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ARTICLE INFO ABSTRACT

Keywords: Cross-kingdom polymicrobial wound infections present significant clinical challenges, including persistent
Polymicrobial infection pathogen colonization, delayed healing, and an elevated risk of complications. Despite the broad-spectrum
Immunomodulation antimicrobial activity and immunomodulatory properties of copper ions (Cu?"), their therapeutic efficacy in
;[(?c)f:;ee dle infectious wound management is often suboptimal due to the lack of precise control of ion release kinetics. Here,

we developed a dissolvable microneedle dressing loaded with our novel copper complex containing an Azo-Schiff
base (Cu-Azo@DMN). This system demonstrates oxidative stress-mediated antimicrobial activity and enables pH-
responsive Cu?* release in the acidic polymicrobial infection microenvironment. Furthermore, Cu-Azo@DMN
also exhibits enhanced antimicrobial efficacy through photo-responsive Cu?* release. Following pathogen
clearance, the system autonomously tunes down Cu?* release to resolve inflammation and promote angiogenesis,
thereby facilitating tissue regeneration. Collectively, our findings feature Cu-Azo@DMN as a smart wound
dressing that enables dual-responsive Cu" release, offering a streamlined management of cross-kingdom poly-
microbial infections and immunomodulation wound healing.

Wound healing

1. Introduction 6]. In the presence of C. albicans, S. aureus forms a persister biofilm and

becomes more resistant to traditional antibiotics [6]. It was reported

Wound infection poses a significant threat to tissue integrity and is
commonly caused by multiple microbial species rather than a single
microorganism [1,2]. More than 80 % of common skin and soft tissue
infections are polymicrobial, involving cross-kingdom species [3]. The
biofilm development in the infected wound bed further exacerbates the
severity by providing a protective layer for the pathogens. Additionally,
the interspecies interactions among cross-kingdom microbial species
within the biofilm also lead to antibiotic resistance [2,4]. For instance,
wounds infected with bacteria, such as S. aureus, P. aeruginosa, and
Streptococcus spp., often interact with fungal species like C. albicans [5,

that C. albicans-secreted p-1,3-glucan cell wall component rapidly
coated S. aureus surface in the biofilm niche and significantly reduced
the antibiotic penetration [7]. Additionally, the hyphal form of C.
albicans within the biofilm is more resistant to macrophage phagocy-
tosis as it can evade macrophage-mediated clearance through
pore-forming proteins, leading to increased pathogenic severity [8].
Nevertheless, conventional antimicrobial strategies primarily target
single causative pathogens, and the interactions among multiple mi-
crobial species concerning pathogenicity and antibiotic responsiveness
are poorly investigated. Therefore, future therapeutic approaches need
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to be designed to eliminate polymicrobial cross-kingdom infection with
minimal adverse effects [9].

Over the years, various classes of antimicrobial agents, including
conventional antibiotics, antimicrobial peptides and organometallic
compounds, have been developed to address the challenge of infected
wound healing [4,10]. Among these, divalent metal cations such as
silver (Ag2+), copper (Cu2+), zinc (Zn2+), and manganese (Mn?") have
gained significant attention due to their excellent biocompatibility,
potent antimicrobial effects, and reduced microbial resistance devel-
opment [4,11,12]. However, the clinical translation of them is still
impeded by many shortcomings. For instance, Ag2* can cause toxicity
and hyperpigmentation [13]. Similarly, Zn*" and Mn? lead to unwanted
tissue accumulation and disrupt normal cell metabolism [14,15].
Among them, cu®* showed broad-spectrum antimicrobial effects
against diverse pathogens [4,16]. A recent clinical study showed that the
copper dressing contributed to ~2.4 times higher wound area reduction
than a conventional silver-based dressing [17].

Despite the promising efficacy of copper-based therapeutics, there
are several limitations which should be overcome for their safe clinical
application [4,16,18]. For instance, constant maintenance of cu?t
concentration at an optimal level at the infection site, overcoming the
body fluid flow, is challenging [19,20]. Nonetheless, Cu>** predomi-
nantly exhibits antimicrobial and immunomodulatory activity in a
dose-dependent manner [21,22]. Moreover, optimal Cu®* concentra-
tions exhibit various physiological roles at multiple stages of infectious
wound healing, from pathogen eradication to tissue regeneration [16].
Therefore, it is imperative to develop a controlled Cu®>" delivery strategy
tailored to the dynamic needs of infectious wound healing. Recently,
several Cu-based metal complexes, metal-organic frameworks, and
smart hydrogels have been reported to control Cu?* by specific endog-
enous or exogenous stimuli [18,23]. For instance, pH-responsive
Cu?*-releasing hydrogel exhibited tailored antibacterial action in an
acidic wound environment [24]. Interestingly, exogenous stimuli like
light or magnetism have been utilised for more precise control over Cu?*
release [25]. Nonetheless, different types of skin wounds exhibit varying
local pH levels, and it is influenced by several individual factors,
including the patient’s age, wound location, medication use, and phys-
iological variations [26,27]. For instance, hospital-acquired wound in-
fections often show an acidic pH, whereas second-degree burns tend to
have an elevated pH [27]. Given these variations, the dual-responsive
therapeutics triggered by both external light and internal pH offer a
versatile solution for managing diverse wound conditions. Furthermore,
the pH of the wound microenvironment changes over time as healing
progresses. Therefore, the responsiveness to multiple stimuli ensures
more flexibility in the adjustment of Cu? delivery, ensuring its effec-
tiveness in infectious wound management [27]. However, a controlled
Cu-delivery platform capable of managing cross-kingdom polymicrobial
infections and immunomodulatory wound healing in response to both
internal and external stimuli is currently limited.

Herein, a dual-responsive Cu(II) complex containing biphenyl-based
Azo-Schiff base (Cu-Azo) was synthesized, which exhibited on-demand
release of Cu®* upon internal (pH) and external (light) stimulus. The
presence of amide (-CONH-) and Schiff base (-C=N-) linkages enabled
pH-responsive cleavage in the acidic infection environment, while the
light-sensitive azo (-N=N-) moieties exhibited photo-degradation under
external light stimulation (Scheme 1A). This dual responsiveness
enabled precise control over Cu?*-release at different stages of infection
healing. Initially, dissolvable microneedles loaded with Cu-Azo (Cu-
Azo@DMN) contribute to burst Cu?t release to exhibit potent antimi-
crobial activity against polymicrobial infection. Further external light
exposure enables higher antimicrobial potency by enhancing rapid Cu®*
release. After the infection eradication, Cu-Azo@DMN spontaneously
resolved inflammation and promoted tissue regeneration (Scheme 1B).
Taken together, dual-responsive Cu-Azo holds great promise for treating
polymicrobial-infected cutaneous wounds.
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Scheme 1. Schematic illustration of (A) design and synthesis of dual-
responsive (pH and light) Cu-Azo complex and (B) working principle of
dissolvable microneedles loaded with Cu-Azo complex (Cu-Azo@DMN) for the
treatment of infectious cutaneous wounds. Polymicrobial infections comprising
bacteria and fungi species form complex biofilms that impair the cutaneous
wound healing process. The Cu-Azo complex dissociates in response to the
acidic biofilm microenvironment and external light stimulation for effective
clearance of pathogens. Following the infection eradication, the Cu-Azo com-
plex reduced Cu®* release to shift its action towards inflammation resolution
and tissue regeneration, thereby accomplishing infectious wound healing.

