GHK-Cu NPs showed remarkable blue fluorescent with
emission wavelength around 435 nm and no obvious fluores-
cence could be observed by monomeric GHK-Cu under the
same excitation wavelength (Figure 3A). Moreover, the results
in Figure 3B demonstrated the synthesis of NIR fluorescent
GHK-Cu NPs with emission wavelength around 830 nm. The
fluorescent intensities of GHK-Cu NPs with 375 nm excita-
tion wavelength are lower than the fluorescent intensities with
435 nm excitation wavelength. Combined with the fluorescent
results in Figure 3A, it could be proposed that the GHK-Cu
NPs could be excited by 375 nm and give a 435 nm emission
at stage I. Since the 435 nm excitation wavelength also has the
capacity to trigger the GHK-Cu NPs with an 830 nm emission,
the 435 nm emission wavelength from stage I could be utilized
as the excitation wavelength and induced the similar 830 nm
emission. It has also been proposed that the intrinsic fluores-
cence may be independent of the presence of aromatic side-
chain residues within the polypeptide structure.* Recently,
the unique intrinsic visible emission from nonaromatic amino
acids and polypeptides have been observed. The conforma-
tion rigidification and 3D electronic communication channels

I
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Figure 1. The self-assembly scheme toward fluorescent and antibacterial GHK-Cu nanoparticles (GHK-Cu NPs) for wound healing applications.
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Figure 2. A,B) Representative HRTEM images of GHK-Cu NPs, AFM image and correlated height line of (C) GHK-Cu NPs, (D) XRD and (E) DLS results

of GHK-Cu NPs.

are believed to be essential for the extended delocalization,
and thus emission of the nonaromatic amino acids and
polypeptides.*!] Thus, the hydrogen bonding and metal ions
coordination could contribute to the fluorescence redshift. How-
ever, the limited intrinsic optical properties of peptides have
substantially restrained their potential applications./*’! The fluo-
rescence properties of GHK-Cu NPs also have been identified
in Figure S2 in the Supporting Information and Figure 3C. The
aggregated GHK-Cu NPs in dry format showed clear blue color
using the confocal microscope. The 1929 cells were also uti-
lized to verify the blue fluorescence properties of GHK-Cu NPs
in Figure 3C. The negative control and GHK-Cu monomers
showed no fluorescence performance. In this study, the fluores-
cent results have demonstrated that the self-assembled GHK-Cu
NPs can shift the peptide’s intrinsic fluorescent signal from
UV to visible and even NIR ranges. Therefore, the peptide self-
assembly strategy could offer GHK-Cu more opportunities in
many applications such as in optical and biomedical fields.

The antibacterial activities and biocompatibility are critical
for the wound healing applications.*?l As shown in Figure 3D
and Figure S3 in the Supporting Information, compared to
GHK-Cu monomers, the self-assembled GHK-Cu NPs showed
obvious inhibition zones for both Escherichia coli (E. coli) and
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Staphylococcus aureus (S. aureus). The deionized water was
utilized as the negative control. These results could be due to
the self-assembly strategy, which formed uniform and tight
nanostructures with aggregated GHK-Cu inside of them.
The nanoparticle form of GHK-Cu is more condensed and
maybe more efficient at the target sites to inhibit the bacte-
rial growth and survival. Moreover, this result also demon-
strated that the GHK-Cu NPs could be more stable than the
GHK-Cu monomers and so they can have a better antibacterial
performance at the same concentration. The previous studies
have stated that the GHK-Cu monomers are unstable in the
biological fluids due to enzymatic degradation.*’! Therefore,
the self-assembly process improves the stability and enhances
the biological functions of the GHK-Cu. The cytotoxicity of
GHK-Cu NPs was investigated using an 1929 cell with 0, 10, 50,
100 ug mL™!, and 1, 10 mg mL~! samples after 24 h of incuba-
tion. Up to 1 mg mL~, no obvious cytotoxic effect was observed
for dermal fibroblast cells (Figure 3E;Figure S4, Supporting
Information). These demonstrated good antibacterial activity
and biocompatibility of the GHK-Cu NPs will have great ben-
efits for biomedical applications, especially wound healing.

To investigate the potential wound healing applications of
GHK-Cu NPs, the wound scratch assay was utilized in this study.

