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A Cooperative Copper Metal–Organic Framework-Hydrogel
System Improves Wound Healing in Diabetes
Jisheng Xiao, Siyu Chen, Ji Yi, Hao F. Zhang, and Guillermo A. Ameer*

In particular, chronic diabetic foot ulcers
(DFUs) are responsible for more than
73 000 nontraumatic lower limb amputations and impose a substantial cost
burden on public and private payers,
with costs ranging from $9 to $13 billion in addition to the costs associated
with diabetes itself.[2] Despite the use of
autografts, tissue engineered products,
and wound dressings of various types,[3]
successful treatment of chronic DFUs
remains elusive and currently there is no
widely used effective therapy.[4] Therefore,
new cost-effective, safe, and efficacious
strategies are warranted to improve the
care for hard-to-heal DFUs.
Nonpharmacological and nonbiological
strategies to address this problem are
appealing because development time and
regulatory costs are significantly lower
if a product for medical therapy is classified as a medical device. In this regard,
several approaches have been reported in
the literature, including suction devices
and the application of metal ions and
small organic compounds.[1a,5] Copper
is an essential element with a long history of use in humans. It is involved in
many wound-healing-related processes,[6]
including induction of vascular endothelial growth factor,[5a] angiogenesis,[7] and
the expression and stabilization of extracellular skin proteins, such as keratin and
collagen.[8] Copper is also a well-known
antimicrobial agent, which may contribute to improved healing
by reducing the probability of infections in the wound. Copper
sulfate and copper oxide were shown to promote healing in

Chronic nonhealing wounds remain a major clinical challenge that would
benefit from the development of advanced, regenerative dressings that
promote wound closure within a clinically relevant time frame. The use of
copper ions has shown promise in wound healing applications, possibly by
promoting angiogenesis. However, reported treatments that use copper ions
require multiple applications of copper salts or oxides to the wound bed,
exposing the patient to potentially toxic levels of copper ions and resulting
in variable outcomes. Herein the authors set out to assess whether copper
metal organic framework nanoparticles (HKUST-1 NPs) embedded within an
antioxidant thermoresponsive citrate-based hydrogel would decrease copper
ion toxicity and accelerate wound healing in diabetic mice. HKUST-1 and
poly-(polyethyleneglycol citrate-co-N-isopropylacrylamide) (PPCN) are synthesized and characterized. HKUST-1 NP stability in a protein solution with
and without embedding them in PPCN hydrogel is determined. Copper ion
release, cytotoxicity, apoptosis, and in vitro migration processes are measured. Wound closure rates and wound blood perfusion are assessed in vivo
using the splinted excisional dermal wound diabetic mouse model. HKUST-1
NPs disintegrated in protein solution while HKUST-1 NPs embedded in
PPCN (H-HKUST-1) are protected from degradation and copper ions are
slowly released. Cytotoxicity and apoptosis due to copper ion release are
significantly reduced while dermal cell migration in vitro and wound closure
rates in vivo are significantly enhanced. In vivo, H-HKUST-1 induced angiogenesis, collagen deposition, and re-epithelialization during wound healing
in diabetic mice. These results suggest that a cooperatively stabilized, copper
ion-releasing H-HKUST-1 hydrogel is a promising innovative dressing for the
treatment of chronic wounds.

1. Introduction
Chronic nonhealing wounds continue to be a great challenge
for physicians and contribute to increasing healthcare costs.[1]
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healthy and diabetic BALB/c mice,[9] but multiple applications
are necessary,[9c] putting the patient at risk of copper toxicity.
Elevated nonphysiological concentrations of copper ions can
be toxic because the ions can interfere with the homeostasis
of other metals, damage DNA, and generate reactive oxygen
species that can adversely modify proteins, lipids, and nucleic
acids.[10] The median lethal dose (LD50) for mice exposed to
copper ions via oral administration is 110 mg kg−1 body weight.
The toxicity rating of copper ions is class 3 (moderately toxic)
on the Hodge and Sterner Scale.[11] However, the toxicity may
be alleviated if copper ions are slowly released from a depot
placed at the desired location. Several studies on the slow
release of copper ions have been reported; however, most of
them focus on the reduction of a burst release of copper ions
from intrauterine devices.[12] We hypothesize that slow release
of copper ions can be achieved from copper benzene tricarboxylate Cu3(BTC)2, also known as HKUST-1, nanoparticles (NPs)
when entrapped within an antioxidant citrate-based hydrogel
and that the HKUST-1-hydrogel (H-HKUST-1) system will
exhibit reduced cytotoxicity in vitro and enhance wound closure
rates in vivo when used as a wound dressing.
Metal–organic frameworks (MOFs), also called porous coordination polymers, are a class of crystalline porous materials
composed of inorganic metal ions or clusters connected by
polydentate organic ligands.[13] They have been synthesized
using a variety of organic ligands including ditopic, tritopic,
tetratopic, hexatopic, octatopic, mixed, desymmetrized, metallo, and N-heterocyclic linkers.[14] MOFs have typically been
used for gas adsorption and separation,[15] catalysis,[16] luminescence,[17] sensing,[18] proton conduction,[19] and their properties could potentially be useful for biomedical applications.[20]
Although potentially interesting for biomedical applications,
MOFs tend to be nonstable in physiological protein-containing
solution.[21] However, Zhang et al. have shown that MOFs can
be stabilized with surface coatings.[22] These findings open the
possibility to use the entrapment of HKUST-1 NPs in hydrogels
as a mechanism to slow down their degradation and thus prevent premature release of the cargo,[21] which potentially could
render MOFs suitable for use in a wound bed.
As for the antioxidant hydrogel depot for sustained copper
ion release, to our knowledge there are no published reports
on the controlled release of copper ions from hydrogels. Furthermore, there is a dearth of research on antioxidant hydrogels, and the few reports of these materials focus on entrapping and releasing antioxidant compounds.[23] Our laboratory
has previously described the synthesis and characterization
of an intrinsically antioxidant thermoresponsive citrate-based
hydrogel that can be safely resorbed by the body.[24] Specifically, poly(polyethyleneglycol citrate-co-N-isopropylacrylamide
(PPCN) is a liquid at room temperature (22 °C) and has a lower
critical solution temperature (LCST) between 26 and 28 °C
depending on the medium, making it an interesting candidate
material for entrapping HKUST-1 NPs under mild conditions
for wound dressing applications. HKUST-1 was chosen as the
model MOF because of its easy and scalable synthesis and the
reported low toxicity of the ligand 1,3,5-benzenetricarboxylic
acid (H3BTC) (LD50: 8.4 g kg−1 in rats).[25]
Herein, we describe the synthesis and characterization of a
novel antioxidant HKUST-1-thermoresponsive polydiolcitrate
2
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hydrogel composite to accelerate chronic wound healing. We
show that PPCN can stabilize HKUST-1 NPs in protein solution leading to slow release of copper ions, and the use of
HKUST-1 does not affect PPCN’s gelation properties. We also
show that copper ion delivery through H-HKUST-1 results in
reduced cytotoxicity and apoptosis, increased dermal cell migration in vitro, and enhanced wound healing in a splinted excisional wound healing diabetic mouse model.

