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Rita  Sànchez-Espejo c,  Elena  Del  Favero d,  Narcisa  Mandras e,  Janira  Roana e,  Lorenza  Cavallo e, 
Laura Cantù d, Cesar Viseras c, Silvia Rossi a, Giuseppina Sandri a,* 

a Department of Drug Sciences, University of Pavia, Viale Taramelli 12, 27100, Pavia, Italy 
b Department of Public Health, Experimental and Forensic Medicine, University of Pavia, via Forlanini 2, 27100, Pavia, Italy 
c Department of Pharmacy and Pharmaceutical Technology, Faculty of Pharmacy, University of Granada, Campus of Cartuja S/n, Granada, 18071, Spain 
d Department of Medical Biotechnology and Translational Medicine, University of Milano, LITA, Via Fratelli Cervi 93, 20090, Segrate, Milano, Italy 
e Department of Public Health and Pediatric Sciences, University of Turin, 10126, Turin, Italy 

 

 

A R T I C L E  I N F O 

 
Keywords: 

Wound healing 

Maltodextrin 

Dextran 

Amino acids 

Metal oXide nanoparticles 

Microparticles 

Antimicrobial properties 

A B S T R A C T 
 

Chronic wounds (resulting from underlying disease, metabolic disorders, infections, trauma, and even tumours)  

pose significant health problems. In this work, microparticles, based on polysaccharides (maltodextrin or dextran) 

and amino acids, and doped with antibacterial nanoparticles (CuO or ZnO NPs) are designed. Smart nano-in- 

microparticles with a hierarchical 3D structure are developed. The ultimate goal aims at an innovative plat- 

form to achieve skin repair and to manage skin colonization by avoiding infection that could delay and even  

impair the healing process. The microparticles are prepared by spray-drying and cross-linked by heating, to obtain 

insoluble scaffolds able to facilitate cell proliferation in the wound bed. The nano-in-microparticles are charac- 

terized using a multidisciplinary approach: chemico–physical properties (SEM, SEM-EDX, size distribution, 

swelling and degradation properties, structural characterization - FTIR, XRPD, SAXS – mechanical properties, 
surface zeta potential) and preclinical properties (in vitro biocompatibility and whole-blood clotting properties, 

release studies and antimicrobial properties, and in vivo safety and efficacy on murine burn/excisional wound 

model) were assessed. The hierarchical 3D nano-in microparticles demonstrate to promote skin tissue repair in a 

preclinical study, indicating that this platform deserves particular attention and further investigation will promote 

the prototypes translation to clinics. 
 

 

 
1. Introduction 

 
Wound healing is a complex process that involves coordinated in- 

teractions among different biological systems, including immune one, to 

restore the anatomical and functional integrity of skin [1,2]. Healing 

consists of different phases (haemostasis, inflammatory, proliferative and 

remodelling) and involves a complex series of events, such as chemotaxis, 

cell division, neovascularization, synthesis of the new extracellular ma- 

triX (ECM), and the formation and the remodelling of scar tissue. These 

events require multiple mediators, including platelets, inflammatory 

cells, cytokines, growth factors, and matriX metalloproteinases [3,4]. A 

cutaneous lesion causes the loss of the immunologic and protective 

mechanisms of the skin, so that microorganisms colonize the wounded 

area and occasionally lead to chronic infections and biofilm formation. In 

these cases, septicaemia can occur, and serious adverse life-threatening 

events can take place (such as amputations, organ loss and even 

death), if an adequate therapy is not effected [5,6]. For this reason, 

antimicrobial chemotherapy, specifically selected using antibiogram, is 

commonly recommend and systemic administration via parenteral or 

oral routes is required to reduce the risk of antibiotic resistance (AMR). In 

fact, AMR represents one of the greatest threats to human health, causing 

morbidity and mortality worldwide and high management cost-related 

[7]. A recent report estimated that infections by multidrug and drug-

resistant bacteria caused in 2019 the death of 1.27 million people and if 

specific actions are not urgently taken, this number is projected to 

increase to ten million by 2050, thus overcoming the deaths caused by 

road accidents, diabetes, or cancer [8]. For this reasons, smart ap- 

proaches to prevent and even treat wound infections should be 
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implemented to tackle the development of resistant strains [9]. In this 

context, inorganic nanomaterials, including zinc oXide (ZnO) and copper 

oXide (CuO) proved to decrease or even eliminate antibiotic resistant 

bacteria, since they possess aspecific targets and act by disrupting the cell 

membranes, by causing protein misfolding, and by degrading cell key 

components such as DNA and proteins via oXidative stress [10]. 

