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ABSTRACT: Copper—cystine-based high aspect ratio structures Nanofiber ;’g:(‘j

(CuHARS) possess exceptional physical and chemical properties and aerogels

exhibit remarkable biodegradability in human physiological conditions. f::","‘s — 7 0 — == (G} + RsNO >(NG)+ ks~ +{Cu2)

Extensive testing has confirmed the biocompatibility and biodegrad- /37
ability of CuHARS under diverse biological conditions, making them a

viable source of essential Cu**. These ions are vital for catalyzing the
production of nitric oxide (NO) from the decomposition of S-
nitrosothiols (RSNOs) found in human blood. The ability of CuHARS

to act as a Cu’*" donor under specific concentrations has been
demonstrated in this study, resulting in the generation of elevated

levels of NO. Consequently, this dual function makes CuHARS
effective as both a bactericidal agent and a promoter of angiogenesis. In

vitro experiments have shown that CuHARS actively promotes the
migration and formation of complete lumens by redirecting micro-
vascular endothelial cells. To maximize the benefits of CuHARS, they have been incorporated into biomimetic electrospun poly(e-
caprolactone)/gelatin nanofiber aerogels. Through the regulated release of Cu** and NO production, these channeled aerogels not
only provide antibacterial support but also promote angiogenesis. Taken together, the inclusion of CuHARS in biomimetic scaffolds
could hold great promise in revolutionizing tissue regeneration and wound healing,
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1. INTRODUCTION Gale and Winkler prepared Cu—cystine complexes at temper-
atures below 40 °C and at boiling temperatures, obtaining a
pale blue-violet precipitate at lower temperatures and a light
green material at higher temperatures. They suggested that L-
cystine may adopt different crystal structural conformations,
but a possible structure was not proposed.” More recently,
DeCoster and co-workers reported the formation of Cu—
Leystine fibers in cell culture media while studying the toxicity
of CuO nanoparticles, and later the synthesis was optimized
from CuO nanoparticles or copper sulfate solutions.'’”"*
However, the exact structure of this fibrous material is still
unknown.

Nowadays, the potential use of biological molecules as
building units in metal—organic frameworks (MOFs) has
created novel avenues for exploring fresh architectures and
functionalities, particularly in catalysis, biosensing, and
biomedical applications."> Numerous studies have reported

Copper is an essential trace element required in living
organisms and a cofactor in several enzymes like tyrosinase,
cytochrome ¢ oxidase, or superoxide dismutase, acting as an
electron donor/acceptor by alternating between Cu(I) and
Cu(II) redox states.' > The interaction of copper with
biologically relevant compounds such as amino acids and
other ligands is a topic of interest due to the role of copper
ions in some biochemical processes, as well as for possible
application as anticancer agents, contrast agents in nuclear
magnetic resonance (NMR) imaging, and its antifungal
activity.*® Several studies focused on the interaction of
copper ions with the biologically occurring disulfide L-cystine,
which results from the oxidation of the amino acid cystine with
the formation of a disulfide bridge. Among them, Kahler et al.
reported the formation of copper—cystine complexes with fiber
morphology and showed a 1:1 stoichiometry on Formvar-
coated copper screens at neutral pH values.” They suggested
that the formation of these fibers could give rise to artifacts Received: December 14, 2023
when using copper screens in electron microscopy. Although Revised:  January 15, 2024
this preliminary study stated that the fibers were not formed in Accepted:  February 1, 2024
an aqueous solution, this fact was later refuted by other Published: February 16, 2024
reports.””'" Hawkins and Perrin reported the formation of

linear polynuclear complexes and studied their stability.” Later,
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the creation of bioMOFs using amino acids or oligopeptides,
resulting in flexible or robust frameworks depending on the
bioligand.'*~'® While the frameworks generally showcase
microporosity, the selection of these bioligands stems from
their hydrophilic or hydrophobic nature, the intrinsic chirality,
the presence of additional metal-binding groups (carboxylate,
amine, imidazole, thiol, or phenol groups), and the potential
application of the resultant materials in areas like gas storage,
separation of chiral molecules, heterogeneous catalysis, sensing
or drug delivery.'"® Most of the peptide-based bio-MOFs
reported until now involve peptides consisting of two amino
acids, like those based on glycylglutamic acid, glycylalanine,
and the natural dipeptide carnosine (f-alanyl-L-histidine).'" ™
Among them, some copper-containing bio-MOFs have been
reported, like those based on the dimer glycylhistidine as a
ligand or a derivative of the dipeptide L-phenylalanine—L-
phenylalanine.”>** In this context, the current work presents a
new approach to synthesizing the Cu—L-cystine biohybrid, also
known as copper high aspect ratio structures (CuHARS),
aiming at unraveling its crystalline structure and how it can
function as metal—organic biohybrids (MOBs), resembling
existing MOFs in terms of their potential biomedical
applications, by utilizing Cu** sourced from CuHARS.

Chronic wounds have been a major concern in clinics. The
most common complications for chronic wounds are biofilm-
associated infections, persistent inflammation due to immuno-
modulatory responses, and pain.”*** Chronic wounds and
associated complications account for 15% of the 8.2 million
Medicare beneficiaries, resulting in costs ranging from $28.1 to
$31.7 billion.”**” The treatment of chronic wounds has been a
subject of study for decades, with a crucial consideration being
the insufficient formation of vascular tissues in the wound
areas, resulting in notably slow wound healing.”***** Rapid
angiogenesis, which facilitates proper vascularization, along
with controlled initial biofilm formation, are the two
paramount factors considered in the study of tissue
regeneration involved in wounds.””*" Copper-based bioactive
materials have been utilized for wound regeneration because of
their antibacterial effect and promotion of angiogenesis.
However, the critical factor is the targeted delivery of a
nontoxic form of copper among many copper sources,
including copper oxide nanoparticles and copper salts, which
often exhibit substantial toxicity to structural cells even at
extremely low concentrations.**>* Another factor involves the
development of a reliable delivery system capable of retaining
bioactive materials for an extended duration. The system must
also be biodegradable and emulate the extracellular matrix of
wound tissue.””’® Our study used a novel copper source
known as CuHARS, demonstrating its potential as a catalyst
for elevated angiogenesis and an antibacterial agent.
Furthermore, CuHARS facilitated the generation of nitric
oxide (NO) from S-nitrosothiols (RSNOs), which has also
been shown as a crucial synergistic element for both
angiogenesis and bactericidal effects.

The origin of NO is from RSNOs (hemoglobin and
albumin-based) present in human blood. NO is enzymatically
produced from vL-arginine by specific NOS enzymes,
particularly eNOS and NOS3, generated by endothelial
cells.”’™*” One of the primary concerns for NO is its
stability.*>*' Due to its high reactivity, it has a very small
half-life and once synthesized, it only persists for a few
milliseconds. This brief duration is insufficient to support
sustained angiogenesis. The role of NO in angiogenesis has
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been a subject of study for decades. It modulates the behavior
of endothelial cells by reducing apoptosis and enhancing
proliferation. This effect is achieved by elevating the expression
of vascular endothelial %rowth factor (VEGF) in areas of
wounds or inflammation.””*** NO mediates podokinesis by
directing the vector of VEGF, resulting in the targeted
migration of endothelial cells.** The most significant factor
in promoting angiogenesis is the upregulation of eNOS in
endothelial cells induced by the presence of NO. VEGEF-
mediated angiogenesis and vascular permeability function
through eNOS. NO released by the enzymatic function of
eNOS activates sGC-cGMP-PKG downstream signaling to
promote angiogenesis. This research examined the impact of
NO on human microvascular endothelial cells (HMEC1) and
demonstrated its role in angiogenesis through in vitro studies.
A simulated biological microenvironment akin to wound and
inflammation was established by introducing S-nitrosothiol
(CysNO) at concentrations comparable to those in the human
blood into a culture of HMECI cells. The study illustrated the
impact of catalyzing NO from RSNOs in the presence of the
novel MOBs CuHARS. CuHARS have been a subject of
research over the past few years, revealing their full
biodegradability and minimal toxicity toward structural cells,
such as rat brain microvascular endothelial cells, as evidenced
by viability tests.**** CuHARS is regarded as a source of Cu®*
in the biological system. It has demonstrated a gradual
degradation profile, releasing Cu®** under passive biological
conditions when examined in various brain cell culture
media.'>*