2. Results and Discussion
2.1. PPCN-HKUST-1 Interactions Enable Sustained
Copper Ion Release and Maintain Thermoresponsive
and Antioxidant Properties
HKUST-1 NPs were obtained following the reaction between
copper acetate monohydrate and H3BTC at room temperature for 20 min.[25b] PPCN was synthesized as previously
described by us.[24] HKUST-1 NPs were added to a PPCN solution of 100 mg mL−1, resulting in a homogeneous dispersion
(H-HKUST-1). Given the literature describing the use of CuSO4
in wound healing applications, CuSO4 was added to PPCN to
create a copper ion-containing hydrogel (H-CuSO4) to assess
the impact of packaging copper ions in the MOFs. 1H NMR
analysis showed the characteristic peaks for PPCN at 3.77 ppm
(NCH- from N-isopropylacrylamide monomer (NIPAM)),
3.29–3.58 ppm (CH2CH2O from poly(ethylene glycol)
(PEG)), and 0.97 ppm (CH3 from NIPAM) (Figure S1A, Supporting Information). The characteristic peaks at 8.47 ppm could
be assigned to aromatic CH from the HKUST-1 (Figure S1B,
Supporting Information). For H-CuSO4, characteristic peaks
can be observed at 3.81 ppm, 3.30–3.60 ppm, and 1.02 ppm,
which were similar to those of PPCN (Figure S1C, Supporting
Information). Both characteristic peaks for PPCN and HKUST-1
can be observed for H-HKUST-1 (Figure S1D, Supporting
Information). These results confirm that PPCN, HKUST-1 NPs,
and H-HKUST-1 were successfully prepared. Fourier Transform Infrared Spectroscopy (FTIR) analysis was performed
to further confirm the successful preparation of H-HKUST-1.
Both characteristic peaks for PPCN (3320 (NH amide), 2930,
2880 (CH2, CH3), 1650, 1560, 1390, 1370 (COO−) cm−1) and
HKUST-1 (1650, 1560, 1450, 1380 (COO−), 729 (benzene-ring),
490 (Cu-O) cm−1) can be observed for H-HKUST-1, confirming
the successful preparation of H-HKUST-1 (Figure S2D, Supporting Information). Also, both characteristic peaks for PPCN
and SO42− (1130, 623 cm−1) can be observed for H-CuSO4, indicating H-CuSO4 was successfully prepared (Figure S2C, Supporting Information). According to dynamic light scattering,
HKUST-1 NP size and polydispersity index were 285.6 ± 2.7 nm
and 0.16 ± 0.01, respectively (Figure S3, Supporting Information). The zeta potential of HKUST-1 NPs was determined to be
−4.9 ± 0.3 mV, which may reduce the ionic interactions between
Cu2+ in the HKUST-1 and carboxyl groups in PPCN. Scanning
electron microscopy (SEM) imaging confirmed the presence of
HKUST-1 crystals within the hydrogel (Figure 1A). The addition of copper to PPCN in the form of HKUST-1 resulted in the
sustained release of copper ions in phosphate-buffered saline
(PBS) for ≈24 h without any significant change in the PPCN
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Figure 1. Characterization of H-HKUST-1. A) SEM digital image of H-HKUST-1. White arrows point to HKUST-1 NPs. (Scale bar: 500 nm). B) Copper
release from H-HKUST-1 and H-CuSO4 in PBS or 10% FBS. C) Rheological characterization of PPCN, H-HKUST-1, and H-CuSO4. The storage modulus
G′ and loss modulus G″ were plotted logarithmically against temperature (20–40 °C at 10 Hz) for the corresponding hydrogel samples. D) Digital
images of PPCN, H-CuSO4, and H-HKUST-1 at 22 °C. E) Digital images of PPCN, H-CuSO4, and H-HKUST-1 after incubation in 10% FBS at 37 °C.
F) ABTS radical scavenging capacity of CuSO4, HKUST-1 NPs, PPCN, H-CuSO4, and H-HKUST-1. (n = 3, ***P < 0.001). G) TEM showing the morphology of a,b) HKUST-1 NPs and c,d) H-HKUST-1 before (a,c) and after (b,d) incubation in 10% FBS at 37 °C. (Scale bars: 200 nm). H) XRD patterns
of HKUST-1 NPs and H-HKUST-1 before and after incubation in 10% FBS.