Moreover, nanomaterials proved to play important roles in tissue 

adhesion, stem cell targeting, drug delivery, and differentiation and the 

synergy between physicochemical and biological (anti-microbial and 

angiogenesis) properties should trigger the successful design of alterna- 

tive wound healing agents. However, the use of these metal-based 

nanomaterials as free nanoparticles poses significant limitations due to 

nanotoXicological issues while their immobilization in a 3D structure 

allows to achieve antimicrobial properties and simultaneously to avoid 

cytotoXicity, by enhancing the wound healing process [10]. 

To face the challenge of nanomaterials administration in this work 

the doping of inorganic nanomaterials in microparticles is proposed. An 

easily feasible and scalable method, the spray-drying, has been selected 

and the manufacturing has been designed as sustainable and green pro- 

cess. Moreover, the manufactured powder should allow a flexible dosing 

to cover and even fill a deep skin lesion. The resulting 3D structure 

should be able to control tissue moisture and to act as a scaffold to 

eventually enhance cell migration from the surrounding healthy tissue, 

cell adhesion and proliferation leading to the reconstruction of the ar- 

chitecture of native skin [11]. 

Given these premises, microparticles, based on polysaccharides 

(maltodextrin or dextran) and amino acids, and doped with antibacterial 

nanoparticles (CuO or ZnO NPs) were designed. Smart nano-in- micro- 

particles with a hierarchical 3D structure were developed. The ultimate 

goal aimed at an innovative platform to achieve skin repair and to 

manage skin colonization by avoiding infection that could delay and even 

impair the healing process. Two different nanomaterials have been pro- 

posed on the basis of their properties, either CuO or ZnO NPs to identify 

the more suitable one to dope spray drying microparticles and to achieve 

wound healing and antimicrobial activity. ZnO and CuO proved anti- 

microbial activity against multi-drug resistant (MDR) strains [12,13]. 

The hierarchy of the systems has been achieved by the assembly of 

structures belonging to different length scales as microparticles and 

nanoparticles are. 
The microparticles were prepared by spray-drying (SD) and cross- 

linked by heating to obtain insoluble scaffolds able to facilitate cell 

proliferation in the wound bed. Maltodextrin (MD) or dextran (DX), both 

are based on D-glucose units, were selected since they are of natural 

origin, in vivo degraded, biocompatible and non-immunogenic [14,15]. 

In particular MD is a linear glucan where glucose units are primarily 

linked with α(1 → 4) glycosidic bonds, while DX is a complex branched 

glucan, with the main chain consisting of α(1 → 6) glycosidic bonds 

between glucose monomers with branches from α(1 → 3). 
MD or DX were associated to a miXture of threonine (Thr), cysteine 

(Cys) and glycine (Gly) (weight ratio Thr:Cys:Gly 1:2:10). This is a 

marketed association of amino acids present in topical antibiotics-based 

medicines (powder and cream) intended for the treatment of infected 

wounds (Cicatrene®, Johnson & Johnson SpA). Thr is a structural con- 

stituent of proteins and participates in the collagen and elastin formation 

and in the biosynthetic pathway of isoleucine [16]. Cys up-regulates 

metallothioneins and produces a specific inhibition of the collagenase 

activity of MMP. Together with glutamate and Gly, Cys participates in the 

synthesis of glutathione, one of the principal intra-cellular antioXidant 

systems [17]. Gly possesses anti-inflammatory properties acting through 

cell membrane hyperpolarization leading to decreased production of 

oXygen free radicals from inflammatory cells [18]. Moreover, it is a 

precursor of collagen and promotes the release of oXygen to the energy 

requiring cell-making process, which is essential for healing [19]. 
The nano-in-microparticles were characterized using a multidisci- 

plinary approach: chemico–physical properties (SEM, SEM-EDX, size 
distribution,      swelling      and      degradation      properties,      structural 

characterization - FTIR, XRPD, SAXS – mechanical properties, surface 
zeta potential) and preclinical properties (in vitro biocompatibility and 
whole-blood clotting properties, release studies and antimicrobial prop- 

erties, and in vivo safety and efficacy on murine burn/excisional wound 

model) were assessed. 