In this study, we investigated how the presence of Cu®**
catalyzes the breakdown of RSNOs into NO, promoting
angiogenesis by extending the NO’s presence in endothelial
cells. This process facilitated the creation of complete lumens,
making the initial stage in wound area blood vessel formation.
Copper stimulation acts synergistically, aiding blood vessel
development and maturation. Additionally, it triggers the
activation of hypoxia-induced factor 1 (HIF-1), a crucial
transcription factor regulating VEGF.”>*” The combined effect
of copper and NO was also investigated to assess their
collaborative impact on inhibiting initial bacterial growth as
both copper and NO are recognized as antimicrobial agents.
Copper is acknowledged for its antibacterial properties against
both Gram-positive and Gram-negative bacteria, includin
Escherichia coli (E. coli) and Staphylococcus aureus (S. aureus).”
Cu’ tends to bind to bacterial membranes, inducing a
bactericidal effect by upregulating reactive oxygen species
(ROS). This process leads to lipid peroxidation of the
membranes, protein oxidation, and DNA damage inside the
bacterial cells.””~>" NO is also recognized for its potency,
contributing to a broad-spectrum bactericidal effect. Moreover,
NO has been reported to not induce bacterial resistance or be
influenced by bacterial resistance over time.”>** NO functions
as a bactericidal reagent by upregulating oxidative and
nitrosative stressors. This process leads to lipid peroxidation
of bacterial membranes and nitrosation of membrane proteins.
Ultimately, it induces DNA damage within bacteria through
active nitrogen species like dinitrogen trioxide, peroxynitrite,
and many others.’»**>

2. MATERIALS AND METHODS

2.1. Materials. Poly(&-caprolactone) (PCL) (80 kDa) and
Type A gelatin from porcine skin, alginate lyase, anhydrous
copper(Il) sulfate, L-cysteine, L-cystine, and tert-butylnitrite

https://doi.org/10.1021/acsomega.3c10012
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were purchased from Sigma-Aldrich (St. Louis, MO, USA).
Glutaraldehyde (25% EtOH) solution was purchased from
Thermo Fisher Scientific Inc., Waltham, MA, USA. Hexa-
fluoroisopropanol (HFIP) was purchased from Oakwood
Chemicals (Estill, SC, USA). Gibco (Thermo Fisher Scientific
Inc., Waltham, MA, USA) supplied the fetal bovine serum
(FBS), minimum necessary medium (MEM), and penicillin—
streptomycin. The bacterial Live/Dead assay kit and Greiss
assay kit were purchased from Thermo Fisher Scientific Inc.,
Waltham, MA, USA. Cell viability CCK-8 assay kit was
obtained from Dojindo Laboratories, Rockville, MD, USA.
Methicillin-resistant S. aureus (MRSA) USA300 LAC was
obtained from the University of Nebraska Medical Center
(UNMC). Luria—Bertani (LB) bacterial medium was
purchased from Thermo Fisher Scientific Oxoid (Waltham,
MA, USA).

2.2. Synthesis of CUHARS. The synthesis of CtHARS was
carried out following the reported procedure.'”*° Briefly, 1-
cystine solution was prepared by dissolving 7.29 mg L-cystine
in 100 4L of 0.1 M NaOH and then diluting 1 uL of L-cystine
solution in 970 uL of sterile bidistilled water. The resultant
solution was transferred to a closed container, preferably with a
large surface area like a cell culture flask, and warmed for 30
min at 37 °C. Then, 32 uL of 2 mg/mL copper(I) sulfate
solution was added to the flask, which was kept at 37 °C for §
h. Subsequently, the flask was transferred to a refrigerator at
2—8 °C to form CuHARS. Finally, 3 yL of 0.1 M HCI was
added per 1 mL of suspension, and the sample was recovered
by centrifugation, rinsed twice with bidistilled water, and
allowed to dry at 40 °C.

2.3. Characterization of CuHARS. Images of the
CuHARS fibers were acquired using the optical microscope
DMI6000B from Leica, FEI Quanta 200 scanning electron
microscope (SEM) with attached EDS unit from Bruker and
Hitachi H7500 transmission electron microscope (TEM). To
determine the surface charge of the fibers, an aqueous 0.05%
w/v CuHARS suspension (10 mL) was titrated to the point of
zero charge with 0.001 N polydiallyldimethylammonium
chloride (polyDADMAC), using the particle charge detector
Miitek PCD-05 from BTG. The amount of organic
components in the synthesized materials was determined by
chemical analysis with a LECO CHNS 932 elemental analyzer.
X-ray diffraction was carried out by a D8-ADVANCE
diffractometer from Bruker, equipped with a LYNXEYE
detector, and using the copper Ka radiation. The voltage
and current source were set at 40 kV and 30 mA, respectively.
FTIR spectroscopy was carried out by a Bruker iFS 66VS
spectrophotometer, and the samples were measured as KBr
pellets between 4000 and 250 cm™' with a resolution of 2
cm™'. Raman spectroscopy was carried out using a green laser
(514 nm) with a Renishaw inVia Raman microscope, which is
coupled to a Leica DMLM microscope. UV—visible spectros-
copy in the solid state was carried out using a UV-2401 PC
spectrophotometer from Shimadzu equipped with an integrat-
ing sphere. The reflectance values were measured in the 800—
200 nm wavelength range and then transformed to the
corresponding absorbance data using the Kubelka—Munk
function. The thermogravimetric analysis was carried out
using a TGA QS0 instrument in the range from 25 to 600 °C
with a heating rate of 10 °C/min under nitrogen flow. The
water sorption properties were gravimetrically determined with
an Aquadyne DVS dynamic water-vapor sorption analyzer
from Quantachrome Instruments. The water sorption iso-
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therms were obtained at 25 °C in the 0 to 95% relative
humidity range, using an amount of sample around 10 mg. N,
adsorption/desorption measurements were carried out at —196
°C on a Micromeritics ASAP 2010 analyzer, and the specific
total surface area was determined using the Brunauer—
Emmett—Teller (BET) method.

2.4. Fabrication of CuHARS-Embedded PCL/Gelatin
Nanofiber Aerogels. The electrospinning was used to
fabricate PCL/gelatin (1:1) mats. A spinning solution of 8%
(w/v) PCL/gelatin was prepared by dissolving a predeter-
mined mass of PCL and Gelatin in HFIP. A rotating mandrel
was used to collect the aligned electrospun nanofibers used in
this study. The following electrospinning parameters were
used: DC voltage = 15 kV, flow rate = 0.4—0.6 mL/h, and
distance between the collector and spinneret = 10—15 cm. The
mats once produced were cross-linked in glutaraldehyde (GA)
vapor from the 25% EtOH solution overnight in an airlocked
chamber.

The 3D printed sacrificial templates were produced using
Allevi 1 3D printer with an STL file of the digital model and
the 3D printed sodium alginate meshes had predesigned
patterns.””>® Briefly, the sodium alginate was directly
deposited on a cryogenic substrate, and the resulting sodium
alginate mesh was cross-linked in a cold CaCl, bath (2.5%) for
10 min and then stored in DI water until further use.

Four types of nanofiber aerogels were generated, but the
major focus was on the aerogels with precision macrochannels
for future use. The procedure for generating the PCL/gelatin
nanofiber aerogels with precision macrochannels was described
in our previous studies.”® The cross-linked PCL/gelatin
nanofiber mat was cut into short nanofibers using a cryostat.
The PCL/gelatin short nanofibers were stored at 4 °C for
future use. To prepare the aerogels, the PCL/gelatin short
nanofibers were dispersed in deionized (DI) water to form a
nanofiber solution with a concentration of 25 mg/mL along
with the addition of gelatin at a concentration of 1.25 mg/mL.
The solution was homogenized in an ice bath for 20 min and
then subjected to an additional 20 min using a homogenizer
set at 20% amplitude and 10/20 s ON/OFF cycles. CuHARS
was added to the solution during the final 3 min of the
homogenization, resulting in a final concentration of 0.01%
(w/v) in the solution. The homogeneous mixture was then
transferred to a copper ring mold fixed on a metal plate and
frozen at —80 °C for 1 h. After the mold was completely
frozen, the nanofiber aerogels were transferred to a freeze-dryer
and subject to lyophilization for 24 h. The aerogels were
subsequently cross-linked with GA vapor for 12 h in a closed
chamber containing 25% GA in EtOH. The cross-linked
aerogels were immersed in a 3 mg/mL solution of alginate
lyase in 1 X PBS. They were then placed in a shaker and
incubated at 37 °C for 3 h, during which the alginate templates
were dissolved. This step not only removed the excess GA used
but also included a final wash with Tris HCl buffer.
Subsequently, the aerogels were sterilized using 70% EtOH
before being utilized in experiments.

2.5. Structural Morphology of CuHARS-Embedded
PCL/Gelatin Nanofiber Aerogels. The morphologies of the
aerogels, both with and without CuHARS and macrochannels,
were examined using SEM. The CuHARS-embedded aerogels
were also examined under an energy-dispersive spectrometer
(EDS) to examine the distribution of the CuHARS in the
polymeric scaffolds. In brief, the aerogels were frozen in DI
water, and then horizontally sectioned using a cryostat. The
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sections were subsequently freeze-dried to remove moisture
before being sputter-coated with an Au—Pd target in an argon
atmosphere at a peak current of 15 A for S min. The sputter-
coated samples were then imaged using SEM with an
accelerating voltage of 15—20 kV.