2. Results and discussion
2.1. Synthesis and characterization of Cu-Azo complex

To synthesize the dual-responsive Cu-Azo complex, we have fol-
lowed three consecutive chemical reactions for the introduction of azo
(N=N) moiety and Schiff linkage within the ligand framework. At first,
5-((2,6-dimethoxyphenyl) diazenyl)-2-hydroxybenzaldehyde was syn-
thesized by a diazotization reaction between salisaldehyde and 2,6-
dimethoxy aniline (Scheme S1, Fig. S1). Then, the ligand HoL was syn-
thesized by the reaction between diphenic acid-hydrazide and 5-((2,6-
dimethoxy phenyl) diazenyl)-2-hydroxybenzaldehyde (Scheme S2,
Fig. S2). Finally, the linker HpL was treated with copper chloride in
methanol under reflux conditions to form the Cu-Azo complex, which
was then crystallized in a DMF/ether medium (Scheme 1A, Fig. S3). The
Cu-Azo complex, with the stoichiometry Cuy(Lz)(DMF),, was a neutral
species that exhibited a monoclinic single crystal lattice with space
group Cy/c. The asymmetric unit of the Cu-Azo crystal contained two
independent Cu?*, each positioned within one arm of the biphenyl
moiety (Fig. 1A). Each Cu(Il) centre displayed square planar coordina-
tion binding with two oxygen atoms, one nitrogen atom from the ligand,
and one oxygen atom from a DMF molecule (Fig. 1B and C). Further-
more, Scanning Electron Microscopy (SEM) and Energy Dispersive X-ray
(EDX) analysis showed the uniform distribution of the Cu in the amor-
phous powder of the Cu-Azo complex (Fig. 1E). The mass spectrometric
analysis revealed the molecular weight of the Cu-Azo complex of about
1074.215 (m/z" = 1075.21, Fig. $3). The Oak Ridge Thermal-Ellipsoid
Plot (ORTEP) of Cu-Azo with 50 % atomic probability is depicted in
Fig. S4.

The crystallographic analysis revealed that upon complexation with
Cu?* the dihedral angle between the two phenyl rings of the biphenyl
unit was reduced to 59.71°, indicating substantial twisting compared to
the free ligand, where two arms of the biphenyl moiety contained Cu?*
in square planar conformation (Fig. 1B). The diffraction parameters
were listed in Table S1. The crystal packing showed that clustered water
molecules connected the molecular units through H-bonding in-
teractions (Fig. 1C). Clustered water molecules connect three units by O-
H, N-H, and C-H-O interactions. Concurrently, n-t stacking and C-H-n
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Fig. 1. Synthesis and characterization of Cu-Azo coordination complex. (A) Molecular structure of the Cu-Azo complex; the dotted arrows indicate different
characteristics of various groups present in the complex. (B) Crystal structure of Cu-Azo complex; (C) Hydrogen bonding interactions within crystal lattice; (D) n-n
stacking and C-H-x interactions within crystal lattice; (E) Representative SEM and EDX mapping of Cu-Azo complex indicating the presence of Cu, (scale = 50 pm).
(F) XPS survey spectra of Cu-Azo complex, (G) FTIR spectra of H,L and Cu-Azo complex, and (H) PXRD spectra of Cu-Azo complex and simulated spectra obtained
from the single crystal XRD data. Photoswitching behaviour of Cu-Azo Complex. Photoisomerization of H,L ligand in (I) Chloroform, (J) PBS buffer at pH 7.4, and (K)
PBS buffer at pH 5.5. (L) Schematic representation of the photoswitching phenomenon of the Cu-Azo complex. Difference in release profile of Cu®>* from Cu-Azo
complex at (M) pH 5.5 and (N) pH 7.4 with (W/) and without (W/O) exposure to light. The data demonstrated >50 % of the Cu?* was released within 48 h
under acidic pH-5.5, and further light stimulation resulted in ~80 % Cu®" release. Data were presented as mean + SD.

interactions facilitated stable crystal lattice formation (Fig. 1D).

To confirm the oxidation state of Cu in the Cu-Azo complex, X-ray
photoelectron spectroscopy (XPS) was employed (Fig. 1F-S5). The
presence of peaks with binding energies (B.E.) at 932.36 and 934.62 eV
corresponded to Cu 2p3/2, while the peaks at 951.95 and 954.41 eV
corresponded to Cu 2p1/2. These, along with AB.E. of 19.59 and 19.79
eV and the three satellite peaks at 941.84, 944.36, and 962.65 eV,
confirmed the Cu(Il) oxidation state. Two deconvoluted peaks at 530
and 534 eV in the Ols spectrum suggested phenolic OH and amide C-O
of HyL, respectively (Fig. S5). This indicated that the charge transfer
from O to Cu resulted in higher binding energy. The Cu-Azo were further
characterized by FTIR spectroscopy (Fig. 1G), confirming the presence

of C=0, C=N, and N=N bonds at 1663.92, 1649.71, and 1542 cm™},
respectively [28]. Powder X-ray diffraction (PXRD) spectra (Fig. 1H)
also showed peaks at 20 = 9.5°, 13.5°, 17.5°, and 19.1° and verified a
square planner crystal lattice of Cu-Azo.

2.2. Dual-responsiveness of Cu-Azo complex

The photoisomerization properties of the HyL ligand and Cu-Azo
complex were studied by UV-visible and NMR spectroscopy (Fig. 1I &
S6). The UV spectra of HyL in chloroform depicted broad absorption
bands at 310 and 350 nm corresponding to n—xn* transitions and mod-
erate absorbance bands at 450 nm corresponding to n—n* transitions
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(Fig. 1J). Irradiation of HyL with 365 nm light caused blue shifting in the
absorption spectrum due to cis isomer formation with intensity reduc-
tion in the n—xn* band (Fig. 1K). The n—z* bands underwent a hyper-
chromic shift with no distinct wavelength change (Table S1).
Isomerization from cis to trans was achieved by irradiating with 450 nm.
'H NMR experiment in CDCl; also indicated isomerization of the trans-
to-cis form of HyL upon irradiation of 365 nm light, as evidenced by the
chemical shift changes of the protons in the azobenzene part (Fig. S6).
The photo-isomerism of HyL was tested in an aqueous buffer (pH 7.4),
which also reconfirmed similar observations. However, at pH 5.5 after
365 nm light exposure, HyL showed a substantial hypochromic shift in
the absorption intensity, along with a new band which was irreversible
even after irradiation by 450 nm light (Fig. 1K and L). Notably, the
spectra didn’t show any significant changes at pH 5.5 without light
irradiation, indicating that 365 nm light irradiation led to photocleaving
of the azo linkages and complex dissociation. Although many photo-
switchable molecules have been reported previously, light-responsive
metal complexes remain relatively rare. This is mainly due to re-
strictions of the metal ion coordination centre, which hinders geometric
alterations during photo-switching [29-31].