gelation properties. H-CuSO4 released 88.7% and 89.5% of
loaded copper ions within 24 h in PBS and 10% fetal bovine
serum (FBS), respectively (Figure 1B). In contrast, H-HKUST-1
released 56.5% and 61.5% of loaded copper ions within 24 h
in PBS and 10% FBS, respectively (Figure 1B). The lower
copper release amount from H-HKUST-1 may be due to the
cooperative effect between HKUST-1 NPs and PPCN, meaning
that HKUST-1 NPs did not interfere with PPCN gelation by
shielding the positive charge of Cu2+ and PPCN hydrogel protected HKUST-1 NPs from degradation by limiting solvent
access.
The LCSTs of PPCN and H-HKUST-1 were determined via
rheology to be 28.1 and 27.2 °C, respectively (Figure 1C). However, the addition of an equivalent amount of copper ions in the
form of CuSO4 to PPCN resulted in partial gelation at room
temperature (Figure 1D) and the destabilization of the therm
oresponsive N-isopropylacrylamide groups as three crossover
points between storage (G′) and loss (G″) moduli were detected
at 26.0, 30.7, and 38.8 °C (Figure 1C). These results suggest that
Cu2+ in solution at those concentrations interfered with PPCN’s
gelation and prevented the formation of a stable hydrogel. This
phenomenon was also observed when we tested the water soluble copper salts CuCl2 and Cu(NO3)2. In contrast, CuCO3, a
sparingly soluble copper salt, did not promote PPCN gelation
at room temperature (Figure S4A, Supporting Information),
possibly due to the low amount of copper ions in H-CuCO3
(Figure S4B, Supporting Information), and as a result, less
PPCN crosslinking for H-CuCO3. The instability for H-CuSO4 is
possibly due to strong electrostatic interactions between copper
ions and carboxyl groups in PPCN that create ionic crosslinks
and hydrophobic islands of polyNIPAM within the network.[26]
When PPCN, H-HKUST-1, and H-CuSO4 were incubated at
37 °C in 10% FBS, H-CuSO4 was destabilized and disintegrated
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into small pieces while PPCN and H-HKUST-1 formed stable
gels (Figure 1E). The mechanism of sol/gel transition likely
involves hydrophobic interactions, hydrogen bonding, electrostatic interactions, and molecular chain movement.[27] For
H-CuSO4, the interaction between positively charged copper
ions and negatively charged carboxylic acid may affect the formation of hydrogen bonds between water molecules and carboxyl groups in the gel. Also, electronic interactions may limit
the molecular chain movement of PPCN, which would further
influence the hydrophobic interactions between NIPAM in
PPCN.[27] For H-HKUST-1, copper ions in HKUST-1 NPs are
coordinated with the carboxyl groups of H3BTC, minimizing
interactions with the carboxyl groups in PPCN and reducing
their effects on gelation. As a result, H-HKUST-1 forms a stable
hydrogel with minimal impact on PPCN’s original LCST.
The ability of H-HKUST-1 to scavenge the free radical cation,
2,2′-azino-bis(3-ethylbenzthiazoline-6-sulfonic acid) (ABTS) was
assessed by determining the decrease in absorbance of ABTS.
Both H-HKUST-1 and H-CuSO4 exhibited rapid free radical
scavenging activity as per ABTS assay with about 75% of radicals scavenged within 48 h. These results are similar to those
obtained for PPCN, confirming that the antioxidant activity of
PPCN is preserved after loading HKUST-1 NPs or CuSO4 in
PPCN.[24] For CuSO4 and HKUST-1 NPs, the free radical scavenging activity over time was negligible, and comparable to the
background signal obtained from ABTS in PBS (Figure 1F).

2.2. PPCN Protects HKUST-1 NPs from Degradation
in Protein-Containing Solution
The stability of HKUST-1 alone or dispersed in PPCN that
was gelled at 37 °C before and after incubation in 10% FBS
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Figure 2. Cytotoxicity and proapoptosis evaluation. Cytotoxicity of CuSO4, H-CuSO4, HKUST-1 NPs, and H-HKUST-1 to A) HEKa and B) HDF cells.
(n = 3, ***P < 0.001). C) Cytotoxicity of PPCN to HEKa and HDF cells. D) Cell apoptosis of a) HEKa cells and b) HDF cells after treatment with PPCN,
CuSO4, H-CuSO4, HKUST-1 NPs, or H-HKUST-1 with a copper concentration of 0.5 × 10−3 m where applicable.

was evaluated using transmission electron microscopy (TEM).
HKUST-1 crystals were clearly visible before incubation in FBS
and disintegrated after treatment with FBS, confirming that
HKUST-1 is not stable in 10% FBS. However, HKUST-1 crystals in H-HKUST-1 were observed after treatment with FBS
(Figure 1G), confirming that PPCN protected HKUST-1 from
FBS-mediated disintegration, possibly through diffusion-limited degradation of HKUST-1 NPs.
X-ray diffraction (XRD) patterns were performed to detect
the crystal structure and confirm the results of the TEM study.
H-HKUST-1 exhibited obvious X-ray diffraction peaks, which
were similar to HKUST-1 before treatment with 10% FBS.
After treatment with 10% FBS, HKUST-1 peaks disappeared
completely for HKUST-1 alone (Figure 1H). However, the characteristic peaks from HKUST-1 embedded in PPCN remained
present at 4 h, further confirming that PPCN is able to stabilize
HKUST-1 in protein-containing solution such as FBS by hindering their diffusion to the HKUST-1 NPs (Figure 1H).