 
2. Materials and methods 

 
2.1. Materials 

 
MD (Glucidex 2, molecular mass: 8589 g/mol [20], degree of poly- 

merization: 52.9, dextrose equivalent value: 2, Roquette, Giusto Far- 

avelli, Milan, Italy) and DX (from Leuconostoc mesenteroides molecular 

weight ~200,000 Da, Sigma-Aldrich, Milan, Italy) were used as poly- 

saccharides (Fig. S1). Gly, Cys and Thr (Sigma-Aldrich, Milan, Italy) were 

used as amino acids. Citric acid (CA, Sigma-Aldrich, Milan, Italy) was 

used as cross-linking agent. ZnO (Zinc oXide, dispersion nanoparticles, 

<100 nm particle size (TEM),     40 nm avg. part. Size, 20 wt % in H2O, 
Sigma-Aldrich, Milan, Italy) and CuO NPs (Copper (II) oXide nano- 

powder, <50 nm particle size, Sigma-Aldrich, Milan, Italy) were used as 
inorganics. 

 
2.2. Methods 

 
2.2.1. Preparation of spray dried microparticles 

SD (spray dried) microparticles were prepared using a mini spray 

drier (Buchi 190, Büchi Labortechnik AG, Essen, Germany) equipped 

with 0.5 mm nozzle. Polymeric blends were prepared (Fig. 1a reports the 

quali-quantitative compositions). Briefly, maltodextrin (MD) or dextran 

(DX) solution was obtained in distilled water and Thr, Cys and Gly at 

1:2:10 wt ratio were added. Citric acid was added to the polymeric blends 

and used as cross-linker. The polymeric blends were sprayed as atomized 

droplets under 600 mL/h co-current feed air flow rate at 200 ◦C inlet air 

temperature (140 ◦C outlet air temperature) and immediately dried to 

obtain microparticles collected in the reservoir. 

ZnO or CuO NPs doped microparticles were manufactured by adding 

NPs colloidal suspension to the initial polymeric blends before SD to have 

a 0.5% w/w concentration in the dried microparticles. The process yield 

was always higher than 50%. SD microparticles were then cross-linked by 

heating to activate citric acid (MD: at 140 ◦C for 2 h; DX: at 150 ◦C for 3 

h). 

 
2.2.2. Physico chemical characterizations 

The microparticle morphology was assessed by SEM (Tescan, Mir- 

a3XMU, Brno, Czech Republic) before and after thermal treatment to 

activate the citric acid cross-linking. Samples were placed on metal stubs 

using a double-sided adhesive tape and sputtered with graphite under 

vacuum. 

Moreover, the metal oXide NP doping was characterized by SEM-EDX 

(Phenom XL, Thermofisher, Alfatest, Cernosco sul Naviglio, Italy) of the 

section of the microparticles. Microparticles were crushed to obtain 

sections of the walls and EDX was performed in the wall thickness, then 

the samples were placed on metal stubs using a double-sided adhesive 

tape and sputtered with 5 nm gold under vacuum. The EDX spectra have 

been collected. 

Particle size distribution was determined using DLS (dynamic light 

scattering) (Mastersizer 3000E granulometer, Malvern Instruments, 

Milan, Italy). Microparticles suspensions was prepared in isopropanol to 

avoid particle swelling. Particle diameters (D10, D50, D90) and distri- 

bution width (SPAN factor¼ (D90 – D10)/D50) were calculated. 

2.2.3. Structural characterization 

Fourier-transform infrared (FT-IR) analysis was performed using a 
JASCO 6200 (Tokyo, Japan) equipped with a Ge ATR. All analyses were 

performed from 400 to 4000 cm—1 with a resolution of 2 cm—1, and the 
results processed with Spectra Manager v2 software. 
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Fig. 1. a) Composition (% w/w) of polymeric blends used to prepare microparticles, b) SEM of the microparticles before and after cros s-linking (top columns) and 

section of the microparticles and EDX analysis (bottom columns); c) Statistical particle diameters and SPAN factor (mean sd; n ¼ 5) of microparticles before (nc) and 

after  cross-linking  (c).  ANOVA  one-way;  Sheffé  test  (p  ≤ 0.05)  D  [4;  3]:  MD  nc  vs  MD  c;  MD-CuO  nc  vs  MD-CuO  c. 
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Fig. 1. (continued). 
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Fig. 1. (continued). 
 