The UV-visible spectra of the Cu-Azo complex in DMSO displayed
broad absorption bands at 340 nm corresponding to a t—xa* transition at
397 nm, indicating ligand-to-metal charge transfer (Fig. S7A). The weak
n—n* absorption for Azo might get shadowed under broadband at 400
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nm. The 365 nm light irradiation on the Cu-Azo complex induced a
slight hypochromic shift in its absorption profiles, indicating cis isomer
formation [29,32]. However, changes in n—n* bands had not been
observed [33]. To investigate the photo-sensitivity, the complex was
exposed to 450 nm light, and no significant change in the spectra was
observed, indicating the structural rigidity of the complex [29,32].
Furthermore, the cis-trans photo-isomerism of the Cu-Azo complex was
also tested at pH 7.4 and 5.5 (Fig. S7A-C). An irreversible decrease in
absorbance within the 300 nm-400 nm range was evident at pH 5.5
upon light exposure (Fig. S7C). Collectively, these results indicated that
Cu-Azo complex exhibits photodecomposition under an acidic environ-
ment and simultaneous light stimulation. Moreover, in the Cu-Azo
complex, the azo linkage predominantly exists in the trans-form. Upon
irradiation with 365 nm light, the bond attempts to isomerize to the cis
form; however, the rigidity imposed by complex formation restricts this
rotation. This restriction leads to gradual degradation of the complex
upon prolonged UV exposure, resulting in the release of Cu®".

The dual-responsive Cu®" release from the Cu-Azo complex was
determined using inductively coupled plasma-optical emission spec-
trometry (ICP-OES). As shown in Fig. 1M, >50 % of the Cu®t was
released within 48 h under acidic pH-5.5, and further light stimulation
resulted in ~80 % Cu®" release. In contrast, at pH-7.4 (Fig. 1N), the
Cu?* released from the Cu-Azo complex remained constrained, regard-
less of light stimulation. The presence of Schiff base (-CH=N-) linkages
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Fig. 2. Fabrication and characterization of Cu-Azo@DMN. (A) Optical images of Cy3-loaded DMN (i.e., Cy3@DMN). (B) Representative stereomicroscope images
of a 10 x 10 array of Cy3@DMNs, scale bar = 500 pm. (C) Representative SEM images of DMN indicating the dimension of each needle, scale bar = 1 mm (left), 500
pm (right). (D) Representative optical images showing the dissolution of Cu-Azo@DMN inside an agarose gel, scale bar = 250 pm. (E) Quantification of water
swellability of Cu-Azo@DMN, (n = 3). (F) Representative microscopic images of porcine skin after Cy-3@DMNs application, scale bar = 50 pm. (G) Force vs.
displacement curve obtained from the compression test of Cu-Azo@DMN. (H) Cy3 release profile from the Cu-Azo@DMN in PBS. Data were presented as mean =+ SD.

*p < 0.05.
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enables the Cu-Azo complex to be pH-responsive, as these bonds cleave Cu?* ions which is required for the infection control (early phase) and
under acidic conditions due to the protonation of N-atoms and result in tissue repair (later phase).
amine and carbonyl components. When the -CH=N- linkage breaks, the
complex begins to degrade, releasing Cu®". Overall, these findings
demonstrated that Cu-Azo complex can exhibit controlled release of
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2.3. Fabrication and characterizations of Cu-Azo@DMN

To achieve local transdermal delivery of the Cu-Azo complex, we
loaded the Cu-Azo complex into dissolvable microneedles (DMN)
(Fig. 2A and B). The DMN patch, composed of gelatin and sodium
alginate, was fabricated using a polydimethylsiloxane (PDMS)-based
micro-molding process. Subsequently, FTIR spectra and EDX analysis
confirmed the successful incorporation of the Cu-Azo complex within
the microneedle (Figs. S8 and S9). SEM images demonstrated pyramidal-
shaped microneedles with a length and width of 700 pm and 300 pm,
respectively (Fig. 2C). Furthermore, we examined the water swellability
of the Cu-Azo@DMN by inserting it into 2 % agarose gel, mimicking
native human skin and observed complete dissolution of the Cu-
Azo@DMN within 15 min (Fig. 2D). Additionally, the swelling ratio of
the Cu-Azo@DMN was slightly decreased compared with DMN, which
might be attributed to the limited diffusion of water molecules into the
dense Cu-Azo complex encapsulated polymer matrix (Fig. 2E) [34,35].
Notably, the DMN is quite suitable for wound infection, due to its rapid
release (within 10-15 min) capability and disrupting the preformed
biofilm to enhance the Cu-Azo penetration inside the deep biofilm niche
[36], also minimizing hazardous sharp wastes, injuries, and trans-
mission of blood-borne pathogens [37].

The delivery efficacy and skin penetration ability were assessed by
inserting the fluorescently labelled Cy3@DMN into a porcine skin ex
vivo model (Fig. 2F). The precise disruption of the stratum corneum
layer to a depth of approximately 300 pm confirmed the penetration of
microneedles into the skin tissue, thereby increasing drug concentration
at the site of infection compared to conventional topical formulations
such as creams, ointments, and lotions [38]. Additionally, fluorescence
images demonstrated adequate diffusion of Cy3 within the subcutaneous
tissue after the dissolution of the DMN [39]. The Cu-Azo@DMN patch
(10 x 10 array) was capable of withstanding a compression force of over
40 N, which is sufficient for penetration of human skin (Fig. 2G)
[39-41]. Finally, Cy3@DMN inserted into an agarose gel released more
than 90 % of the loaded Cy3 within 15 min, indicating its potential for
rapid therapeutic delivery in cutaneous tissue.

2.4. Dual-responsive antimicrobial activity of Cu-Azo @DMN

The antimicrobial effect of the Cu-Azo@DMN was assessed against
the planktonic and biofilm of Methicillin-resistant Staphylococcus aureus
(MRSA) through the colony-forming unit assay. Without light stimula-
tion, the Cu-Azo@DMN reduced the log-CFU by two-fold; however, with
light stimulation, it led to a remarkable 4- log-CFU reduction
(Fig. 3A-C). In contrast, the pure DMN didn’t exhibit any notable anti-
bacterial effect. Further, to elucidate the antimicrobial mechanism of
Cu-Azo@DMN, its ROS generation ability was investigated using
3,3,5,5-tetramethylbenzidine (TMB) for detecting hydroxyl radicals
(-OH) [42]. The fluorescence intensity at 652 nm, corresponding to
TMB, was notably reduced after Cu-Azo@DMN treatment, and this
reduction was more pronounced upon light irradiation. Next, 2,
2/-Bis-(anthracene-9,10-diylbis(methylene))-dimalonic acid (ABDA)
probe was used to detect 102, and the absorbance change at 380 nm was
monitored continuously for 30 min [42]. The results showed that all
groups with Cu-Azo@DMN produced '0,, with the highest production
rate observed in the group with acidic pH and light stimulation
(Fig. S10A and B). Therefore, our observations indicate that the burst
release of Cu®" triggered by acidic microenvironment and external light
stimulation enhances the generation of various reactive oxygen species
(ROS), such as singlet oxygen (102) and hydroxyl radicals (eOH),
contributing to a potent broad-spectrum antimicrobial effect.