2.3. HKUST-1 NPs are Less Toxic to Cells When
Dispersed in PPCN
The cytotoxicity of CuSO4, H-CuSO4, HKUST-1 NPs, and
H-HKUST-1 toward human epithelial keratinocytes (HEKa)
and human dermal fibroblasts (HDF) cells was evaluated
using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) assay. The cytotoxicity of CuSO4 increased
4
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with increasing concentrations and no obvious difference was
observed after loading it into PPCN hydrogel. This is likely due
to the fact that H-CuSO4 breaks down in cell culture medium,
suddenly releasing large amounts of copper ions (Figure 2A,B).
The cytotoxicity of HKUST-1 NPs was comparable to that of
CuSO4, which may be due to the fact that HKUST-1 NPs are
not stable in the cell culture medium, leading to a fast release
of copper ions. However, H-HKUST-1 showed much lower
toxicity against both HEKa and HDF cells, especially at high
concentration (1 × 10−3 m). This finding may be attributed to
the sustained release of noncytotoxic copper ion amounts from
H-HKUST-1 (Figure 2A,B). PPCN and H3BTC were not toxic to
either cell type (Figure 2C; Figure S5, Supporting Information).

2.4. H-HKUST-1 Does Not Induce Cell Apoptosis
CuSO4, H-CuSO4, and HKUST-1 NPs induced 75.9 ± 3.2%,
84.4 ± 11.3%, and 76.8 ± 12.4% cell apoptosis in HEKa cells,
and 90.3 ± 6.5%, 91.1 ± 9.6%, and 94.0 ± 8.0% cell apoptosis in
HDF cells, respectively (Figure 2D). However, H-HKUST-1 only
induced 10.7 ± 2.5% cell apoptosis in HEKa and 17.0 ± 5.4% cell
apoptosis in HDF cells. As a reference, PBS induced 6.7 ± 2.2%
in HEKa cells and 1.1 ± 0.2% in HDF cells and PPCN induced
8.6 ± 1.8% in HEKa cells and 7.3 ± 5.6% in HDF cells. These
results are consistent with the lack of toxicity of H-HKUST-1,
suggesting that H-HKUST-1 may be a suitable dressing material for chronic wound healing.
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Figure 3. Effects of H-HKUST-1 on cell migration. A) Digital images of a) HEKa cells and b) HDF cells after treatment with PPCN, CuSO4, H-CuSO4,
HKUST-1 NPs, or H-HKUST-1 for 0 and 30 h or 54 h at a copper concentration of 1 × 10−6 m. Quantitative analysis of B) HEKa cell and C) HDF cell
migration after treatment with PPCN, CuSO4, H-CuSO4, HKUST-1 NPs, and H-HKUST-1. (Scale bar: 50 µm; n = 3, *P < 0.05, **P < 0.01).

2.5. H-HKUST-1 Promotes Cell Migration In Vitro
The copper concentration that best stimulates cell migration with no cytotoxicity was determined via a scratch assay
(Figure S6, Supporting Information). For HEKa cells, CuSO4
at 10 × 10−6 m (CuSO4-High) inhibited cell migration, whereas
CuSO4 at 1 × 10−6 m (CuSO4-Low) promoted cell migration
(Figure S6Aa,B, Supporting Information). For HDF cells,
CuSO4-High did not affect their migration when compared to
nontreated cells. Cells treated with CuSO4-Low had increased
cell migration relative to those treated with CuSO4-High at
54 h (Figure S6Ab,C, Supporting Information). Therefore, a
copper ion concentration of 1 × 10−6 m was chosen for all subsequent experiments. The effect of PPCN, CuSO4, H-CuSO4,
HKUST-1 NPs, and H-HKUST-1 on cell migration was evaluated (Figure 3). The blank with the addition of the same volume
of PBS (20 µL) was used as control. H3BTC and PPCN-H3BTC
(H-H3BTC) at the expected organic ligand concentration present
in the HKUST-1 NPs were also tested as controls to confirm
that any observed increase in cell migration was due to Cu2+
(Figure S7, Supporting Information). For HEKa cells, PPCN
showed no obvious effect on cell migration at 8 h when compared to the blank. However, at noncytotoxic concentrations,
cells in wells exposed to CuSO4 and H-CuSO4 showed a significant increase in cell migration and this effect was enhanced
in cells that were exposed to HKUST-1 NPs and H-HKUST-1.
After incubation for 30 h, cells exposed to H-HKUST-1 showed
the highest migration (91.7 ± 3.5%), followed by those exposed
to HKUST-1 NPs (71.8 ± 10.2%), H-CuSO4 (59.1 ± 8.6%),
CuSO4 (56.7 ± 12.6%) and PPCN (46.3 ± 7.7%) (Figure 3Aa,B).
HDF cells exposed to PPCN, CuSO4, H-CuSO4, HKUST-1
NPs, and H-HKUST-1 showed similar trends to those observed
with HEKa cells. At 54 h after treatment, cells exposed to
H-HKUST-1 exhibited the highest migration (71.4 ± 3.8%),
compared to those exposed to HKUST-1 NPs (51.7 ± 4.3%),
H-CuSO4 (32.7 ± 10.9%), CuSO4 (34.2 ± 2.8%), and PPCN
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(27.2 ± 8.0%) (Figure 3Ab,C). H3BTC and H-H3BTC did not
affect cell migration for either cell type (Figure S7, Supporting
Information).
The increased cell migration rates for cells exposed to CuSO4,
H-CuSO4, HKUST-1 NPs, and H-HKUST-1 are due to the presence of copper ions at low but potentially physiologically relevant concentration without obvious cytotoxicity. The application of CuSO4 has been reported to stimulate the migration of
keratinocytes and fibroblasts through inducing the expression
of growth factors vascular endothelial growth factor (VEGF),
basic fibroblast growth factor (bFGF), and platelet-derived
growth factor (PDGF).[28] In our study, CuSO4, H-CuSO4,
HKUST-1 NPs, and H-HKUST-1 increased cell migration rates
relative to the control groups. The comparable migration rates
of cells exposed to H-CuSO4 and CuSO4 may be due to similar
burst release of Cu2+ in both systems. H-HKUST-1 promoted
the highest rate of cell migration in both cell types, probably
because of the combination of free radical scavenging activity,
lower cytotoxicity, and lower rate of apoptosis provided by the
presence of the PPCN.