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. A) The visible fluorescent properties of GHK-Cu NPs and GHK-Cu monomers, and (B) NIR fluorescent properties of GHK-Cu NPs. C) The
fluorescence properties of the control, GHK-Cu monomers, and GHK-Cu NPs in L929 cells using a confocal microscope . D) The antibacterial properties
of the control, GHK-Cu monomers and GHK-Cu NPs . E) The biocompatible properties of GHK-Cu NPs.

Cell migration is a rate-limiting event in the wound-healing
process.[*8l Therefore, we examined how the GHK-Cu NPs
affected dermal fibroblast migration during the wound contrac-
tion and healing process. The scratch assay method was used
with 1929 dermal fibroblasts to evaluate wound closure in vitro.
In 1929 dermal fibroblast cells, the GHK-Cu NPs enhanced
wound closure the most (around 45%) compared to the GHK-Cu
monomers (around 17%) and control (around 5%) at the 12 h
time point (Figure 4). Moreover, by 24 h, nearly complete
wound closure of 1929 fibroblasts treated with GHK-Cu NPs
was observed. However, the wound closure for GHK-Cu mono-
mers (around 37%) and control (around 16%) was far away from
the complete stage. Differences between the percent of wound
closure and speed of wound closure observed with GHK-Cu NPs
and GHK-Cu monomers treatment was likely due to the form of
GHK-Cu peptides. The instability of the GHK-Cu monomers in
biological fluid could be the main reason for the difference com-
pared to GHK-Cu NPs. In other words, these results could be
the evidence that the peptide self-assembly strategy overcomes
the instability of GHK-Cu peptides in biological fluids for their
long-term and efficient function at the target site.

In summary, the self-assembled fluorescent and antibacte-
rial GHK-Cu nanoparticles not only overcome the instability
of GHK-Cu peptides in biological fluids for their delivery
and performance but also can give them new features, such
as fluorescence, with great potential in biomedical fields.
The morphological and structural studies revealed the uniform
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15 nm GHK-Cu NPs with crystalline structures, which are also
correlated with their visible and NIR fluorescent properties.
The antibacterial and cytotoxicity investigations demonstrated
the antibacterial GHK-Cu NPs with good biocompatibility. The
wound healing potentials of GHK-Cu NPs were verified by the
wound scratch assays using L929 dermal fibroblasts. The anti-
bacterial and wound healing studies not only demonstrate the
better stability properties of GHK-Cu NPs compared to their
monomers but also the enhanced wound healing potentials. The
self-assembly approach demonstrated in this work may be used
as a general method for the development of various functional
polypeptidic nanomaterials with great promising applications in
drug delivery, tissue engineering, and cosmetic applications.

Experimental Section

Materials: GHK-Cu monomers were purchased from GL Biochem
(Shanghai) Ltd., China. Sodium hydroxide (NaOH) and methanol
(MeOH) were purchased from Sinopharm Chemical Reagent Co., Ltd,
China. All reagents used in this study were analytic reagent (AR)-grade
and used as received. CCK-8 Cytotoxicity Kit was purchased from Life
Technology (USA). Gram-positive bacterium S. aureus and Gram-
negative bacterium E. coli were purchased from the Guangdong Institute
of Microbiology. L929 cells were purchased from China Infrastructure of
Cell Line Resources (Beijing, China).

Preparation of GHK-Cu NPs: GHK-Cu peptides were dissolving in a
mixed solution with NaOH, H,0, and MeOH. The volume ratio between
pure MeOH and 1 m NaOH was 9:1. The reaction solutions were heated

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. The wound scratch assay results of control, GHK-Cu monomers, and GHK-Cu NPs

using L929 cells (A) and (B).

to 85 °C until all the MeOH was evaporated (when the volume reduced
to around 1/10). Then the centrifugation process (8000 g, 10 min) was
applied to purify the self-assembled GHK-Cu NPs. The GHK-Cu NPs
were dispersed in deionized water for further analysis.