Subsequently, the destruction of the MRSA cell membrane by the
light-triggered Cu-Azo@DMN was observed by SEM, whereas the cell
membrane in the control group remained intact (Fig. 3D). Bicinchoninic
acid (BCA) assay confirmed the cytosolic protein leakage from MRSA by
Cu-Azo@DMN treatment (Fig. 3E) [42]. Additionally, we tested the
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antibacterial potency of Cu-azo degraded byproducts and found it
effective against MRSA at pH 5.5 (Fig. S11A and B). Biphenyl derivatives
also exhibited antibacterial properties by altering the hydrophobicity
and net charge of the bacterial cell walls [43,44]. Nevertheless, using 2,
7'-dichloro-dihydrofluorescein diacetate, we found that light-activated
Cu-Azo@DMN significantly enhanced ROS production in MRSA,
compared to the situation without light (Fig. 3F-S10C, D) [42,45].

We also investigated the impact of Cu-Azo@DMN on resilient fungal
biofilms, which are generally more challenging to eradicate due to their
thick cell membranes, rapid yeast-to-hyphae transformation, and
effective quorum sensing [46,47]. Consequently, the efficacy of
Cu-Azo@DMN against preformed biofilm of MRSA and C. albicans bio-
films, which elicit acidic pH of 5.34 and 6.02, respectively (Fig. S11C).
Light-activated Cu-Azo@DMN significantly reduced the CFU by 3-log,
while Cu-Azo@DMN without light stimulation resulted in 1-1.5-log
CFU reduction (Fig. 3G-I). Furthermore, XTT assay and CV-staining
showed that light-activated Cu-Azo@DMN efficiently decreased the
percentage of viable cells (<10 %) and significantly reduced total bio-
film biomass compared to the control (Fig. 3J and K). Live/dead assay of
MRSA biofilm also confirmed the excellent antibiofilm efficacy of the
light-activated Cu-Azo@DMN (Fig. 3L). Next, we evaluated
Cu-Azo@DMN efficacy on CA fungal biofilms, which are more chal-
lenging due to thick cell membranes and rapid yeast-to-hyphae trans-
formation (Fig. S12A-D). Collectively, our data demonstrated the potent
efficacy of light-activated Cu-Azo@DMN against bacterial and fungal
biofilms.

2.5. Antimicrobial activity of Cu-Azo@DMN against cross-kingdom
polymicrobial biofilm

The presence of polymicrobial cross-kingdom biofilm inhibits the
effect of traditional antimicrobial agents [48,49]. Despite being one of
the most common types of infection, the treatment strategies for the
polymicrobial infection are very poorly understood to date due to the
lack of proper in vitro and in vivo models [2,50]. Therefore, we exam-
ined the antimicrobial potency of Cu-Azo@DMN against the
cross-kingdom polymicrobial biofilm formed by S. aureus (SA) and CA
(Fig. 4A) [7]. CFU assay revealed that light-triggered Cu-Azo@DMN
reduced log-CFU by more than 3-fold, while Cu-Azo@DMN alone
exhibited limited antimicrobial activity (Fig. 4B and C). We also deter-
mined the cell viability of C. albicans and SA within biofilm after
different treatments using an XTT assay. Compared with Cu-Azo@DMN
without light stimulation, Cu-Azo@DMN stimulated with light
contributed to a significantly greater decrease in cell viability (Fig. 4D).
To investigate the effect of Cu-Azo@DMN on the biomass of biofilm, we
studied the biofilm using CV staining. While Cu-Azo@DMN alone was
able to reduce the biofilm biomass by ~50 %, light-stimulated Cu-A-
zo@DMN resulted in an even more outstanding reduction (>95 %) in
biofilm biomass (Fig. 4E and F). Following SEM observation revealed
that the cell walls of both the spherical-shaped SA and elongated hyphal
CA were disrupted upon the light-stimulated Cu-Azo@DMN treatment
(Fig. 4G).

Consequently, developing polymicrobial infection, including bacte-
ria and fungi in vivo, is quite challenging [2,47]. Therefore, the anti-
microbial performance of the Cu-Azo@DMN patch was tested in a
clinically relevant ex vivo experiment comprised of dual-species mi-
croorganisms. In the current cross-kingdom dual-species ex vivo model,
we have tested the pH and light-stimulated antimicrobial performance
of the Cu-Azo@DMN in two different settings. In the one setup, we have
used a 2-day-old dual-species suspension, which is acidic (pH~5.5) and
in another, we have used a freshly inoculated microbial suspension,
which has pH~7.4 (Fig. 4H). The ex vivo findings demonstrated that
Cu-Azo@DMN combined with light exposure reduced microbial
viability by 70 % in the 2-day-old biofilm at pH 5.5. In contrast, in the
freshly prepared microbial suspension at near-neutral pH (7.4), the same
treatment achieved 43.56 % eradication of both species (Fig. 4I-K).



S. Ghosh et al. Materials Today Bio 34 (2025) 102219

L

In vitro cross-kingdom polymicrobial biofilm eradication

Control  Only DMN Cu-Azo@DMN G

=
=
-d
o
S. aureus C. albrcans § N
> sdntact
Incubated at 37C, 48h & mMehébrangs %
Biofilm £ ‘
=y
(eru JOar ) ov | =
=
C D

Damgged
memebrane

Logq9 CFU/mL
% Cell Viability

m

Control

Onl DMN Cu-Azo@DMN F1.5 15.0kV 8, 7mm x3.70k SE

ns skeskesk CV

. Control W/O Light DCu-Azo@DMN /o] nght
D Control W/ Light D Cu-Azo@DMN W/ Light
' [l only DMN WiO Light

. Only DMN W/ Light

WI/O Light

W/ Light

Ex vivo cross-kingdom polymicrobial biofilm eradication

,,’ I S. aureus J C. albicans
- il ns
I 1 — %k *
- , 1 1
150 oKk *k 200+ Kok *
S aureus C. albicans sk Fkk *
S <150
> 100 o o 2>
3 3 100
g 2
= 50- 3
3 oo l. 3 50
1)After 2 days
2)Fresh inoculation 0-

pH 5.5 pH7.4
K
150 ® Control W/O Light
1)Tissue homogenize —_
Z;CFU COUnﬁng § @ CU—AZO@DMN W/O nght
2 100
l l % ® Control W/ Light
i
m (\ 3 o ® Cu-Azo@DMN W/ Light
ey | |
Bb&i agar YPIEiZbar CHébK)lagar 0-
plate (SA) plate (CA) plate (SA+CA) pH 5.5 pH7.4

(caption on next page)



S. Ghosh et al.

Materials Today Bio 34 (2025) 102219

Fig. 4. Antimicrobial activity of Cu-Azo@DMN against cross-kingdom polymicrobial biofilm. (A) Schematic illustration of cross-kingdom dual-species poly-
microbial biofilm, composed of S. aureus and C. albicans, development and treatment using Cu-Azo@DMN. Representative optical images (B) and corresponding
statistical comparison (C) of CFU for cross-kingdom dual species biofilms of C. albicans and SA after different treatments (n = 3). (D) Quantifications of XTT assay for
cell viability of C. albicans and SA within biofilm after different treatments. (E) Representative microscopic images, scale bar = 500 pm, and (F) corresponding
quantification of CV staining for biofilms of C. albicans and SA (n = 6). (G) Representative SEM images of cross-kingdom biofilm after the treatment of Cu-Azo@DMN,
scale bar = 10 pm. Cu-Azo@DMN promotes fibroblast recruitment and modulates macrophage polarization. (H) Schematic illustration of the development of ex vivo
model for studying cross-kingdom infection using porcine skin. Microbial cell viability of (I) SA alone, (J) C. albicans alone, and (K) the C. albicans + SA dual-species
biofilm after Cu-Azo@DMN treatment over the ex vivo dual-species biofilm, obtained from specific cultured plates, namely blood agar, YPD, and CHROMagar plates,

respectively. (n = 3). Data were presented as mean + SD. *p < 0.05, **p < 0.01, ***p < 0.001.