2.6. H-HKUST-1 Promotes Dermal Wound Healing
in Diabetic Mice
The splinted excisional dermal wound model in mice was
used to assess the efficacy and biocompatibility of H-HKUST-1
because it is a validated and widely used model to evaluate
treatments to heal wounds.[29] Also, this model is reproducible, readily available, low cost, and relatively easy to implement. Wound contraction is minimized with the use of a splint,
allowing one to evaluate tissue regeneration in the wound.[30]
Though excisional models in other species such as the rabbit
ear dermal ulcer model have been developed to more closely
mimic human wound healing, these models are not widely used
because of the cost and lack of reagents for the species.[12a,b,d,30]
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Figure 4. Effects of H-HKUST-1 on chronic wound healing in vivo. A) Digital images of wounds treated with PBS, PPCN, HKUST-1 NPs, or H-HKUST-1.
B) Quantitative analysis of wound closure rates. C) Mice body weight changes after PBS, PPCN, HKUST-1 NPs, or H-HKUST-1 treatment. (n = 6,
*P < 0.05, **P < 0.01).

Generally, the upper bound of wound healing time increases
with increasing wound size with 3, 6, and 10 mm nonsplinted
wounds healing in 12, 21, and 35 d, respectively.[29d,31] A 6 mm
splinted wound was chosen because it has been successfully
used for drug efficacy evaluation.[29e,30]
In this study, each mouse received two wounds and animals were randomly divided into two groups. Group one consisted of animals where one wound was treated with PBS and
the other with HKUST-1 NPs in PBS. Group two consisted
of animals where one wound was treated with PPCN and the
other with H-HKUST-1. The mean blood glucose concentration was 290 ± 9 mg dL−1 at the beginning of the study and
310 ± 13 mg dL−1 at the end, confirming that the mice were
diabetic during the wound-healing period. Wounds treated with
H-HKUST-1 were almost completely healed by day 21 whereas
wounds treated with PBS, PPCN, and HKUST-1 NPs healed
by day 39, 39, and 37 on average, respectively (Figure 4A). The
quantitative analysis of digital images of wounds over time
also showed that wounds treated with H-HKUST-1 healed
significantly faster than those treated with PBS, PPCN, and
HKUST-1 NPs, especially at day 7, 14, 21, and 29 (Figure 4B).
Wound closure rates for wounds treated with PBS, PPCN,
and HKUST-1 NPs were similar. The closure rates of wounds
treated with H3BTC and H-H3BTC were comparable to those
of wounds treated with PBS (Figure S8, Supporting Information). The ability of H-HKUST-1 to stimulate wound healing
in vivo is attributed to the sustained release of noncytotoxic
amounts of copper ions, which induced angiogenesis, collagen
deposition, and re-epithelialization during wound healing.[32]
Also, the low toxicity and antioxidant moist environment provided by the PPCN component of H-KKUST-1 likely contributed to the increased wound closure rate. The copper content
6
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in H-HKUST-1 remaining on the wounds was determined
at day 7. Less than 0.1% of copper was left in H-HKUST-1.
Therefore, over 99.9% of the entrapped copper was released
into the wound. The body weight of mice treated with PPCN
and H-HKUST-1 remained constant throughout the study
whereas the body weight of animals treated with PBS and
HKUST-1 NPs decreased significantly by the end of the study
(Figure 4C). These findings further confirm that PPCN and
H-HKUST-1 are significantly less toxic than HKUST-1 NPs.
Interestingly, wounds treated with HKUST-1 NPs showed
wound enlargement relative to those treated with PBS, PPCN,
and H-HKUST-1 at day 4, possibly due to toxicity of HKUST-1
NPs, which are unstable and release a large amount of copper
ions within a short time.

2.7. H-HKUST-1 Promotes Angiogenesis
and Collagen Deposition
Diminished peripheral blood flow and decreased local neovascularization are critical factors that contribute to delayed wound
healing in patients with diabetes.[33] Furthermore, activation of
angiogenesis is required to sustain newly formed granulation
tissue.[34] Therefore, the correction of impaired local angio
genesis should be a key component of therapeutic protocols
for the treatment of chronic wounds of the lower extremities
and diabetic foot ulcers.[35] Optical coherence tomograph angio
graphy (OCTA) was used to investigate neovascularization at
the site of injury after treatment. OCTA is a noninvasive optical
technique that images the microvasculature by harnessing
the motion contrast of the red blood cells.[36] OCTA showed
that H-HKUST-1 and HKUST-1 NPs promoted the formation
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Figure 5. Analysis of healed wounds. A) Blood vessels observed by OCTA on day 32. B) Blood vessels (arrows) observed after H&E staining.
C) Quantification of blood vessel density in H&E-stained tissue sections. D) Collagen distribution (light green) in healed skin as per Masson’s trichrome stained tissue sections. E) Quantification of granulation tissue gap measured in Masson’s trichrome stained tissue sections. (n = 6, *p < 0.05,
**P < 0.01, ***P < 0.001).