2.6. Degradation of CuHARS in Passive Cell Culture.
The degradation of CuHARS was assessed under passive
biological conditions. A 24-well cell culture plate was
employed, with 2 mL of HMECI media added to 9 wells
and 2 mL of 1 X DPBS to another set of 9 wells. CuHARS,
with a stock concentration of 5 mg/mL, underwent 20 min of
sonication in a Branson 1500 sonicator within a 1.5 mL
Eppendorf tube. Another stock solution of CuHARS, also with
a concentration of 5 mg/mL, was maintained without
sonication. Based on our previous study, we observed
approximately 95% degradation of CuHARS in microglia,
astrocytes, and PC12 media over a 28-day period.'* Sonication
of CuHARS resulted in lengths of around 3—6 um as they
broke into smaller sections. This enhanced the surface area of
interaction, leading to structures resembling those embedded
in the scaffolds. Sonicated and nonsonicated CUHARS, both at
a concentration of 20 yug/mL, were added to respective wells
containing DPBS and HMEC1 media. The culture plate was
then placed in an incubator at 37 °C with 5% CO,. Images
were captured using a Leica DMI6000B optical microscope at
predefined coordinates within the wells on days 0, 1,2, 3, 5, 7,
10, 14, 21, and 28 after adding the sonicated and nonsonicated
CuHARS.

2.7. Quantification of Cu?* Released Over Time. The
release of Cu®" from sonicated CuHARS, both individually and
from CuHARS embedded PCL/gelatin nanofiber aerogels in
HMECI medium, was quantified using ICP-MS. The control
group consisted of HMEC1 medium alone. This assessment is
crucial since Cu®* plays a pivotal role in initial antimicrobial
activity, angiogenesis promotion, and serves as an active
indicator of the novel CuHARS’s biological degradation. For
the experimental setup, six-well cell culture plates were utilized,
each containing 6 mL of HMEC1 medium. CuHARS
embedded PCL/Gelatin nanofiber aerogels were added to
the HMEC1 medium to achieve a final concentration of 10
pug/mL of CuHARS in the HMECI media. The plates were
then incubated at 37 °C with 5% CO, for 28 days. Sampling
was performed on days 1, 3, 5, 7, 14, 21, and 28 after CuHARS
and aerogel addition. From each set of wells—HMEC1 media,
CuHARS 10 pg/mL in HMECI media, and CuHARS
embedded PCL/gelatin nanofiber aerogels in HMECI1 media,
1 mL of HMEC] media was collected. To isolate and
determine Cu’* concentration using ICP-MS, 1 mL of
HMEC1 was mixed with 1 mL of concentrated HNO; and
0.5 mL H,O, in polypropylene tubes. The mixture was
digested at 60 °C for 2 h, followed by dilution with 2.5 mL of
ultrapure water. The resulting solutions were centrifuged at
2000 rpm for S min, and the supernatant was dried on a hot
plate at 80 °C. The dried residue was then redispersed in a
matrix containing 10 ppb Tb for subsequent ICP-MS analysis.
ICP-MS analysis was conducted using the PerkinElmer
NexION 300Q_at the UNMC core facility. Data were collected
and provided by the UNMC core facility for further analysis.
Calibration standards of 200, 100, 50, 25, 12.5, and 6.25 ppb
Cu®* were used. The experiment aimed to determine the
release of Cu®" from CuHARS-embedded nanofiber aerogels
over 28 days, providing insights into the availability of Cu®" at
different time points.
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2.8. Synthesis of CysNO and Catalytic Production of
NO Using CuHARS. The synthesis of nitric oxide from its
precursor, S-nitrosocysteine (CysNO), was assessed using
CuHARS. Freshly prepared CysNO was employed for each
experiment due to its rapid decomposition upon temperature
change. CysNO was synthesized by combining 17.56 mg (0.1
mmol) of cysteine with 12 uL (0.1 mmol) of tert-butylnitrite in
1 mL of sterile water. This mixture was kept on ice while
continuously shaking for 30 min, following the procedure
outlined by Ryan and Reynolds.”” The resulting CysNO stock
solution is at a concentration of 0.1 M.

2.9. In Vitro Testing for NO Production. The catalytic
decomposition of CysNO to generate NO under passive
biological conditions was evaluated at concentrations relevant
to the biological environment, specifically in the HMECI
medium. This assessment was conducted using CuHARS and
CuHARS embedded within aerogels, exploring various
CuHARS and CysNO concentrations. Given that the desired
NO concentration in areas of inflammation or wounds is
approximately 8 4M, CysNO concentrations of 10, 25, and 50
UM were tested. These tests were carried out in the presence of
CuHARS (10 pug/mL) and aerogels containing 4, 8, and 20 ug
of CuHARS per 1 mL of HMECI1 media, respectively. To
achieve these concentrations, the stock solution of 0.1 M
CysNO was diluted with HMEC1 medium accordingly. The
goal was to examine how the concentration of endogenous
biomimicking NO donor, CysNO, and the catalyst, CuHARS,
impacted the production of NO. The quantification of
generated NO was achieved using the Thermo Fisher Scientific
Greiss assay kit. This was performed following the protocol
provided by the company, utilizing a plate reader (Biotek
Synergy H1) set at a wavelength of 548 nm.

After achieving the target NO concentration of approx-
imately 8—10 uM, the subsequent experiment focused on
assessing the reusability of CuHARS in the NO catalysis
process. To carry this out, 10 ug of CuHARS alone and
aerogels containing 10 pg of CuHARS were introduced into
cell culture wells, each containing 1 mL of HMEC1 media. The
catalytic generation of NO was determined using the Greiss
assay after 3 h of incubation at 37 °C with 5% CO,. This was
done following the addition of CysNO for S consecutive
treatments of HMEC1 media, each with 10 4M CysNO. Data
points for NO generation were recorded on days 1, 3, and S. In
a previous study, we demonstrated the reusability of 4% (w/w)
CuHARS embedded in cellulose films for NO catalysis, but the
fresh CysNO was added every 15 min.** In this current study,
the reusability of CuHARS and its NO generation capacity
were evaluated over a S-day period within a physiological
microenvironment.

2.10. Bactericidal Effect of CuHARS-Embedded PCL/
Gelatin Nanofiber Aerogels. Our previous research focused
on investigating the bactericidal effect of NO on E. coli and S.
epidermidis.4S However, this examination was conducted in a
noncontact manner within a bioreactor. In that study,
CuHARS acted as a catalyst for NO generation, with the
gaseous form of NO applied to bacteria to observe the
suppression of bacterial colonies, demonstrating bactericidal
effect for a 24 h period.* In this study, we explored the
synergistic effect of CuHARS and NO on MRSA. A single
bacterial colony of MRSA was cultured by inoculating loops
and incubating them at 37 °C and 200 rpm in liquid LB
medium overnight. Subsequently, 10 uL of bacterial culture
was added to 2 mL of fresh LB and further incubated for about
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2 h. The resulting cultures were centrifuged, washed with PBS
twice, and then resuspended. Bacteria were diluted to a
concentration of 10" CFU/mL in PBS. For the testing, six 15
mL polypropylene tubes were prepared, each containing 2 mL
of PBS along with MRSA USA300 (10’ CFU/mL). The
materials under investigation included: CysNO (10 4uM/mL),
CuHARS (10 pg/mL), CuHARS (10 pM/mL) + CysNO (10
uM/mL), PCL/Gelatin aerogels + CysNO (10 pM/mL),
CuHARS embedded aerogels (10 yg/mL) + CysNO (10 uM/
mL). The goal was to assess MRSA viability over 4 h using the
Invitrogen Bacterial Live/Dead assay, following the company’s
protocol. For the experimental procedure, CysNO with a total
concentration of 10 yM/mL was added to the tubes with
MRSA first, followed by the addition of CuHARS (10 pg/mL)
or aerogels (containing 10 ug/mL of CuHARS). The tubes
were then incubated at 37 °C for 4 h. After this incubation
period, the Thermo Fisher Scientific bacteria Live/Dead assay
kit was used according to the company’s instructions. For
confocal imaging, 20 L of the assay solution was placed on a
glass slide, covered with a glass coverslip, and imaged using
Zeiss LSM 800 with an Airyscan microscope in the UNMC
confocal core facility. Percentages of dead bacterial cells were
determined relative to the total bacterial cells within each field.
Furthermore, the treated MRSA from the previous experiment
was incubated on agar plates to observe regrowth and colony
formation. Colonies were counted under various experimental
conditions after 24 h to assess any changes in MRSA colony
formation.

2.11. Formation of Lumen and Viability Analysis of
Human Microvascular Endothelial Cells (HMEC1). For in
vitro cell studies, human microvascular endothelial cells 1
(HMEC1) were used. These cells were generously provided by
Dr. Rakesh Singh at UNMC. HMECI1 cells were cultured in
RPMI 1640 medium (ThermoFisher Scientific), supplemented
with 10% fetal bovine serum and 1% penicillin—streptomycin.
Upon reaching confluency, the cells were rinsed with DPBS
and then treated with trypsin-EDTA (0.25%) for S min to
facilitate cell detachment from the culture plate. Following this,
the cells were centrifuged at 1000 rpm for 5 min to collect the
cell pellet. The supernatant was removed, and the cell pellet
was resuspended in fresh media before being plated for further
use.