These findings corroborated the superior antimicrobial performance of
acidic pH-driven Cu-Azo@DMN against cross-kingdom polymicrobial
infection under external light stimulation. However, the anti-microbial
effects against other clinically relevant pathogens, such as isolates
from infected human patients, would need to be tested to fully
comprehend the therapeutic efficacy of Cu-Azo@DMN. Additionally, the
use of UV light in this study might be an issue for a longer period;
therefore, responsiveness to other wavelengths would be more
beneficial.

2.6. Pro-regenerative properties of Cu-Azo@DMN

Following the eradication of microbial infection, cutaneous wound
healing starts with the migration and proliferation of fibroblasts [1,9].
We first evaluated the biocompatibility of the Cu-Azo complex using
human dermal fibroblasts (HDF). The cytotoxicity of the Cu-Azo com-
plex demonstrated the biocompatible nature (>90 % viable) of the
Cu-Azo complex in the 10-125 pg/mL concentration, regardless of light
stimulation (Fig. S13A). Based on this result, 100 pg/mL of Cu-Azo
complex was used for the Cu-Azo@DMN fabrication. CCK-8 assay
showed that Cu-Azo@DMN contributed significantly higher cell
viability than the control till 3 days (Fig. 5A). Scratch assay revealed that
the Cu-Azo@DMN, regardless of light stimulation, accelerates HDF
migration (Fig. 5B and C). Additionally, live/dead cell staining
confirmed that Cu-Azo@DMN didn’t affect HDF viability, even with
light exposure (Fig. 5D-S13B). HDF cells treated with Cu-Azo@DMN
extract medium showed increased F-actin and stretched stress fiber
formation compared to the control and only DMN groups (Fig. 5E).
These results consistently highlighted the excellent biocompatibility of
Cu-Azo@DMN and its potential effects on accelerating migration and
proliferation of dermal fibroblasts, independent of the light stimulation.

In the infectious wound environment, persistent oxidative stress,
hypoxia, and the accumulation of immune cells such as macrophages,
monocytes and neutrophils can lead to prolonged inflammation that
impairs healing [1]. Considering the concentration-dependent effects of
Cu?* on immune responses, we anticipated that dual-responsive Cu-A-
zo@DMN could be utilised to regulate immunomodulatory functions
[51,52]. Therefore, THP1 monocyte-derived macrophages were treated
with Cu-Azo@DMN in acidic or neutral conditions, and the marker gene
expressions were measured by RT-qPCR (Fig. 5F). At pH 5.5, genes
encoding pro-inflammatory cytokines, such as interleukin-1f (IL-1p),
tumour necrosis factor-o (TNF-a), prostaglandin E synthase (PTGES),
and interleukin-8 (IL-8), were significantly upregulated (>3-fold) by the
Cu-Azo@DMN (Fig. 5G). Light stimulation further upregulated these
pro-inflammatory cytokines, resulting in pathogen clearance, immune
cell recruitment and early differentiation of cells participating in wound
healing processes [1,53]. However, at pH 7.4, Cu-Azo@DMN barely
enhanced the expression of IL-18 and TNF-a unless triggered by light.
Cu-Azo@DMN also led to the upregulation of PTGES and IL-8 irre-
spective of light stimulation, which indicated the tissue regeneration
effects of Cu-Azo@DMN by promoting innervation and vascularization
of the cutaneous wound [54-56].

Additionally, Cu-Azo@DMN exhibited an anti-inflammatory
response at pH 7.4 without light stimulation by significantly upregu-
lating the expression of CD206 and IL-10 (Fig. 5G). Collectively, Cu-
Azo@DMN effectively shifted its biological functions from pro-

inflammation to anti-inflammation following the pH change in the
wound microenvironment. Light stimulation is only necessary at the
early infection stage, as it enhances the antimicrobial performance of
Cu-Azo@DMN by amplifying the inflammatory responses in the acidic
niche. These distinctive immunomodulatory effects of Cu-Azo@DMN
arise from controlled Cu?" release that modulates macrophage polari-
zation in a concentration-dependent manner. During the initial infection
phase with an acidic environment, light stimulation triggers a relatively
higher concentration of Cu®** from Cu-Azo@DMN (~33.4 pM after 4 h
and 48.3 pM after 24 h), which lies within the therapeutic window for
anti-infection (20 pM < X < 50 pM) [57]. At these levels, cu®t also
promotes pro-inflammatory polarization of macrophages for infection
eradication. Conversely, in the later healing phase, when the wound
environment becomes neutral in pH, Cu®" release from Cu-Azo@DMN
reduces to a lower level (5.53 pM after 24 h and 9.22 puM after 72 h),
which is optimal for anti-inflammatory modulation and pro-healing ef-
fects (<10 pM) [57].

Next, we examined the pro-regenerative angiogenic potential of the
immune microenvironment by Cu-Azo@DMN [53,58]. Previous studies
showed that pro-healing M2 macrophages can induce the angiogenesis
process at the wound site [53]. Simultaneously, the migration of endo-
thelial cells also indicated a positive hallmark for accelerated wound
healing [1,2]. Cu-Azo@DMN significantly upregulated (>3 and 4-fold,
respectively) the transforming growth factor (TGF) and vascular endo-
thelial growth factor (VEGF) expression under both acidic and neutral
conditions (Fig. 5G). TGF-f is well-known to facilitate
fibroblasts-to-myofibroblasts differentiation by promoting F-actin stress
fibers, a-smooth muscle actin, and large focal adhesions [59,60]. We
further conducted a migration assay using Transwell to quantitatively
assess the chemotactic response of human umbilical vein endothelial
cells (HUVECS) to paracrine factors secreted by THP-1-derived macro-
phages. HUVECs were seeded in the upper insets and incubated in the
conditioned medium from THP1-derived macrophages treated with and
without Cu-Azo@DMN. Compared to the control group, the number of
migrated HUVECs doubled when cultured in the conditioned medium
from Cu-Azo@DMN treated macrophages, irrespective of light stimu-
lation (Fig. 5H and I). Subsequently, the tube formation assay also
demonstrated that the Cu-Azo@DMN induced angiogenesis, through a
significantly increasing number of junctions, tubules, and length of tu-
bules (Fig. 5J-M). Thus, upon infection eradication, Cu-Azo@DMN
resolved inflammation through macrophage polarization and pro-
moted the recruitment and differentiation of fibroblasts and endothelial
cells to accelerate infected tissue regeneration. Moreover, our data
consistently validated that during the early stages of wound infection,
when a higher concentration of Cu?* is beneficial, light can be exposed
to accelerate ion release if needed. Conversely, in the later wound
healing stages, when the pH is higher and Cu®" release is naturally
reduced, potentially limiting angiogenesis, irradiation can be used to
enhance Cu®" ion release and support the healing process.