of a more stable and densely perfused vascular network at the
wound site when compared to PBS and PPCN (Figure 5A). The
blood vessels in healed skin were also observed via histology,
specifically hematoxyin and eosin (H&E) staining. Neovascularization, including blood vessel number and area, was markedly increased in HKUST-1- and H-HKUST-1-treated wounds
(Figure 5B). Histomorphometry revealed that the blood vessel
number within the granulation tissue was almost four and
fivefold higher in HKUST-1- and H-HKUST-1-treated wounds,
respectively, than that in the PBS-treated wounds (Figure 5C).
Mean microvessel densities in HKUST-1- and H-HKUST-1treated wounds were 44.4 ± 5.2 and 54.0 ± 14.4 vessels per mm2,
respectively, whereas microvessel densities in PBS- and PPCNtreated wounds were 11.3 ± 8.0 and 18.3 ± 6.9 vessels per mm2,
respectively. The capacity of HKUST-1 NPs and H-HKUST-1
to stimulate new blood vessel formation is attributed to Cu2+,
which has been reported to increase the expression of angiogenic genes for VEGF, bFGF, and PDGF.[5a] The promotion of
angiogenesis likely allowed an adequate supply of oxygen and
nutrients as well as accelerated migration of the requisite cells
and humoral factors into the wounds. These processes, in turn,
are believed to facilitate the formation of granulation tissue and
collagen synthesis, leading to improved wound healing.[32]
The synthesis and deposition of collagen is also a critical
process in wound healing. As a cofactor to lysyl oxidase, Cu2+
stimulates the expression of matrix metalloproteinase-2 and
collagen in fibroblasts, enhancing wound healing.[32] Masson’s
trichrome staining showed significantly more collagen and a
smaller granulation tissue gap width remaining in the wounds
treated with HKUST-1 NPs and H-HKUST-1 than in wounds
treated with PBS and PPCN. When compared to wounds
treated with HKUST-1, the H-HKUST-1-treated wounds exhibited a smaller granulation tissue gap width (Figure 5D,E).
These results show that although both HKUST-1 NPs and
H-HKUST-1 promoted collagen deposition in the granulation tissue, H-HKUST-1 exhibited the highest impact on the
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maturation of granulation tissue and regeneration of the epidermis. HEKa cells, one of the major cellular components of
the epidermis, are important to the re-epithelialization process
in dermal wounds.[37] H-HKUST-1 promoted the migration of
HEKa cells and provided a moist environment that facilitated
re-epithelialization at the wound site.[38]

3. Conclusions
To summarize, a novel H-HKUST-1 composite has been prepared successfully and a cooperative, stabilizing effect has
been demonstrated between HKUST-1 NPs and PPCN. In
effect, HKUST-1 NPs did not destabilize the PPCN gel network by shielding positive charges of stored Cu2+ and PPCN
protected HKUST-1 NPs from disintegration possibly through
diffusion-limited degradation. Moreover, H-HKUST-1 enabled
the sustained release of copper ions while preserving the antioxidant properties of PPCN, which reduced the cytotoxicity of
copper ions and promoted cell migration, angiogenesis, collagen deposition, and accelerated wound healing in diabetic
mice. H-HKUST-1 provides a new approach to locally deliver
copper ions efficiently and may potentially be useful as a novel
dressing for the treatment of chronic nonhealing wounds.