The tube assay was performed on Cultrex BME low-growth
factor-coated coverslips (R&D systems). On the assay day,
80,000 cells were seeded onto the coverslips and allowed to
adhere for 6 h. Following this initial attachment period, the
adhered cells were exposed to various conditions: control, 10
#M/mL CysNO, 10 pg/mL CuSO,, 10 uM/mL CysNO + 10
pug/mL CuSO,, 10 pg/mL CuHARS, and 10 yuM/mL CysNO
+ 10 pg/mL CuHARS. After an additional 18 h of incubation
at 37 °C with 5% CO,, tube formation was assessed and
compared between differentiation treatment conditions and
untreated control conditions. The cells were fixed using 4%
paraformaldehyde (PFA) and stained with calcein (Thermo-
Fisher Scientific). Subsequently, visualization was conducted
using the Zeiss LSM 800 with Airyscan microscope located
within the UNMC confocal core facility. Images were acquired,
analyzed, and processed using the Zeiss Zen 2010 software.
Quantification of all confocal data was performed using Image]
software, and graphical representations were generated using
GraphPad Prism software.

Approximately 1.0 X 10° HMEC1 cells were seeded per well
in a 24-well plate and allowed to adhere for 6 h. The cells were
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subjected to various treatment conditions, including control,
10 uM/mL CysNO, 10 ug/mL CuSO,, 10 uM/mL CysNO +
10 pg/mL CuHARS, 10 uM/mL CysNO + PCL/gelatin
aerogels, and 10 gM/mL CysNO + PCL/gelatin aerogels
containing 10 pg/mL CuHARS. To assess cell viability, a
CCK-8 assay (Dojindo Lab) was conducted at 24 and 48 h,
following the protocols provided by the company. The
absorbance was measured using Biotek Synergy H1 plate
reader at a wavelength of 450 nm. The data were analyzed by
normalizing the viability of the 24 h control group to 100% and
was presented in the form of a bar graph.

2.12. Transwell Migration of HMEC1 and VEGF
Quantification. Five x10* HMECI cells per insert of a 24-
well transwell plate were plated and allowed to attach for 4 h.
In the lower chamber of the well, various test conditions,
including control, 10 uM/mL CysNO, 10 ug/mL CuSO,, 10
uM/mL CysNO + 10 ug/mL CuSO, 10 pug/mL CuHARS,
and 10 uM/mL CysNO + 10 pg/mL CuHARS, were added to
establish a gradient across the membrane. The media in the
inset were removed, and the cells were allowed to migrate
toward the gradient for 24 h. Media from the lower chamber of
the well were collected to assess VEGF levels. The migrated
cells were gently washed with 1 X DPBS and fixed using
formalin for 15 min. Formalin was then removed, and the cells
were washed with 1 X DPBS. Subsequently, 1 mL of Crystal
violet dye was added to the cells and stained for 20 min. The
dye was thoroughly washed with distilled water, and images
were captured using a Leica DMI6000B optical microscope.
The images were analyzed to calculate and compare the
relative percentage of migration between the control and the
test conditions. The data obtained were presented as a bar
graph, and statistical significance was determined from 3
independent experiments. The VEGF levels were quantified by
ELISA assay kit from Abcam following the manufacturer’s
protocol, and the data were calculated and represented as a bar
graph.

2.13. Angiogenic Gene Expression Analysis by PCR.
0.3 X 10° HMECI cells were plated in each well of a six-well
plate and allowed to settle for 4 h. Various test conditions,
including control, 10 uM/mL CysNO, 10 ug/mL CuSO,, 10
uM/mL CysNO + 10 ug/mL CuSO, 10 pug/mL CuHARS,
and 10 uM/mL CysNO + 10 pg/mL CuHARS, were added to
the cells and incubated for 48 h. The cells were washed with 1
X DPBS twice and 1 mL of trizol (ThermoFisher Scientific,
CA) was added to each well to collect cell lysate. Phase
separation was achieved by adding chloroform, followed by
RNA precipitation with ethanol. The resulting pellet was air-
dried and resuspened in RNase- DNase-free distilled water.
The RNA concentration was determined using a Nanodrop
spectrophotometer (ThermoFischer Scientific). One milligram
of RNA was used to generate cDNA following the protocol of
the Transcriptor First strand cDNA synthesis kit (Roche
Diagnostics Corporation). Fifty nanograms of cDNA were
used for real-time PCR using the SYBR green detection
system. The reactions were conducted using an ABI 7500
instrument located in the Department of Surgery at UNMC.
Data analysis involved normalization with 36B4, measured
under the same conditions, using the 27AACT method. The list
of primers used is as follows.

VEGF Forward-5'-CCC ACT GAG GAG TCC AAC AT-3’

Reverse- 5'-AAA TGC TTT CTC CGC TCT GA-3’

VEGF-R1 Forward-5'-CATGAGGATGAGAGCTCCT-
GAG-3’

https://doi.org/10.1021/acsomega.3c10012
ACS Omega 2024, 9, 9765—-9781


http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c10012?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

31423026 | o ctine 2.0 1586 1409
2968 1621 | 41488 | e
3230 0o, — CuHARS [ : -
3 0 [f2015 3 5] \ 3 1- ssfy
< [ & ! 1382 & a4 542 497 | "Cus
©0.75- 2749 -~ 1339 0.754 | | 353
o I\ 2676 o | g
I\ 8 1.0 ! 1296
g \f2588 g1 | I £ /4541395 286
£0.501 /2999 VA <3 ) 1195 1127 £0.501 I 64
Q 3445 \ o . ¥ I ™~ 777 675 g15
8 /! Y2921 5 0.5 V 1 1043966 [} | ) 615 33
Bo2s| ) 2098 @ //l vvz‘.\ﬂ/\_-@-\‘ A So2sq | U N
< | G o0 1656 < PRGNSO WY
0.00 . . . . . . . v 0.00
4000 3500 3000 2500 2000 1600 1400 1200 1000 800 700 600 500 400 300
Wavenumber (cm-1) Wavenumber (cm-1) Wavenumber (cm-1)
(G) 1678 (H) 2923
1405
3142 1653
- 3230 T1390 S Vss b
: ]
© L 494
g g
£ 1586 | 1409 a 490 2961
\ [
5 3026 1621111 1488 £ 2910 f
(7}
<
4000 3000 2000 1000 500 1000 1500 2000 2500 3000

Wavenumber (cm'1)

Wavenumber (cm'1)

Figure 1. Characterizations of CuHARS. (A) SEM image of CuHARS. (B) Higher magnification of (A). (C) TEM image of CuHARS showing the
solid internal structure. (D) FTIR spectra in the range of 4000—1750 cm™. (E) FTIR spectra in the range of 1750—900 cm™. (F) FTIR spectra in
the range of 900—250 cm™. (G) FTIR spectra in the range of 4000—250 cm™" of (a) L-cystine and (b) CuHARS. (H) Raman spectra in the range
of 3200—100 cm™ of (a) r-cystine and (b) CuHARS. The spectra were normalized based on the most intense band in each case.

Reverse-5'-AGGCCAACAGAGTGCTGCTGTC-3’

VEGF-R2 Forward-5'-GCA ATC CCT GTG GAT CTG
AA-3

Reverse-5'-ACT CCA TGC CCT TAG CCA CT-3’

BFGF Forward-5'-CCG TTA CCT GGC TAT GAA GG-3'

Reverse-5’-ACT GCC CAG TTC GTT TCA GT-3'

TGF-f Forward-5'-CATGGAGCTGGTGAAACGGA-3’

Reverse-5'-GGCGAGCCTTAGTTTGGACA-3’

ANGI Forward-5’-GAA GGG AAC CGA GCC TAT TC-3'

Reverse-5’- GCT CTG TTT TCC TGC TGT CC-3’

36B4 Forward-5'-ATG CAG CAG ATC CGC ATG T-3’

Reverse-5'-TCA TGG TGT TCT TGC CCA TCA -3’

2.14. Statistical Analysis. Statistical analysis was con-
ducted using Graphpad Prism software from Graphpad
Software Inc., located in San Diego, CA. The results were
presented as means + standard errors (n = 3). Statistical
significance was determined using RM two-way ANOVA with
Geisoor-Greenhouse correction and Tukey’s multiple compar-
ison tests (applied for n = 3) as well as Brown-Forysthe and
Welch Anova (n 1). In the Figures illustrating the
degradation of CuHARS, the release of Cu®*, reusability of
CuHARS, bactericidal effect, lumen formation, cell viability,
cell migration, VEGF ELISA assay and angiogenic gene
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profiling through PCR analysis, statistical significance levels
were represented as follows: ns (p > 0.05), * (p < 0.05), # (p
<0.01), and oo (p < 0.001).