3. Conclusion

Herein, we developed a dual-responsive copper complex for
combating polymicrobial wound infection. The pH-responsive Schiff
base linkages and light-sensitive azo moieties within the ligand frame-
work enable precise control of Cu?* according to the distinct needs at
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Fig. 5. Cu-Azo@DMN contributes to a pro-regenerative immune microenvironment. (A) Effect of Cu-Azo@DMN on HDF viability at days 1, 2, and 3 after
coculture with Cu-Azo@DMN (with and without light stimulation). Representative optical images of the (B) scratch assay (scale bar = 100 pm) and (C) corresponding
quantification for wound closure rate of HDFs. (D) Representative fluorescence images of live/dead assay of HDF at days 1, 2, and 3 after coculture (n = 3, scale bar
= 200 pm). (E) Representative confocal microscopic images of HDFs with F-actin stained by Rhodamine-Phalloidin and nuclei stained by Hoechst with different
treatments, scale bar = 50 pm. (F) Illustration of study design. (G) Relative expression levels of marker genes for polarization of THP1-derived macrophages after
coculture. Representative optical microscopy images of (H) Transwell migration assay and (I) the number of migrated cells, (J) tube formation assay of HUVEC cells
(scale bar = 250 pm). Corresponding quantification of (K) the number of junctions, (L) the number of tubules, and (M) the length of tubules of the HUVEC cells
treated with conditioned medium. Data were presented as mean + SD. *p < 0.05, **p < 0.01, ***p < 0.001.
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different stages of infectious wound healing. Additionally, this design
also allows tailored Cu?* release in patients with diverse conditions for
personalized medicine. Moreover, the Cu-Azo complex was incorporated
into a dissolvable microneedle system for pain-free transdermal de-
livery. Cu-Azo@DMN exhibited excellent antimicrobial potency against
cross-kingdom polymicrobial biofilms, with enhanced efficacy under
external light stimulation. Following the infection eradication, reduced
Cu?* release from Cu-Azo@DMN shifted its immunomodulatory effect
from pro-inflammatory to pro-regenerative, promoting fibroblast
recruitment and angiogenesis. Conclusively, our study demonstrated
dual-responsive Cu-Azo@DMN as a promising multifunctional thera-
peutic platform for the treatment of infectious wounds with improved
therapeutic efficacy.

4. Experimental section
4.1. Materials

Gelatin from porcine skin (300 g bloom) and sodium alginate were
purchased from Macklin Biochemical Technology (Shanghai, China).
2,2'-Bis-(anthracene-9,10-diylbis(methylene))-dimalonic acid (ABDA)
and 3,3,5,5-tetramethylbenzidine (TMB) were obtained from Aladdin
Biochemical Technology (Shanghai, China). Bicinchoninic acid (BCA)
kit and 2',7'-dichloro-dihydrofluorescein diacetate (DCFH-DA) were
obtained from Beyotime Biotechnology Co., Ltd. (Shanghai, China).
Dulbecco’s modified Eagle medium (DMEM), Roswell Park Memorial
Institute Medium (RPMI-1640), Endothelial Cell Growth Medium, 10 %
Fetal Bovine Serum (FBS), 0.25 % trypsin—ethylenediaminetetraacetic
acid (EDTA), and penicillin—streptomycin (PS) were obtained from
Gibco, Thermofisher Scientific, USA. All chemicals were used as
received.

4.2. Fabrication of Cu-Azo@DMN patch

The Cu-Azo@DMN was fabricated using a two-step micromolding
process, as previously described [39]. Firstly, a PDMS mold was created
using a pyramidal stainless-steel master mold containing 100 needles
arranged in a 10 x 10 array (Micropoint Technologies Pvt. Ltd.,
Singapore). Each needle had a height of 700 pum, a tip radius of 5 pm, and
a base width of 300 pm. The PDMS mold was prepared by pouring a 10:1
ratio of PDMS prepolymer solution over the steel master mold, followed
by degassing in a vacuum chamber to remove air bubbles. The PDMS
was then cured by heating at 70 °C for 2 h, after which the negative mold
was carefully peeled off from the master mold.

For the fabrication of dissolvable microneedles (DMNs), a base
polymer system composed of gelatin and sodium alginate (SA) was
utilised. Briefly, 750 mg of gelatin and 250 mg of SA were thoroughly
mixed with 1 mL of PBS to form a homogeneous polymer suspension.
Subsequently, 400 pL of the polymer solution was poured into the PDMS
mold and centrifuged at 3000 rpm for 5 min to ensure complete filling of
the microneedle cavities and to eliminate trapped air. A second layer of
the polymer solution was then added to form the backing layer of the
patch. The DMNs were air-dried for 3 days at room temperature and
gently peeled off from the PDMS mold.

Similarly, Cu-Azo@DMN and Cy-3@DMN were also fabricated using
the same procedure, followed by the addition of 100 pg/mL of the Cu-
Azo complex or 0.5 pg/mL of Cy-3 dye to the polymer suspension
before molding.

4.3. Characterizations of Cu-Azo@DMN

The surface morphology of the prepared Cu-Azo@DMN was exam-
ined using Scanning electron microscopy (SEM, Hitachi Co. Ltd., Japan)
and the successful entrapment of the Cu-Azo complex inside the DMN
was examined through the elemental analysis by using EDX analysis.
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4.4. Mechanical testing of Cu-Azo@DMN

The mechanical strength of the Cu-Azo@DMN was determined
through a compression test using an Instron 5543 Tensile meter. The MN
patches were positioned with their tips facing upward on a flat stainless-
steel platform. A compressive force was applied perpendicularly to the
patches at a constant rate of 0.5 mm/min. The displacement of the
needles was measured under a preset maximum force limit of 50 N per
patch.

4.5. Ex vivo skin penetration test

A fresh porcine ear model was utilised to evaluate the skin puncture
ability of the fabricated microneedles [39]. Briefly, a fresh porcine ear
was obtained from a local slaughterhouse and thoroughly washed with
PBS to remove hair and surface debris. Subsequently, a Cy-3@ DMN
patch was applied to the ear skin using a force of 1.5 N for 1 min to
ensure proper insertion. Following application, the tissue specimens
with inserted microneedles were immediately frozen using optimal
cutting temperature (OCT) compound. Cross-sectional slices of 5 pm
thickness were prepared using a microtome. Finally, the skin specimens
were visualized under a fluorescence microscope (Zeiss Axio Observer
Z1, Carl Zeiss, Germany) to assess the distribution and penetration of the
Cy-3@DMNs within the tissue.