4. Experimental Section
Materials, Cell Lines, and Animals: Copper acetate monohydrate and
H3BTC were purchased from Alfa Aesar (Ward Hill, MA). Citric acid,
PEG, glycerol 1,3-diglycerolate diacrylate, 2,2-azobisisobutyronitrile
(AIBN), NIPAM, and MTT were obtained from Sigma-Aldrich (St. Louis,
MO). All the other reagents were of analytical grade. HEKa cells
were purchased from Lonza and cultured with keratinocyte growth
media (Lonza, Walkersville, MD). HDF cells were obtained from Life
technologies (Grand Island, NY) and cultured in Dulbecco’s Modified
Eagle’s Medium containing 10% FBS, 100 Unit mL−1 penicillin G
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sodium, and 100 µg mL−1 streptomycin sulfate. All cells were maintained
at 37 °C in a humidified and 5% CO2 incubator. Diabetic (db/db) mutant
mice (BKS.Cg-m+/+Leprdb, #000642; Homozygous for Leprdb) were
purchased from Jackson Laboratory (Bar Harbor, Maine). Protocols
described in this study were approved by Institutional Animal Care and
Use Committee (IACUC) of Northwestern University.
Preparation and Characterization of H-HKUST-1: PPCN was
synthesized by author’s group as reported previously.[24] First, poly
(polyethyleneglycol citrate) acrylate prepolymer (PPCac) was prepared
with citric acid, PEG, and glycerol 1,3-diglycerolate diacrylate through
polycondensation reaction. Subsequently, PPCac was reacted with
prepurified NIPAM overnight through free radical polymerization
using AIBN as the free radical initiator. The reaction product, PPCN,
was obtained by precipitation and purification with diethyl ether. The
obtained PPCN was then dissolved in PBS, neutralized to pH 7.4 with
sodium hydroxide and stored as a lyophilized powder for further use.
1
H NMR (400 MHz, dimethyl sulfoxide (DMSO)-d6/D2SO4 (9/1, v/v), δ):
4.00-4.13 (OCH2), 3.77 (NCH), 3.29-3.58 (OCH2CH2O),
2.60-2.78 (OCCH2), 0.97 (CH3) (Figure S1A, Supporting
Information); FTIR (KBr): ν = 3430 (ν (OH) H2O), 3320 (ν (NH) amide),
2930 (νas (CH) CH2, CH3), 2880 (νs (CH) CH2, CH3), 1650 (ν (CO)
amide I, νas (COO−)), 1540 (νas (COO−)), 1390, 1370 (νs (COO−)), 1130
(ν (CO)) cm−1 (Figure S2A, Supporting Information); Yield: 75%–86%;
1H NMR and FTIR spectroscopy of PPCN prepared for this study are
comparable to those previously published by the authors.[24]
HKUST-1 NPs were synthesized according to a previously reported
method.[25b] Briefly, copper acetate monohydrate (0.15 g, 0.75 mmol)
dissolved in distilled water (2 mL) was dropwise added to H3BTC
(0.11 g, 0.5 mmol) dissolved in ethanol (2 mL), followed by stirring at
room temperature for 20 min to form gel-like dark turquoise suspension.
The suspension was then centrifuged and the precipitate was washed
with ethanol/water (1:1, v/v) solution twice to obtain purified HKUST-1.
1H NMR (400 MHz, DMSO-d /D SO (9/1, v/v) δ): 8.47 (s, 3H, Ar
6
2
4
H) (Figure S1B, Supporting Information); FTIR (KBr): ν = 1620, 1560
−
−
(νas (COO )), 1440, 1380 (νs (COO )), 1110 (δ (Aromatic CH) ip),
941 (δ (Aromatic CH) oop), 729 (ν (CC) benzene-ring oop), 490
(ν (CuO)) cm−1 (Figure S2B, Supporting Information); Yield: 99.5%;
1H NMR and FTIR spectra of HKUST-1 are comparable to previously
published results.[39]
H-HKUST-1 was prepared by adding HKUST-1 NPs to PPCN solution
(100 mg mL−1) to a copper concentration of 0.1 m under vortex at room
temperature. 1H NMR (400 MHz, DMSO-d6/D2SO4 (9/1, v/v), δ):
8.51 (s, Ar H), 3.89-4.12 (OCH2), 3.79 (NCH), 3.08–3.50
(OCH2CH2O), 0.91 (CH3) (Figure S1D, Supporting Information);
FTIR (KBr): ν = 3430 (ν (OH) H2O), 3320 (ν (NH) amide), 2930 (νas
(CH) CH2, CH3), 2880 (νs (CH) CH2, CH3), 1650 (ν (CO) amide I, νas
(COO−)), 1560 (νas (COO−)), 1450, 1380 (νs (COO−)), 1110 (δ (Aromatic
CH) ip), 951 (δ (Aromatic CH) oop), 729 (ν (CC) benzene-ring
oop), 490 (ν (CuO)) cm−1 (Figure S2D, Supporting Information);
1H NMR and FTIR spectra are comparable to previously published
results.[24,39a] As controls, CuSO4-loaded PPCN hydrogel (H-CuSO4) was
also prepared using the same procedure. 1H NMR (400 MHz, DMSOd6/D2SO4 (9/1, v/v), δ): 4.06-4.14 (OCH2), 3.81 (NCH), 3.30-3.60
(OCH2CH2O), 2.60-2.80 (OCCH2), 1.02 (CH3) (Figure S1C,
Supporting Information); FTIR (KBr): ν = 3430 (ν (OH) H2O), 3320
(ν (NH) amide), 2930 (νas (CH) CH2, CH3), 2880 (νs (CH) CH2, CH3),
1650 (ν (CO) amide I, νas (COO−)), 1540 (νas (COO−)), 1390, 1370 (νs
(COO−)), 1130 (ν (CO), νas (SO42−)), 623 (νs (SO42−)) cm−1.
The particle size and zeta potential of HKUST-1 NPs were determined
by dynamic light scattering using a Zetasizer (Malvern, UK). The
morphology of H-HKUST-1 was visualized using quick-freeze deep etch
(QFDE) method as reported by author’s group.[24] H-HKUST-1 solution
was placed directly on the QFDE specimen disks, heated at 45 °C until
solid, and slam frozen. After etching, an exact replica of exposed gel
structure was made, coated with Pt (Thickness: 3.9 nm) and carbon
(Thickness: 3.1 nm), and examined using SEM.
The release of copper ions from H-HKUST-1 or H-CuSO4 in 0.1 m
PBS (pH 7.4, 37 °C) or 10% FBS (pH 7.4, 37 °C) was assessed. Briefly,
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H-HKUST-1 solution (80 µL) was added into tubes, allowed to solidify at
37 °C for 5 min and gently rinsed with 0.1 m PBS (pH 7.4, 37 °C). After
that, samples were incubated in 5 mL PBS or 10% FBS and continuously
shaken with a speed of 100 rpm at 37 °C. At predetermined intervals,
1 mL of release media was taken out for content measurement and
replenished with an equal volume of fresh media at 37 °C. The amount
of the released copper was measured by inductively coupled plasma
mass spectrometry (ICP-MS). H-CuCO3 was prepared by adding CuCO3
to PPCN solution (100 mg mL−1) to achieve a copper concentration of
0.1 m under vortex at room temperature. The release of copper ions from
CuCO3 and H-CuCO3 was also determined as described above.
The stability of PPCN after loading HKUST-1 NPs was investigated
by observing morphological changes upon the addition of HKUST-1
NPs at room temperature and after treatment with 10% FBS at 37 °C,
respectively. The rheology of H-HKUST-1 was determined by discovery
hybrid rheometers (TA Instruments). The storage (elastic) modulus
G′ and loss (viscous) modulus G″ versus temperature were measured
between 20 and 40 °C using a constant heating rate of 2 °C min−1. The
temperature at the cross point of G′ and G″ was defined as gelation
temperature.
The ability of H-HKUST-1 to scavenge the free radical cation, ABTS,
was assessed. A stock solution of 7 × 10−3 m ABTS and 2.45 × 10−3 m
sodium persulfate in MQ water was prepared and left overnight in the
dark at room temperature, after which the solution was sequentially
filtered with 0.45 µm filter. This working solution (1 mL) was then
exposed to 1 mL of samples (PBS, CuSO4, HKUST-1, PPCN, H-CuSO4,
H-HKUST-1; Cu: 0.5 × 10−6 m; PPCN: 50 mg mL−1) and incubated at
37 °C. At each time point, ABTS solution was sampled, diluted with
MQ water (1:8) and the absorbance was measured at 734 nm. All
measurements were performed in triplicate. The antiradical activity was
measured as % inhibition of free radicals by measuring the decrease in
absorbance taking into account changes due to ABTS in PBS at different
time points as the absorbance of ABTS in PBS can slowly decrease
overtime.
Stability of HKUST-1 NPs in PPCN When Exposed to a Protein Solution:
H-HKUST-1 gel was treated with 10% FBS at 37 °C for 1 h, centrifuged
at 4 °C for 5 min at the speed of 10 000 rpm, washed twice with ice cold
water and resuspended with 50% ethanol. Thereafter, the morphology of
H-HKUST-1 was observed with TEM. HKUST-1 with the same treatment
was used as control. After treatment with 10% FBS at 37 °C for 1 and 4 h,
H-HKUST-1 gels were frozen with liquid nitrogen and dried with freeze
dryer overnight. The crystalline form of H-HKUST-1 was determined by
X-ray diffraction. HKUST-1 NPs with the same treatment were used as
control.
Cytotoxicity Assay: HEKa and HDF cells seeded in 96-well plates
(5 × 103 cells per well) were incubated with a series of concentrations
of PPCN, H3BTC, CuSO4, H-CuSO4, HKUST-1 NPs, or H-HKUST-1 for
48 h. Then, MTT solution was added to each well to a concentration of
0.5 mg mL−1 and incubated for an additional 4 h. After that, the medium
was removed and 100 µL of dimethyl sulfoxide was added to dissolve
crystals formed by living cells. Absorbance at 570 nm was measured
using a microplate reader. Cell viability was expressed as a percentage
of the absorbance to that of the control experiment without treatment.
Apoptosis Assay: HEKa and HDF cells seeded in 12-well plates (4 × 104
cells per well) were incubated with PPCN, CuSO4, H-CuSO4, HKUST-1
NPs, or H-HKUST-1 (Cu: 0.5 × 10−3 m) for 24 h. Cells were harvested,
washed twice with ice-cold PBS, stained with Alexa Fluor 488 conjugated
Annexin V and PI for 15 min at room temperature in dark, and then
analyzed by flow cytometry.
Scratch Assay: HEKa and HDF cells were seeded in 24-well plates
(2 × 104 cells per well) and allowed to form a confluent monolayer.
After starvation with FBS-free medium for 24 h, the cell monolayer
was scratched in a straight-line using a 200 µL pipette tip to mimic
an incisional wound. Cells were then washed with PBS to remove cell
debris, treated with CuSO4 at two different concentrations (Cu: 10 and
1 × 10−6 m) and incubated at 37 °C with the medium containing 1% FBS.
At desired time intervals, cells were photographed and cell migration
rate was calculated using the formula shown below
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A 0 − At
× 100
A0