Material Characterization: Carbon-coated copper grids were utilized for
the high-resolution transmission electron microscopy characterization.
Ten microliters of GHK-Cu NPs (1 mg mL™") was dropped on the surface
of the grids and dried at room temperature. The morphological structure
of GHK-Cu NPs was characterized using FEI Talos F200X HRTEM at 80 kV.
The nanomorphology of the GHK-Cu NPs was studied using a Bruker
Dimension Icon AFM. A silicon tip on nitride level with the 4 N m~' spring
constant and 70 kHz resonant frequency was utilized in a tapping mode.
Ten microliters of GHK-Cu NPs (1 mg mL™") was added on a cover glass
and dried at room temperature for 24 h before the characterization. The
crystalline structures of GHK-Cu NPs were characterized by XRD using a
SHIMADZU XRD700 in a reflection mode. The analysis was performed
with scan angles from 10° to 80° at a scan speed of 2 min~'. MDI Jade
software was utilized to collect and analyze the results. FE-SEM (TESCAN)
equipped with INCA was applied to obtain the EDX spectra of GHK-Cu
NPs and monomers. The DLS was performed through a Zetasizer Nano ZS
(Malvern Instruments). The size distribution of GHK-Cu NPs was obtained
in a1 mL glass cuvette and operated at 25 °C with a backscattering angle
of 173°. The analysis was performed three cycles for accuracy.

Fluorescence Characterizations: The fluorescence spectrophotometer
(Leng Guang Tech F97XP) was applied to obtain the fluorescence
excitation and emission spectra. The slit widths of excitation and emission
were set at 5 nm. Three measurements were operated and averaged for
accuracy. The fluorescence of the GHK-Cu NPs was identified by the
confocal laser scanning microscopy platform (Leica TCS SP8). The L929
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cells were cultured in the glass-bottom dish. The
10 ug mL! GHK-Cu NPs and monomers were added
to the cells and cultured 30 min before washing
and changing with new cell culture medium. The
PBS was utilized as the negative control. After 1 h
total culture, the fluorescence images were captured
with x63 oil immersion objective. The optical (DIC),
fluorescence, and merged images were utilized for
the analysis.

Antibacterial ~ Evaluation:  Antibacterial activity
of the GHK-Cu monomers and self-assembled
GHK-Cu NPs was performed by the standard disc
diffusion method.*9-5" The overnight grown bacterial
suspensions of S. aureus and E. coli were swabbed
on separate nutrient agar plates using L-rod. The
5 mm diameter filter paper discs were separately
impregnated with 10 uL of 1 mg mL™" solution
of GHK-Cu monomer, GHK-Cu NPs, and 10 pL
deionized water as negative control. The discs with
samples were evaporated and impregnated on the
bacterial plates. The bacterial cultures were incubated
at 37 °C for 24 h and triplicates were maintained.

Biocompatibility Characterization: The cytotoxicity
of GHK-Cu monomers, self-assembled GHK-Cu
NPs was assessed in L929 cells using CCK-8 assay.
Cells were first seeded into 96-well plates at a density
of 10 000 cells per well. The L929 cells were then
incubated for 2 h at 37 °C to permit cell adhesion.
After that, the cells were then maintained in 100 pL
of culture medium with three separate samples of
GHK-Cu monomers, self-assembled GHK-Cu NPs,
and deionized water as negative control. Following
12 and 24 h incubations, 10 pL of CCK-8 solution
was added to each well and plates were incubated
for an additional 4 h. Absorbance was measured at
450 nm by a microplate reader (Thermo Scientific
Multiskan GO) and cell viabilities were compared
to those of the control groups. All measurements
were performed in triplicate.

Wound Healing Study: Once the L929 dermal fibroblast cells were
grown confluent, the cell monolayer was scratched in a straight line
using a sterile pipet tip to mimic an incision wound. Cells were then
washed with PBS to remove debris. The cells were treated with GHK-Cu
monomers, self-assembled GHK-Cu NPs, and deionized water as a
negative control and incubated at 37 °C. The final concentrations of
GHK-Cu monomers and nanoparticles were 100 ug mL™'. Wound
closure was monitored by collecting digitized images at various time
intervals after the scratch was performed and until closure was either
complete or no longer progressing. Digital images were captured under
an inverted microscope (BFM80OE, Bi Mu Inc., Shanghai, China), and
the area of the scratch was analyzed using the Image-] software. Data
presented represent the extent of wound closure (percentage by which
the original scratch area has decreased for each given time point).
Measurements were done in three replicate wells for each condition.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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