3. RESULTS AND DISCUSSION

3.1. Characterization of CuUHARS. The complexation of
Cu® with L-cystine results in a blue crystalline material
exhibiting a fibrous morphology characterized by a high aspect
ratio. This can be observed in the scanning electron
microscopy (SEM) images (Figure 1A). From diluted
solutions, crystals could grow to lengths of up to approximately
150 pm with diameters ranging from $ ym down to as small as
100 nm, as observed in the thinnest fibers. When examined
under the transmission electron microscope (TEM), these
fibers exhibited a solid structure throughout (Figure 1C),
validating the uniform integration of both metallic and organic
constituents in the biohybrid structures. A prior investigation
into CuHARS suspensions reported a zeta potential range of
—28 to —33 mV, underscoring the overall negative charge
carried by these fibers."”*® To pinpoint the surface charge of
CuHARS fibers, titration to the point of zero charges was
conducted using the cationic polymer polyDACMAC, yielding
a value of 4.8 mequiv of negative charges per 100 g of material.
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Figure 2. Characterizations of CuHARS. (A) UV—vis spectra of (a) CuSO,-SH,0 and (b) CuHARS. (B) Powder X-ray diffraction patterns of (a)
L-cystine and (b) CuHARS. (C) TG and DTG curves obtained from the thermal analysis of CuHARS, (D) water, and (E) N, adsorption/
desorption isotherms of CuHARS measured at 25 °C and —196 °C. Solid circle: adsorption; hollow circle: desorption.

This negative charge facilitated the electrostatic adsorption of
positively charged polymers such as polyallylamine, which was
recently employed to furnish the fibers with a coating
containing amino groups. This coating served to aid the
covalent attachment of the fibers to 2,2,6,6-tetramethylpiper-
idine-1-oxyl (TEMPO)-oxidized cellulose.*

The quantity of L-cystine assembled with copper ions was
assessed through CHNS chemical analysis, resulting in the
following outcomes: %C: 23.63; %H: 3.48%; %N: 9.06; %S:
20.72. Consequently, 79% of the total mass within CuHARS
consists of L-cystine, while 21% accounts for copper ions.
These findings indicate that 0.33 mol corresponds to each
component, thereby confirming a 1:1 stoichiometry, consistent
with preliminary investigations of this material.” EDS analysis
previously established that these elements, alongside oxygen,
constitute the sole constituents of the CuHARS material. Upon
analyzing pristine L-cystine, values of 30.18%C, S5.02%H,
11.65%N, and 26.58%S, were obtained. This consistent C/S
ratio of 0.88 affirms that all the sulfur content in the hybrid
material originates from L-cystine, precluding any contribution
from residual components such as sulfate ions.

Figure 1D,E show the Fourier transform infrared (FTIR)
spectrum of CuHARS, indicating distinct alterations in the
characteristic vibration bands of carboxylic and amino groups
compared to the cystine spectrum. The stretching vibration
bands associated with amino groups in L-cystine, initially
located at 3026 cm™ as a broadband (asymmetric vyy_g in
NH,*), alongside minor signals ranging from 2750 to 2550
cm™' and an additional peak at 2090 cm™ attributed to the
symmetric N—H vibration in NH;*, exhibited a shifted to
higher wavenumber values in the CuHARS spectrum. Notably,
this shift manifested as two narrow bands at 3230 and 3142
ecm™1.° This phenomenon can be attributed to the
coordination of copper ions, which form the metal—organic

9771

material. Similarly, the deformation vibration bands observed
at 1621 cm™" (asymmetric SNH**) and 1488 cm™ (symmetric
SNH?*) exhibit pronounced susceptibility to metal coordina-
tion. The former experiences a shift toward 1653 cm™, while
the robust band at 1488 cm™' appears to manifest at 1408
cm™!, albeit with diminished intensity. This alteration is a
consequence of the coordination and subsequent attenuation
of the N—H bond, distinct from the free NH;", as illustrated in
Figure 1E.°” A similar phenomenon was evident in the bands
associated with the carboxylic groups. The band situated at
1586 cm™" (asymmetric C=0 stretching) undergoes a shift to
1618 cm™', while the band at 1409 cm™ (symmetric C—O
stretching) likely shifts to a lower frequency around 1390
em™, in line with reports on coordination complexes.’’
Various bands emerging below 550 cm™" could be attributed to
the Cu—O and Cu—N bonds established within the CuHARS
material (Figure 1F). These observations substantiate the
coordination of L-cystine to Cu®** through its amino and
carboxylic groups, forming a metal—organic complex. This
finding aligns with other studies that detail the fabrication of
Cu®" doped crystals of different amino acids, suggesting an
arrangement where Cu’* occupies the core of a square-planar
geometry constituted by two carboxyl groups and two amino
groups.®!

Although the stretching vibration band attributed to the
disulfide bond is weak in the IR and challenging to detect, it
becomes discernible at 497 cm™ in both the spectra of L-
cystine and CuHARS, albeit with very low intensity (Figure
1G). This presence suggests that the bond remains intact even
after the coordination of copper(Il) ions. Further validation is
offered by Raman spectroscopy, where the disulfide bond
generates a robust signal. The Raman spectrum of L-cystine
(Figure 1H) features certain vibrational bands mirrored in the
infrared (IR) spectrum, along with a prominent signal at 490
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calcium alginate templates.

cm™! attributable to the stretching vibration of the S—S bond.
Despite the challenges posed by CuHARS instability and laster
light absorption, the Raman spectrum of CuHARS managed to
capture this disulfide backbone related signal (Figure 1H).
This outcome underscores the fact that the disulfide bond
remains unbroken within the metal—organic material.”®
Moreover, the FTIR results, along with Raman findings,
imply that the metal ions are likely bonded through the amine
and carboxylic groups within the amino acid dimer. This
alignment concurs with analogous coordination complex
studies involving Zn(II) and cystine or Cu(Il) and bis(3-
sulfopropyl)-disulfide (SPS).°>®* The presence of copper and
sulfur as exclusive structural components in CuHARS is
validated through energy-dispersive spectroscopy (EDS), as
illustrated in Figure S1.

The UV—vis characterization of CuHARS in the solid state
reinforces the earlier findings from FTIR and Raman analyses.
The UV—vis spectrum of CuHARS reveals two distinct bands
at 261 and 601 nm (Figure 2A). The former corresponds to
the n-7* characteristic band associated with the C=0O bond in
L-cystine, while the latter, positioned in the visible range, is
attributed to electronic d—d transitions.”* In hydrated Cu(1II)
ions, a pale blue hue emerges due to absorption around 775
nm. When coordinated with L-cystine, this absorption shifts to
around 600 nm, reflecting an increased gap between the energy

levels of the d orbitals.”> This shift signifies the augmented
stability of the resulting complex.

Figure 2B shows X-ray diffraction (XRD) patterns of L-
cystine and CuHARS, indicating their crystallinity. Two
polymorphs of L-cystine are known, a tetragonal phase (P41)
and a hexagonal phase (P6,22).°*%7 The coordination of
copper ions with L-cystine within CuHARS similarly yields a
crystalline structure. Interestingly, the presence of metal atoms
appears to induce an expansion in the cell dimensions. This
effect is implied by the emergence of new reflections at lower
2-0 angles, indicative of larger interatomic distance.

Thermogravimetric analysis was employed to delineate the
distinct stages of CuHARS decomposition. A desiccated
CuHARS sample underwent gradual degradation within a
nitrogen gas environment spanning from 0 and 600 °C. Minor
peaks at approximately 90—120 °C in the thermogravimetric
analysis (TGA) (Figure 2C) correspond to water loss, albeit
minimal in this sample, constituting less than 1%. CuHARS
exhibited stability until 200 °C, beyond which weight ensued
at higher temperatures, ranging from 200 and 300 °C. This
weight loss can be attributed to the melting and thermal
decomposition of L-cystine, exhibiting two distinct stages at
232.6 and 268.8 °C. These processes collectively account for
around 30% of the total weight loss, aligning with the complete
decomposition of CuHARS’ organix content. A comparison to
prior thermogravimetric (TG) curves of pristine L-cystine,
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which displays two mass losses at lower temperatures (203.9
and 239.9 °C), suggests that the coordination with copper(II)
ions increases the thermal stability of the amino acid within the
hybrid material by about 30 °C.%*

Gravimetric water sorption analysis revealed an exceedingly
low water content in CuHARS, estimated at around 0.65%,
corroborating the TG findings. The initial section of the water
sorption isotherm (Figure 2) at low relative humidity (RH)
levels, following the Langmuir adsorption model, demon-
strated a maximum water uptake of around 0.3%, adsorbed as a
monolayer on the external surface. This outcome underscores
the remarkably limited availability of adsorption sites within
this material. With escalating RH, the CuHARS fibers could
adsorb a mere 5% of water at most, likely attributed to water
cluster adsorption at the highest RH values. Further analysis of
this water sorption isotherm unveiled a scant Brunauer—
Emmett—Teller (BET) specific surface area of around 32 m?/
g, reaffirming the absence of porosity. These results found
corroboration in N, adsorption/desorption analysis. The
resultant isotherm (Figure 2D,E) emulates a type II isotherm,
characteristic of dense materials. The BET-specific surface area
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registered at 28 m*/g, while the t-plot method concurred with
the lack of microporosity within this sample, closely aligning
with the water sorption isotherm analysis.