(1)

A0 is the scratch area at 0 h; At is the scratch area without cell
migration at different time points.
After that, new 24-well plates were seeded and cells were treated with
PPCN, CuSO4, H-CuSO4, HKUST-1 NPs, or H-HKUST-1 at a copper
concentration of 1 × 10−6 m. The % cell migration was determined as
shown above. Cell migration experiments were also perfomed in the
presence of H3BTC, H-H3BTC, CuCO3, and H-CuCO3.
Wound Healing In Vivo: The mice, 8–10 weeks of age, were
anesthetized with isoflurane and the hair on their backs was shaved
and completely removed with depilatory cream. After disinfection with
betadine and alcohol swabs, mice were subcutaneously injected with
buprenorphine (0.5 mg kg−1) and two wounds were gently outlined by a
marked 6 mm punch biopsy (Acuderm, Fort Lauderdale, FL) on each side
of the mouse. Following the outline, full-thickness wounds were made
using a McPherson-Vannas Micro Scissor (World Precision Instruments,
Sarasota, FL) and fixed with sterilized and donut-shaped splints. The
mice were randomly divided into two groups (n = 6): animals where one
wound was treated with PBS (40 µL) and the other with HKUST-1 (Cu:
1 × 10−3 m, 40 µL) and animals where one wound was treated with PPCN
(100 mg mL−1, 40 µL) and the other with H-HKUST-1 (Cu: 1 × 10−3 m,
PPCN: 100 mg mL−1, 40 µL). To control for the effects that the other
components of HKUST-1 may have on wound healing, wound closure
experiments were performed with animals where one wound was
treated with H3BTC and the other with H-H3BTC (H3BTC: 0.67 × 10−3 m,
PPCN: 100 mg mL−1, 40 µL). Wounds were covered with Tegaderm and
coban, animals were individually caged, and the various treatments
were reapplied twice a week in the first 2 weeks and once a week after
2 weeks. H-HKUST-1 and PPCN hydrogel remaining in the wounds
were collected before reapplying samples and digested by concentrated
HNO3 overnight. The copper concentration was determined by ICP-MS.
The in vivo release was calculated as follows
% Copper release =

W0 − (W1 − W2 )
× 100
W0

(2)

W0 is the initial copper content of H-HKUST-1 applied to the wounds;
W1 is the copper content of H-HKUST-1 hydrogel remaining in the
wounds; and W2 is the endogenous copper content in PPCN hydrogel
remaining in the wounds.
In addition, the mice were weighed once a week during the experiment
and the blood glucose concentration was randomly monitored at the
beginning and at the end time point. Wounds were photographed
with digital camera, wound pixel area was calculated with Image J and
normalized to the fixed inner area of the splint. The wound closure was
calculated with a formula as below

  wound area 
  splint area  Day x 


 × 100
% Wound closure = 1−
  wound area  Day 0 

  splint area 

(3)

The vascular network within the wound site was visualized to assess
angiogenesis at the wound site. The vessel contrast was enhanced using
the noninvasive, label-free OCTA technique. Briefly, each B-scan location
was repeatedly scanned for five times to capture the dynamic scattering
resulted from the moving blood cells within the vessel. High-pass
filtering was applied among these five-consecutive B-scans to enhance
blood vessel contrast, while suppressing signals from other static tissue.
After automated image segmentation that removes excess reflection
from the air–skin interface, image stacks were integrated along depthdirection to generate en face OCT angiography.[36]
Histopathological Analysis: The whole wound tissue with a margin of
around 2 mm of ambient unwounded skin was excised at the end time
point, fixed with 4% paraformaldehyde for 24 h, embedded in paraffin,
and sectioned into 7 µm thickness slices for H&E and Masson’s
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trichrome staining. The development of neovascularization, epidermis,
granulation tissue, and collagen deposition were inspected.
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