Differential scanning calorimetry (DSC) and thermogravimetric 

analysis (TGA) were performed by means of a TGA/DSC1 equipment 

(Mettler-Toledo GMBH, Spain) equipped with a microbalance (precision 

0.1 μg) and with a horizontal oven, in 25–950 ◦C temperature range and 
10 ◦C/min heating rate, and in atmospheric air. ApproXimately 20 mg of 
each sample were weighted in aluminium sample pans. 

Small Angle X-ray Scattering analysis was performed using synchro- 
tron light at the ID02 SAXS beamline of ESRF (Grenoble, France). Dry 
microparticles were put in Kapton capillaries and fully hydrated with 

water. The scattered intensity was measured in 0.006 < q < 7.5 nm—1 

momentum  transfer  range,  where  q       4πsen(θ/2)/λ,  being  θ the  scat- 
tering angle and λ 0.1 nm the radiation wavelength. To this end, the 

intensity spectra were acquired at two different sample-to-detector dis- 

tances, namely 1 m and 10 m, and joined after careful background sub- 

traction. The intensity decays were fitted with models that describe the 

scattering from polymer chains in theta solvent or good solvent, 

following a random walk or a self-avoiding walk with SasView applica- 

tion [21], giving information on the mean radius of gyration Rg of the 

polymer chain on the local scale (nm length-scale), combined with a 

fractal arrangement on the mesoscale [22]. 

 
2.2.4. In-vitro swelling and degradation measurements 

In-vitro swelling of the SD microparticles was evaluated by measuring 

the increase of particle diameters upon hydration. Microparticle sus- 

pensions were prepared in distilled water and gentle stirred for 24 or 48 

h. Then the particle diameters were measured using DLS as previously 

described (paragraph 2.2.2). Swelling Index (SI) [23] was calculated as 

follows: 

SI ¼ ðd½4 : 3]t — d½4 : 3]0Þ
,  

d½4 : 3]0: 

where d[4:3]t is the volume weighted mean diameter at t time and d 

[4:3]0 is the volume weighted mean diameter at time 0. 

The in vitro degradation was assessed by incubating 20 mg/mL SD 
microparticles in phosphate buffer solution (PBS, pH 7.4, Sigma, Milan, 

Italy) at 37 ◦C. After 1, 2 and 7 days, SD microparticles were collected by 

centrifugation at 1000×g for 20 min at 4 ◦C. The supernatant was 
removed, the remaining particles were dried in an oven at 60 ◦C and the 

weight loss (%) calculated as the ratio between the weight after degra- 

dation and the initial weight [24]. After 48 h, the SD microparticle 

morphology was evaluated using SEM, as previously described (para- 

graph 2.2.3.). 

 
2.2.5. Particle crush test 

Particle crush test was performed on single particles having diameters 

ranging from 0.8 to 1 mm [25], using a texture analyzer (TA.XT plus, 

Stable Micro Systems, Godalming, UK) equipped with a 5 kg load cell and 

a P/10 probe (cylindrical, diameter 10 mm). Before testing, an indi- 

vidual particle was placed on the base of the instrument. The probe was 

lowered at 10.00 mm/s speed, up to the particle crush and then pull back 

at 10.00 mm/s speed. The test was performed in the dry and wet state and 

the results were expressed as force of deformation (mN/mm), work of 

deformation (mN.mm) and Young Modulus (mN/mm2). 

 
2.2.6. Surface zeta potential 

The apparent zeta potential (ζ) was assessed using SurPASS™ 3 
(Anton Paar, Turin, Italy) equipped with a cylindrical cell. A fiXed 
amount (50 mg) microparticles was placed between two paper filter disks 

in the cylindrical cell. 0.1 mol/L KCl solution was used as the streaming 

solvent and its pH was tuned in 2–9 range, to determine the ζ at physi- 
ological pH and the isoelectric point (iep) [2,26]. 