3.2. Characterization of CUHARS-Embedded Poly(e-
caprolactone) (PCL)/gelatin Nanofiber Aerogels. Given
the potential applications of CuHARS in NO catalysis,
angiogenesis, and antibacterial effects, embedding CuHARS
at a concentration of 0.1% w/w within PCL/gelatin nanofiber
aerogels was undertaken. The schematic depiction of the
process for crafting channeled nanofiber aerogels embedded
with CuHARS is shown in Figure 3A. The SEM images in
Figure 3 show the CuHARS-embedded PCL/gelatin nanofiber
aerogels with and without microchannels. In Figure 3B—E,
vertical cross sections of the aerogels without microchannels
are presented at different magnifications (100X , 400X , 1000X
, and 10000X) captured via SEM. The aerogels devoid of
channels lack adequate pore size to facilitate the infiltration of
migrating keratinocytes or endothelial cells, thereby restricting
the development of granular and vascular tissues within the
aerogels. Consequently, cells tend to remain preliminarily at
the aerogel periphery. Attachment sites of CuHARS within the
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cross-linked gelatinous aerogels are shown in Figure 3E,
marked by white ellipses. The EDS analysis on the CuHARS-
embedded PCL/gelatin nanofiber aerogels shows the homoge-
neous distribution of CuHARS in the PCL/gelatin nanofibers
aerogels as shown in Figure S2. To encourage cellular
migration and accelerate wound regeneration with the aerogels,
sacrificial calcium alginate templates were used during the
preparation of CuHARS-embedded PCL/gelatin nanofiber
aerogels with patterned macrochannels. This strategy enabled
the construction of an internally structured framework of
microchannels, with diameters approximating 300—500 pm,
conducive to the migration of various cell types, including
keratinocytes, human microvascular endothelial cells and
human dermal fibroblasts (HDFs). This architectural design
preserves a successful extracellular biomimetic nanofibrous
architecture. SEM images of the vertical cross-section of the
aerogels with microchannels, captured at varying magnifica-
tions (100X , 400X , 1000X , and 10000X) are shown in Figure
3F—1. The efficacy of similar aerogel types has been
demonstrated in prior studies.”®” However, the present
study delves into the effect of the gradual release of Cu®*
from CuHARS embedded within the aerogels. This inves-
tigation explores their roles in fostering angiogenesis and
delivering a short-term burst of antibacterial effect.

3.3. Degradation of CuHARS and Release of Cu®*
from the Aerogels. The biodegradability of CuHARS has
previously been addressed in a preceding study, where the
degradation of CuHARS was elucidated under passive
biological conditions.'” In this context, the degradation of
CuHARS was observed to reach up to 95% within diverse
brain cell culture media over 18 days, incubated at 37 °C with
5% CO,. Given this, it became imperative to examine the
degradation profile of sonicated CuHARS under analogous
conditions upon exposure to human endothelial cell media.
Typically, sonicated CuHARS display lengths of approximately
3—6 pm, compared to the nonsonicated CuHARS spanning
5—150 pm. The reduced length of sonicated CuHARS
enhances the overall surface area and the interface available
for interaction with any biological medium. The rationale for
investigating the degradability of sonicated CuHARS stemmed
from their utilization in the form of PCL/gelatin aerogels,
wherein ultrasonication is employed to homogenize short
nanofibers during fabrication—resulting in CuHARS being
broken down to the size of sonicated CuHARS. The
degradation characteristics of both sonicated and nonsonicated
CuHARS were evaluated in Dulbecco’s phosphate-buffered
saline (DPBS) and human microvascular endothelial cell line
(HMEC1) medium. The degradation process was monitored
over 28 days through optical microscopy, with the relative
CuHARS coverage area quantified in terms of square pixels. As
depicted in Figure 4, a gradual degradation of CuHARS over
time was evident, Notably, sonicated CuHARS did not display
degradation in DPBS; however, within HMEC1 media, a rapid
degradation was observed within the initial 50 h (Figure 4A).
By day 14, sonicated CuHARS exhibited complete degrada-
tion, whereas nonsonicated CuHARS showed nearly 95%
degradation by the same time point. Yet, full degradation for
nonsonicated was not attained even by day 28 in HMECI1
medium (Figure 4B). Interestingly, both sonicated and
nonsonicated CuHARS exhibited negligible degradation in
DPBS (Figures 4A, S3). The relative coverage area of
sonicated CuHARS declined from 102 to 0.3 k pixel* from
day 0 to day 14, with an initial burst degradation of 88.14% in
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the first S days. Similarly, the relative coverage area of
nonsonicated CuHARS exhibited a reduction from 68 to 5 k
pixel* from day O to day 14, with an initial degradation of
65.7% in the first S days in the HMEC1 medium (Figure 4B).
The extended time taken for larger CuHARS to degrade is
attributed to their greater size, which consequently reduces the
available interfacial surface for interaction with HMEC1 media.
The observed degradation of CuHARS under physiological
conditions likely results from the presence of the metal-
chelating reagents present within the serum of cell culture
media. Notably, cell culture medium containing fetal bovine
serum encompasses metal-binding proteins, such as cerulo-
plasmin—a serum ferroxidase capable of binding to copper
sources and chelating copper present in CuHARS.””'
Furthermore, the organic component L-cystine within
CuHARS when liberated, acted as an active participant in
cellular metabolic activity, thereby contributing to the
maintenance of viability in the human microvascular
endothelial cells under investigation.

Copper ranks as the third most vital metal in the human
body, yet its concentration within a localized region bears a
threshold value beyond which it may manifest its toxicity.
Ordinarily, copper content in human blood rests around 1 mg/
L, while the total copper mass within an adult human body
spans 50—129 mg.”>”” In this study, the extent of Cu®" release
from nonsonicated CuHARS and CuHARS-embedded PCL/
gelatin nanofiber aerogels over a 28-day period was quantified
via inductively coupled plasma mass spectrometry (ICP-MS)
(Figure 4C,D). Notably, the release of Cu** from CuHARS is
directly highest on its degradation dynamics. On day 1,
nonsonicated CuHARS yielded a release of 133.6 + 15.85 ppg
Cu**, which eventually escalated to an overall release of 966.17
+ 10.76 ppg Cu** by day 14, with an initial release of 51.01%
Cu®" during the first S days. Conversely, CuHARS embedded
within PCL/gelatin nanofiber aerogels commenced with a day
1 release of 592.33 + 26.4 ppg Cu*', culminating in a total
release of 1509.04 + 6.82 ppg by day 14, accompanied by an
initial release of 90.78% Cu** within the initial S days. This
observation indicated a complete 100% release of Cu** from
the PCL/gelatin aerogels on day 20 as demonstrated in Figure
4C since the Cu®* ions concentration reached zero. The
accelerated Cu’* release from the nanofiber aerogels can be
attributed to the state of sonication that the CuHARS within
aerogels undergo. This was in line with the findings of the
degradation comparison between sonicated and nonsonicated
CuHARS in HMEC1 media, where sonicated CuHARS
underwent complete degradation within the initial 14 days.
The smaller the size of CuHARS, the faster it degrades because
of the increase in the interacting surface area of the material.
Figure 4D presents the day-by-day release of Cu®" on days 1, 2,
3,4,5,7, 14, 21, and 28, both from nonsonicated CuHARS
and CuHARS-embedded PCL/gelatin aerogels. The release of
Cu’* from CuHARS plays a pivotal role in catalyzing RSNO to
NO and significantly contributes to the initial stages of
angiogenesis.