4.6. In vitro antimicrobial activity test

The antimicrobial of Cu-Azo@DMN was evaluated against both
planktonic cultures and biofilms using three model organisms: Staphy-
lococcus aureus (ATCC 25923), Methicillin-resistant Staphylococcus
aureus (MRSA, ATCC 700698), and Candida albicans (ATCC SC5314).
Briefly, S. aureus and MRSA were cultured overnight in Tryptic-Soy
Broth (TSB) medium, while C. albicans was cultured in Yeast Peptone
Dextrose (YPD) medium, under shaking conditions at 37 °C (5 % COa,
45 % humidity). The cultures were then centrifuged at 6000 rpm for 10
min, and the resulting pellets were resuspended in PBS to achieve a
uniform microbial concentration of approximately 1 x 10° colony-
forming units per millilitre (CFU/mL).

For the antimicrobial activity assays, soaked solutions of Cu-
Azo@DMN were prepared by incubating the microneedles in 1 mL of
PBS for 24 h, with and without light exposure. Concurrently, microbial
cultures were prepared in their respective media. The soaked solutions
of the Cu-Azo@DMN was prepared by immersing it in PBS with (365 nm,
5 min, 5 mW/cm?) and without light stimulation. Subsequently, 100 L
of the soaked Cu-Azo@DMN solutions were co-cultured with 1 x 10°
CFU/mL of each microorganism and incubated for 24 h at 37 °C (5 %
COq, 45 % humidity). After incubation, the optical density (OD) of the
cultures was measured using a UV-visible spectrophotometer at 660 nm
for S. aureus and MRSA, and at 520 nm for C. albicans, to assess microbial
growth inhibition.

For CFU assessment, 10 pL of the treated microbial suspensions were
serially diluted 10%-fold in PBS. Then, 50 pL of the diluted suspensions
were spread onto blood agar plates (for S. aureus and MRSA or YPD agar
plates (for C. albicans) using a spiral plater (Bioscience, USA). The plates
were incubated at 37 °C for 24 h, after which the number of colonies was
counted to quantify viable cells.

Additionally, to evaluate the anti-biofilm activity, biofilms of MRSA
and C. albicans were established by inoculating 5 x 10° cells/mL in 24-
well plates and incubating for 48 h. The anti-biofilm experiments were
conducted following the same protocol as described for the planktonic
cultures.

4.7. Crystal violet (CV) staining

The biofilm biomass of the different biofilms after Cu-Azo@DMN
treatments was quantified using the Crystal violet assay. Briefly, pre-
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formed biofilms of MRSA and Candida albicans were established over
three days by inoculating 1 x 10° cells/mL in TSB and YPD medium,
respectively, in 24-well plates [42]. After biofilm formation, the wells
were gently washed with PBS to remove unattached cells, followed by
the application of the respective treatments. The treated biofilms were
then incubated at 37 °C for 24 h. Following incubation, the supernatant
was carefully removed, and the biofilms were washed three times with
PBS to eliminate residual media and non-adherent cells. The wells were
air-dried completely for 20-30 min, after which 1 % CV solution was
added to each well and allowed to stain the biofilms for 20 min. The CV
solution was then aspirated, and the wells were rinsed twice with PBS to
remove excess stain. The plates were air-dried once again, and the
stained biofilms were solubilized using 33 % acetic acid. Finally, the
absorbance of the dissolved crystal violet was measured at 595 nm using
a multi-plate reader to quantify the biofilm biomass.

4.8. XTT assay

To quantify the viable cells inside the biofilm matrix, an XTT
reduction assay was performed. In brief, after the antibiofilm experi-
ment steps, 100 pL of treated microbial biofilm suspensions were mixed
with 10 pL of XTT solution, and the plate was incubated at 37 °C for 3h
in the dark. Following incubation, 100 pL of the suspension was trans-
ferred into a new sterile 96-well plate, and the absorbance at 450 nm
wavelength was measured using a microtiter plate reader.

4.9. Protein leakage assay

After different Cu-Azo@DMN treatments, the MRSA cell suspension
was centrifuged to obtain the supernatant, then 15 pL of the supernatant
was mixed with 200 pL of enhanced BCA assay kit (Beyotime, China) and
the mixture was incubated in a shaker at 37 °C for 30 min. OD value was
observed at an emission wavelength of 562 nm.

4.10. SEM analysis of bacterial membrane

Furthermore, to verify the deformed cell membrane by SEM, after the
different treatments for 24 h, 10 pL of bacterial cell suspensions were
taken on a glass slide, fixed with ice-cold 2.5 % glutaraldehyde, followed
by dehydration with ethanol gradient and observed under SEM (Shi-
madzu, Japan) [42,61].

4.11. In vitro ROS detection

To validate the ROS production with the application of Cu-
Azo@DMN under light exposure, we have done a DCFH-DA-based
fluorometric assay [42]. In brief, MRSA cells (1 x 10° cells/mlL) were
cultured in 10 mm confocal Petri dishes for 12 h at 37 °C. Then, the 200
pL soaked solutions of Cu-Azo@DMN with and without light exposure
were added to each well for another 12 h. After being gently washed
with PBS (pH 7.4) in triplicate, 10 pM DCFH-DA was added to each well,
followed by 30 min incubation in the dark. After 30 min, cells were
gently washed with fresh medium and observed under the fluorescence
microscope at a 488 nm laser. The fluorescence intensity of ROS was
measured by using ImageJ software.

4.12. Antimicrobial activity test against cross-kingdom polymicrobial
biofilm in vitro

A bacteria-fungi dual-species biofilm was prepared to evaluate the
antimicrobial activity of Cu-Azo@DMN against cross-kingdom poly-
microbial biofilm [7,62,63]. Briefly, C. albicans and S. aureus cell sus-
pensions were adjusted to 1 x 10° cells/mL in RPMI 1640 medium, and
100 pl of the cell suspensions were added to 24-well polystyrene
flat-bottom plates. Plates were incubated for 12 h at 37 °C, and then
wells were washed twice with PBS to remove nonadherent cells. Fresh
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medium (200 pL) was added to each well, and biofilms were allowed to
form for 48 h at 37 °C. Following incubation, wells were washed with
PBS. After that, different soaked solutions of Cu-Azo@DMN with and
without light exposure were treated on the mixed-species biofilm and
incubated for 24 h. After that, CFU counting, CV staining and XTT assay
were performed following the above procedures. For CFU counting,
CHROMagar plates were used to grow the dual species.

4.13. Ex vivo antimicrobial activity test

The ex vivo cross-kingdom dual-species model was developed to test
the pH and light-stimulated antimicrobial performance of the Cu-
Azo@DMN in two different settings. In the one chamber slide, we
have grown a 2-day-old dual-species culture comprised of C. albicans
and S. aureus cell suspensions (1 x 10° cells/mL) in RPMI-1640 medium,
which is acidic (pH~5.5). Meanwhile, we also used a freshly inoculated
dual-species suspension, which has pH~7.4. After that, the freshly
collected porcine skins were prepared by repetitive washing with PBS,
and then a hole was created using an 8 mm biopsy punch; after that the
200 pL of microbial suspension was inoculated. After applying the
respective treatments, the skin tissues were homogenized and diluted
with PBS. For the CFU counting, 3 different kinds of CFU plates were
used, namely blood agar plates specific to S. aureus, YPD plates for only
C. albicans and a specialised chromogenic plate (CHROMagar; DRG In-
ternational, USA) for specific detection of both microorganisms.