3.4. Catalytic Production of NO in the Presence of
CuHARS-Embedded PCL/gelatin Nanofiber Aerogels. In
a previous study conducted by Darder et al., it was estimated
that 4% w/w CuHARS within their cellulose films released
around 0.44 + 0.01 nmol/s of Cu®*, generating sufficient NO
to exhibit antimicrobial activity against Escherichia coli (E. coli)
and Staphylococcus epidermidis (S. epidermidis). However, the
delivery method utilized in that study was noncontact,
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involving the catalysis of NO by CuHARS." The concen-
tration of CuHARS used in the study was significantly higher
to generate an ample amount of NO which became a potent
bactericidal agent over a period of 24 h. The primary goal of
this study was to identify an appropriate concentration of
CuHARS to be delivered through nanofiber aerogels, which
could produce enough amount of Cu** for both antibacterial
activity and the catalysis of NO from RSNO within wound
regions while operating in direct contact with the physiological
wound environment. Figure SA illustrates the calibration for
delivering 10 pg of sonicated CuHARS, along with 4, 8, and 20
ug of CuHARS embedded individually within nanofiber
aerogels. These concentrations were selected in a cytocompat-
ible manner using 10, 25, and 50 uM of CysNO, aiming to
understand the corresponding change in NO concentration
resulting from the catalytic process. Although CysNO is known
to decompose into NO at 37 °C, the presence of Cu’* released
from CuHARS degradation within HMEC1 media demon-
strated a similar trend of elevated NO release. Given that the
typical concentration of RSNOs within wound or inflammation
areas could be around ~8 uM, the optimization of in vitro
experimental setup was necessary to gain insights into the
alteration of NO levels due to the presence of released Cu*".
The NO generated from 10, 25, and 50 uM CysNO amounted
to 1.79, 3.56, and 6.64 uM, respectively. With higher
concentrations of CysNO in the HMEC1 medium, the
decomposition of CysNO to NO also increased, albeit being
considered incomplete. The presence of copper had the
potential to enhance NO generation. When 20 pg of sonicated
CuHARS were present in 1 mL of HMECI medium
containing 10 uM CysNO, and 4, 8, and 20 ug of CuHARS
were embedded within PCL/gelatin aerogels, the catalyzed
NO concentration spiked to 9.68, 8.28, 9.15, and 9.5 uM,
respectively, as shown in Figure SA. Similarly, in HMECI1
media containing 50 M CysNO, the presence of comparable
concentrations of sonicated CuHARS and CuHARS embedded
in PCL/gelatin nanofiber aerogels, resulted in concentrations
of 44.90, 39.82, 40.87, and 42.45 uM, respectively. These
findings support the notion that higher concentrations of free
Cu?®* effectively enhance the catalytic decomposition of RSNO
into NO.
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The reusability of CuHARS stands as a crucial parameter,
especially since the concentration of CuHARS within nano-
fiber aerogels for wound use remains fixed, and the variable
factor is the continual influx of RSNOs through the
bloodstream into the wound site. Gradual degradation must
facilitate the progressive catalysis of RSNOs to generate a
sustained NO supply. Since the concentration of RSNOs
within the wound regions is around 8 M, CuHARS reusability
was assessed using a 10 yuM CysNO concentration within
HMEC!] medium for the production of elevated NO
mimicking normal physiological condition. For consistency,
the concentration of both sonicated CuHARS and CuHARS
embedded in PCL/gelatin aerogels was set at 10 ug per mL of
HMECI1 medium. This range of NO concentrations, such as
~7—=15 pM, is sufficient for stimulating angiogenesis and
facilitating bactericidal activity, as demonstrated in this
research.”? The assessment of CuHARS reusability was
conducted under passive physiological conditions, where
CuHARS acted as an active Cu** donor for catalyzing NO
production over an extended period, crucial for complete
vascularization. Comparing the control (10 yM CysNO in
HMEC! medium) with the scenario involving PCL/gelatin
aerogels in 10 uM CysNO, the generated NO concentration
during the first, third, and fifth treatments with 10 uM CysNO
were similar (5.22 + 0.79, 9.53 + 0.51, and 11.75 + 0.61 uM,
respectively for the control, and 5.71 + 0.71, 8.85 + 0.66, and
11.79 + 0.62 uM, respectively for the aerogels). These results
clearly indicate the NO amount generated from CysNO
decomposition. In contrast, when exposed to 10 pug of
sonicated CuHARS or PCL/gelatin aerogels containing 10
ug embedded CuHARS, a notable spike in NO concentrations
occurred during the first, third, and fifth treatments on days 1,
3, and 5, respectively. Specifically, 10 ug of sonicated CuHARS
yielded 9.41 + 0.6, 14.39 + 0.76, and 17.36 + 0.78 uM of NO,
while PCL/gelatin aerogels with 10 yg CuHARS resulted in
8.85 + 0.8, 12.73 + 0.61, and 15.47 + 0.78 uM of NO during
first, third and fifth treatments with 10 uM CysNO, as depicted
in Figure 5B. These findings confirm that the increasing
concentration of released Cu** into the HMEC1 medium over
the initial S-day period (Figure 4D) correlates with the
heightened catalysis of NO from CysNO. This cascade effect
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Figure 6. Migration ability and cell viability of HMEC1 in the presence of CysNO and CuHARS (n = 3). HMECI cells were plated on a 24-well
transwell insert and cultured under different conditions to test their ability to migrate toward gradient for 24 h. Optical microscopy images showing
migration of HMEC1 in (A) control, (B) 10 uM/mL CysNO, (C) 10 ug/mL CuSO,, (D) 10 ug/mL CuSO, + 10 uM/mL CysNO, (E) 10 ug
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Graphical representation of cell viability of HMECI. (I) Bar graph showing VEGF levels in conditioned media of HMEC1 under different
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underscores the continuous supply of elevated NO throughout
the initial wound-healing phase.

3.5. Antibacterial Effect. NO and Cu®* have already been
recognized as effective antibacterial agents when employed
individually.”>***>*>7*7> This study has demonstrated the
existence of a synergistic antibacterial effect when elevated NO
and Cu** levels are present concurrently, a phenomenon
confirmed through in vitro testing. The progressive release of
Cu?* and its influence on NO catalysis played a pivotal role in
the suppression of bacteria within the initial 4 h window when
subjected to sonicated CuHARS or CuHARS embedded in
PCL/gelatin aerogels. The results of the LIVE/DEAD assay
present the percentage of decreased Methicillin-resistant
Staphylococcus aureus (MRSA) for different experimental
conditions. The control MRSA group exhibited only 2.52 +
0.44% dead MRSA cells after 4 h of incubation at 37 °C. In
contrast, MRSA cells treated with 10 uM CysNO, 10 pug/mL
sonicated CuHARS, 10 ug/mL sonicated CuHARS + 10 uM/
mL CysNO, PCL/gelatin aerogels (without CuHARS) + 10
UM CysNO, and PCL/gelatin aerogels containing 10 ug
CuHARS + 10 M CysNO demonstrated 20.28 + 0.41, 14.67
+ 2.01, 26.63 + 0.98, 18.44 + 0.38, and 22 + 0.59% deceased
MRSA cells, respectively, as depicted in Figure SC. The NO
generated solely from CysNO decomposition led to approx-
imately 20% MRSA cell death. However, the catalytic synergy
between NO and Cu®', amplified by the presence of sonicated
CuHARS, increased the bactericidal effect by an additional
~6%, elevating the cell death rate to ~26%. A similar
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enhancement in bactericidal effect was observed in the case
of PCL/gelatin aerogels containing CuHARS, again confirming
the synergistic interplay between NO catalysis and Cu** to
foster bactericidal efficiency. While the aerogel itself, with
gelatin enveloping the CuHARS surface during initial hours,
possibly mitigated the bactericidal effect, it still exhibited ~2%
greater effectiveness than the treatment group containing
CysNO alone. This unequivocally demonstrates the collabo-
rative impact of NO catalysis with Cu®*, reinforcing the overall
antibacterial efficacy.

The antibacterial effect, coupled with an inhibitory impact
on MRSA’s ability to proliferate, became evident when
bacterial colonies from the experiment were replated on agar
plates. In particular, notable suppression of MRSA colony
formation was observed in the treatment groups involving
CysNO and CuHARS, either in their raw material forms or
incorporated within PCL/gelatin aerogels. The outcomes
revealed that MRSA colonies replated from the following
treatment groups: 10 yM CysNO, 10 pug/mL sonicated
CuHARS, 10 pg/mL sonicated CuHARS + 10 uM CysNO,
and PCL/gelatin aerogels containing 10 ug CuHARS + 10 uM
CysNO, exhibited the higher degree of colony suppression.
These groups demonstrated reductions of 69.69, 72.72, 61.90
and 53.67%, respectively, when compared to the number of
MRSA colonies formed by the untreated control group, which
was set at 100%, as illustrated in Figure S4. Notably, treatment
groups that combined both CysNO and CuHARS showcased
the greatest capacity for suppressing MRSA colonies, high-
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lighting the potential of CuHARS as a potent antibacterial
agent. Our work solely considered the bacterial suppression at
the initial scaffold implantation phase under endogenous levels
of NO catalyzed from RSNOs present in blood simulated by
CuHARS in vitro. We expect to see an enhanced antibacterial
effect with a continuous supply of RSNOs from blood in the
human body as it involves a continuous blood flow.

3.6. Cell Viability of HMEC1 in CuHARS. The CCK8
assay was used to evaluate the viability of HMECI cells in vitro
under various experimental conditions. This assay revealed the
proliferation and viability of cells in the presence of CuHARS.
The viability of HMEC1 cells was examined for up to 48 h
after introducing CuHARS into the culture wells. Within the
test groups, which involved a combination of 10 yM/mL
CysNO with 10 pug/mL CuHARS, as well as PCL/gelatin
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aerogels containing 10 yg CuHARS, viability percentages were
quantified. At the 24 h mark, these groups demonstrated
viabilities of 89.07 + 8.46 and 86.26 + 2.1%, respectively,
relative to the control normalized at 100%. This trend
continued at the 48-h interval, with viabilities of 76.72 +
491 and 83.36 + 6.75%, respectively, compared to control
viability of 86.4 + 6.62%. The negative control, represented by
CuSO, at a concentration of 10 pg/mL, exhibited significantly
lower viabilities of 26.65 + 1.46 and 23.64 + 1.39% at the 24-
and 48-h time points. This outcome suggests the toxic effects
of copper-based salts under similar experimental conditions, as
depicted in Figure 6G. Previous studies conducted by Darder
et al. and Prajapati et al. on rat brain microvascular endothelial
cells evaluated the cytotoxic impacts of CuHARS, indicating
minimal to negligible toxicity toward these cells."””*® Our
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experimental setup produced similar results under parallel in
vitro conditions. This outcome provides strong evidence of the
biocompatibility of CuHARS as a biomaterial capable of
donating Cu’*. Consequently, CuHARS holds promise for
potential in vivo applications in tissue regeneration, particularly
in the realm of wound healing.