4.14. Cell culture

Human dermal fibroblasts, THP-1 and human umbilical vein endo-
thelial cells (HUVECs) cell lines were obtained from the American Type
Culture Collection (ATCC). HDF was cultured in DMEM supplemented
with 10 % FBS and 1 % Penicillin-Streptomycin solution at 37 °C (95 %
humidity, 5 % COs3), whereas THP-1 cells were cultured in RPMI 1640
medium supplemented with 10 % FBS. HUVECs were cultured in
Endothelial Cell Growth Medium with 10 % FBS at 37 °C (95 % hu-
midity, 5 % CO3).

4.15. Biocompatibility and live/dead assay

The cytocompatibility of Cu-Azo@DMN was evaluated with human
dermal fibroblast (HDF) cells using the Cell Counting Kit-8 (CCK-8)
assay. To prepare the treatment solutions, Cu-Azo@DMN patches were
soaked in serum-free Dulbecco’s Modified Eagle Medium (DMEM) for
24 h, both with and without light irradiation (365 nm, 5 mW/cmz, 5
min). The resulting soaked solutions were collected and used for sub-
sequent cell-based assays.

For the cell viability assay, HDF cells were seeded at a density of 1 x
10° cells per well in a 24-well plate and incubated for 24 h to allow
monolayer formation. Concurrently, soaked solutions of the Cu-
Azo@DMN patches were prepared by submerging the patches in
serum-free DMEM for 24 h. After monolayer formation, 500 pL of the
medium containing the soaked solutions was added to each well, and the
cells were incubated for an additional 24 h at 37 °C. Following incu-
bation, the medium was removed, and 300 pL of CCK-8 solution (Life
Technologies, Singapore) was added to each well. The plates were then
incubated in the dark for 1 h. Cell viability and proliferation were
assessed by measuring the optical absorbance of each well at 24, 48, and
72 h using the CCK-8 kit (Beyotime, China). Furthermore, Calcein AM/
PI-staining method was used to observe the live cells [64]. Briefly, 10 pL
of the staining solution was added directly to the wells containing
treated cells, followed by incubation at 37 °C for 30 min. The stained
cells were then observed under a confocal microscope to distinguish live
(Calcein AM-positive) and dead (PI-positive) cells.
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4.16. Scratch assay

HDF cells (1 x 10° cells/well) were seeded into 6-well plates for 24 h
under a 5 % CO; atmosphere. After cells reached 80 % confluency, a
vertical scratch was made in each well using the tip of a 200 pL pipette
tips, and then the soaked solutions of Cu-Azo@DMN with and without
light exposure were added and incubated for 24 h. At the predetermined
time points, optical images of the well were taken and quantified using
the ImageJ software.

4.17. Cytoskeleton staining

To observe the cytoskeleton remodelling, HDF cells (1 x 10* cells/
well) were seeded into 24-well plates for 24 h under a 5 % CO, atmo-
sphere. After the adhesion, the complete medium was exchanged with
the soaked solution of Cu-Azo@DMN for another 24 h. Then, the fi-
broblasts in each group were fixed with 4 % PFA for 15 min and stained
with rhodamine-phalloidin for 30 min, followed by 10 min of Hoechst
staining [65]. The cell morphology and lamellipodia were observed
using the confocal microscope.

4.18. Real-time quantitative polymerase chain reaction (RT-qPCR)

To examine the immunoregulatory effects of Cu-Azo@DMN, we
performed RT-qPCR. HP-1 cells were differentiated into macrophages by
culturing them in serum-free RPMI 1640 medium supplemented with 10
ng/mL phorbol-12-myristate-13-acetate (PMA, Sigma-Aldrich) for 48 h
[66]. Following differentiation, the THP-1-derived macrophages were
co-cultured with Cu-Azo@DMN patches, both with and without light
irradiation (365 nm, 5 mW/cmz, 5 min), and incubated for an additional
48 h [53]. After incubation, total RNA was extracted from the treated
cells using the RNeasy Mini Kit (Qiagen, Hilden, Germany), and RNA
purity was assessed using a NanoDrop spectrophotometer (Thermo
Fisher Scientific, USA). The extracted RNA was then reverse transcribed
into complementary DNA (cDNA) using the First Strand cDNA Synthesis
Kit (Takara, Dalian, China). Real-time quantitative PCR was performed
using TB Green Premix (Takara, Japan) on a qPCR instrument. The mean
cycle threshold (Cy) values of target genes were normalized to the
housekeeping gene GAPDH to account for variations in RNA input and
cDNA synthesis efficiency. The primer sequences for the target genes are
provided in Table S2.

4.19. Cell migration assay

To investigate whether Cu-Azo contributes to skin healing through
stimulating macrophage paracrine secretions, the conditioned medium
from the culture medium of Cu-Azo@DMN-treated macrophages was
prepared. Briefly, macrophages were differentiated from THP1 cells
using serum-free RPMI 1640 supplemented with 10 ng/mL phorbol-12-
myristate-13-acetate (PMA, Sigma-Aldrich). Following differentiation,
the macrophages were treated with soaked solutions of Cu-Azo@DMN at
pH 7.4 without any light stimulation, and culture supernatants were
collected after 48 h. The collected medium was centrifuged at 12,000
rpm for 15 min to remove cell debris and particulate matter, sterilized
using a 0.22 pm filter, and stored at —80 °C until further use.

The migratory capacity of human umbilical vein endothelial cells
(HUVECs) was assessed using a Transwell migration assay [64]. In brief,
HUVEGs (5 x 10* cells/well) were cultured in the upper chamber of the
Transwell inserts (Corning, USA), and a different conditioned medium
was added in the lower chamber. After 12 h of incubation, the mem-
branes containing migrated cells were carefully removed, fixed with 4 %
paraformaldehyde, and stained with 0.1 % crystal violet. The stained
cells were visualized under a microscope (Zeiss, Germany), and the
number of migrated cells was quantified to evaluate the chemotactic
effect of the conditioned media.

For the tube formation test, the 24-well plates were first coated with
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200 pL of Matrigel and incubated for 30 min in a 37 °C incubator. After
that, the HUVECs treated with Cu-Azo@DMN were seeded on top of the
Matrigel coating. The formation of tubules was observed after 4 h by an
optical microscope, and the number, lengths and junctions of tubules
were quantified by Image Pro Plus software [64].

4.20. Statistical analysis

All the above experiments were performed in triplicate manner
under the same conditions independently. All experimental data are
shown as the mean =+ standard deviation. The statistical analysis of the
data is carried out using GraphPad Prism 8.4.2 and Origin 2016 soft-
ware. Ordinary one-way or two-way analysis of variance (ANOVA) was
performed depending on the number of variables. They were followed
by Sidak’s or Tukey’s test for multiple comparisons for two or more
groups, respectively. In the two-way ANOVA, only simple effects within
rows and columns are analyzed. The differences between the two groups
were calculated through Student’s T-test. Differences between different
groups at mean + SD. *p < 0.05, **p < 0.01, ***p < 0.001 were
considered statistically significant.
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