3.7. Migratory Ability of HMEC1 in CuHARS. Copper
ions and NO are individually recognized as contributors to the
activation of human microvascular endothelial cells, and the
migration of activated endothelial cells is considered a positive
marker for the formation of vascular structures in wound
regions. In our study, we observed both the separate
stimulations by CuHARS and NO on HMEC]I, as well as
the synergistic effect of elevated NO levels in the presence of
Cu** on HMECI migration. Figure 6A—F shows HMECI
migration under various experimental conditions. When
compared to the control (Figure 6AH), the CysNO and
CuSO, groups showed no significant difference (Figure
6B,C,H). However, the CuSO, with CysNO group exhibited
a slight increase in cell migration, approximately 45% (Figure
6D,H). Notably, CuHARS significantly enhanced HMECI
migration, covering ~70% of the transwell insert bottom
(Figure 6E,H). Among all groups, the CuHARS with CysNO
group promoted the highest migratory response, with nearly
85% of cells migrated (Figure 6F,H), indicating a synergistic
effect between CuHARS and NO. The presence of copper ions
was identified as the most crucial factor in the in vitro
migration assay. In a 24 h experiment, a burst of copper ions
indicated faster HMEC1 migration, although the rapid
formation and accumulation of copper(Il) oxide were found
to hinder lumen organization and cause apoptosis in
endothelial cells.”®

The expression levels of VEGF, a well-known angiogenic
factor were evaluated in the HMEC1-conditioned media under
different experimental conditions. The results mirrored the
trend observed in the migration study. We observed an
increase in VEGF levels in the presence of CuSO, + CysNO
compared to the control, CysNO, and CuSO, treatment
conditions, attributed to the initial burst availability of Cu®**
due to dissociation of the copper salt (Figure 6I).

3.8. Formation of Lumens by HMEC1. The progression
of wound healing and tissue regeneration involves the
development of granular tissues and vascular tissues.”**” The
establishment of complete lumens by vascular endothelial cells
in the wound region is pivotal for initial blood vessel
outgrowth, which facilitates the transgort of blood and
nutrients to the regenerating tissue.””’® To evaluate the
formation of complete lumens in the presence of CuHARS and
catalysis of NO, a tube formation assay was conducted—a
widely used method for assessing in vitro angiogenesis. Figure 7
displays the number of incomplete versus complete lumens
formed by human microvascular endothelial cells in the
presence of CysNO, CuHARS, both CysNO and another
source of copper, CuSO,. Confocal images of calcein-stained
HMECI1 cells forming lumens during the tube assay are
provided for various test conditions: untreated control, treated
with 10 gM/mL CysNO, 10 ug/mL CuHARS, 10 pg/mL
CuSO,, 10 pg/mL CuSO, with 10 gM/mL CysNO, and 10
uM/mL CysNO along with 10 ug/mL CuHARS, illustrated in
Figure 7A—F, respectively. The untreated control group
exhibited a higher number of incomplete lumens and a lower
number of complete lumens, resulting in a complete lumen
formation percentage of 68.75%. Conversely, treatment groups
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receiving 10 uM/mL CysNO, 10 pug/mL CuHARS, and 10
uM/mL CysNO along with 10 ug/mL CuHARS displayed an
increased number of complete lumens and a reduction in
incomplete lumens, leading to complete lumen formation
percentages of 77.78, 85.71, and 88.24% respectively, as
depicted in Figure 7G. The group treated with 10 ug/mL
CuSO, exhibited fewer complete lumens likely due to the
potential cytotoxic effect of the salt. This effect slightly
improved when 10 yuM/mL CysNO was introduced alongside
10 pg/mL CuSO,. Initially, the NO generated from 10 yM/
mL CysNO assisted in forming a notable number of complete
lumens. However, the highest ratio of complete to incomplete
lumens emerged in the treatment group comprising 10 pg/mL
CuHARS and 10 uM/mL CysNO. In this case, the presence of
Cu?" and elevated NO levels likely stimulated endothelial cells,
aiding their migration and lumen formation. The synergistic
action of NO from CysNO and CuHARS resulted in the
fewest incomplete lumens within the treatment group of 10
uM/mL CysNO along with 10 yg/mL CuHARS, indicating a
potential strategy for well-defined neovascularization during
tissue regeneration. The treatment groups involving 10 ug/mL
CuSO, in the presence and absence of 10 uM/mL CysNO did
not perform well in tube assay due to the inherent toxicity of
copper sulfate in comparison to CuHARS.

3.9. Angiogenic Gene Profile of HMEC1 in the
Presence of CuHARS. To support our findings regarding
lumen formation by HMECI1, we conducted an analysis of
gene expression associated with angiogenesis. We evaluated the
levels of VEGF, VEGF receptor 1 (VEGF-R1), VEGF-R2,
transforming growth factor # (TGF-$3), fibroblast growth factor
basic (BFGF), and angiopoietin 1(ANG 1) (Figure 7H). In
comparison to the control group, VEGF levels remained
consistent in the CysNO, CuSO,, and CuSO, with CysNO
groups but exhibited higher levels in CuHARS-treated groups,
both with and without CysNO. Interestingly, the RNA
expression of VEGF-R1 and VEGF-R2 was elevated in the
CuHARS-treated groups, with VEGF-R2 showing a partic-
ularly pronounced increase, nearly four-fold and six-fold in
CuHARS and CuHARS with CysNO, respectively, compared
to the control. Furthermore, VEGF-R2 expression was two-
fold, three-fold, and four-fold higher than the control in the
CysNO, CuSO,, and CuSO, with CysNO groups, respectively,
while no significant change in VEGF-R1 expression was
observed in these groups. These findings suggest that copper-
induced cellular signaling in endothelial cells may operate
through the VEGF and VEGF-R2 pathways, warranting further
investigation to elucidate the underlying mechanisms.

Additionally, the impact of CuHARS on other potent
angiogenic factors, namely TGF- f, bFGF, and ANG-1 was
examined (Figure 7H). Compared to the control, most
treatment groups, except for CysNO, exhibited an increase in
TGE- f expression. RNA expression of bEGF was significantly
elevated in all treatment groups. Conversely, ANG1 levels
remained unchanged in CysNO, CuSO,, and CuSO, with
CysNO relative to the control, but ANG1 expression increased
twofold in CuHARS-treated groups, further escalating in
CuHARS with CysNO. In conclusion, our study demonstrates
that CuHARS promotes angiogenesis, as evidenced by lumen
formation and the altered expression of genes associated with
this process. CuHARS in conjunction with catalyzed NO
generation, exhibits a synergistic effect, positioning CuHARS
as a promising biomaterial in the field of tissue engineering.
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4. CONCLUSIONS AND FUTURE WORK

We have successfully conducted a comprehensive character-
ization of CuHARS, delving into their physical and chemical
attributes. Such an exploration is pivotal for any biomaterial
intended for employment in the domains of wound healing
and tissue regeneration. Our analysis encompassed the
synthesis of CuHARS, shedding light on critical traits such
as the existence of S—S bonds forming the backbone of the
crystalline structure. These bonds serve to bridge the copper
components, acting as a conduit for a MOB. This distinctive
feature distinguishes CuHARS from porous MOFs. Notably,
this marks the inaugural study involving the application of
CuHARS as an active material. The incorporation of CuHARS
into biomimetic PCL/gelatin nanofiber aerogels successfully
established a contact source of copper, enabling the catalysis of
elevated levels of NO from RSNOs. CuHARS demonstrated a
potent burst bactericidal effect through the release of Cu®',
while simultaneously promoting the creation of lumens by
microvascular endothelial cells, which is considered the initial
phase of angiogenesis. Furthermore, the substantial levels of
NO catalyzed from simulated RSNO in human blood
showcased a synergistic impact. This synergy was observed
in both the eradication of MRSA and the facilitation of
endothelial cell migration, fostering successful lumen develop-
ment. These outcomes suggest the potential utility of CuHARS
in treating chronic wounds. This is particularly significant given
that chronic wounds generally possess lower inflammatory
stimuli, as indicated by NO generation, compared to acute
wounds. The innovative concept presented in this research
encompasses a twofold strategy, encompassing both bacter-
icidal attributes and angiogenic potential through the
utilization of this novel biomaterial. This breakthrough could
hold promise for addressing chronic wounds and also offer an
effective approach to acute wound treatment within a short
time frame. CuHARS exhibits the qualities of being cost-
effective, biocompatible, and biodegradable nanomaterials.
They can be seamlessly integrated into various scaffold
systems, including hydrogel-based platforms augmented with
growth factors, thereby bolstering wound tissue regeneration
endeavors. One of the major future tasks assicated with this
study involves testing aerogels in vivo using small animal
wound models, especially in diabetic mice. The goal is to assess
the efficacy of these scaffolds based on the results obtained
from in vitro analyses. Another aspect of this work is to
successfully reperesent the unit crystal structure of CuHARS
through computational modeling. This representation opens
up future opportunities to modify and add functional groups
during the synthesis phase of the materials themselves for
specific biomedical applications.
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