 
2.2.7. Cell proliferation assay 

Proliferation and cell viability assay was carried out using fibroblasts 

(NHDF, normal human dermal fibroblasts from juvenile foreskin, Pro- 

moCell, WVR, Milan, Italy). Fibroblasts (2nd-5th passages) were cultured 

in Dulbecco's modified Eagle medium (DMEM, Sigma-Aldrich, Italy) 

supplemented with 10% fetal bovine serum (FBS, Euroclone, Milan, 

Italy), with 200 IU/mL penicillin/0.2 mg/mL streptomycin (Sigma- 

Aldrich, Milan, Italy), and kept at 37 ◦C in a 5% CO2 atmosphere with 

95% relative humidity (RH). Fibroblasts were seeded at 35*103 cells/ 
well density in 96-well plate and. After 24 h, each sample was dispersed 
in DMEM and put in contact with the cell substrates at different con- 

centrations (10–0.5 mg/mL). Moreover, CuO or ZnO colloidal suspen- 
sions (containing the same metal oXide amounts as the microparticles) 

were also investigated. NHDF grown in standard conditions (growth 

medium, GM) was the control (100% vitality). 

After 3 or 6 days of contact with the samples, the medium was 

removed and 50 μL MTT solution (3-[4,5-dimethylthiazole-2-yl]-2,5- 
diphenyltetrazolium   bromide,   Sigma-Aldrich,   Italy)   at   1   mg/mL   in 

DMEM (w/o phenol red) were added for 3 h contact time. Subsequently, 
MTT solution was removed from each well, and the cell substrates were 

washed with 100 μL PBS. Finally, after PBS removal, 100 μL isopropanol 
(Sigma-Aldrich, Italy)  were  put in  each  well, and the  absorbance was 

assayed at 570 nm by means of a microplate reader (FLUOstar® Omega, 

BMG LABTECH, Aylesbury, UK), with a reference wavelength of 690 nm. 

Cell viability was expressed as optical density (OD). 

 
2.2.8. Cell morphology 

The morphology of cells nuclei and cytoskeletons after 6 days of 

contact with the microparticles was investigated using CLSM after nuclei 

and cytoskeleton staining. 50 mg microparticles were placed into a 1 cm 

disc assembly unit and 2000 kg pressure were applied for 10 s to generate 

a disc with 0.6–0.8 mm thickness. These were placed on the bottom of a 
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well in a 48-wells/plate. NHDF (50 103 cells/well) were seeded onto 

microparticles discs and grown up to 6 days. The cells were fiXed with 4% 

glutaraldehyde solution for 15 min and washed with PBS. Then, the cy- 

toskeletons were stained with FITC Atto 488 phalloidin (50 μL at 20 μg/ 
mL in PBS in each well, contact time 30 min) and the nuclei with Hoechst 

33,258 (100 μL at 1:10.000 dilution in PBS per each well, contact time 
10 min in the dark) (Sigma-Aldrich, Milan, Italy). Finally, the micro- 

particles discs were mounted on glass slides, covered using coverslips and 
analyzed using CLSM (Leica TCS SP2, Leica Microsystems, Milan, Italy) at 

λex ¼ 346 nm and λem ¼ 460 nm for Hoechst 33,258 and λex ¼ 501 nm and 

λem ¼ 523 nm for FITC-phalloidin. 

2.2.9. CuO/ZnO release 

The release of Cu or Zn from nano-in-microparticles was evaluated. 
20 mg microparticles were placed in 2 mL DMEM supplemented with 

10% v/v FBS. The release experiments were performed at 37 ◦C and the 
inorganics were quantified over time (1, 6, 48, and 196 h). To avoid 

contaminations, no progressive sampling of the released medium was 
performed and independent tests using different time length were 

considered. The concentrations of Cu2þ and Zn2þ ions in the culture 
medium were measured using a NexION-300D ICP mass spectrometer 

(Perkin Elmer, Waltham, MA, USA), equipped with a triple cone interface 

and a quadrupole ion deflector using argon for plasma formation. Stan- 

dard solutions were prepared for each element (Multi-Element standards, 

Perkin Elmer, Waltham, MA, USA), and Rh was employed as an internal 

standard. 

 
2.3. Antimicrobial properties 

 
The antibacterial activity of CuO or ZnO nano-in-microparticles were 

evaluated against Escherichia coli ATCC 8739 and Staphyococcus aureus 

ATCC 29213, a Gram-negative and Gram-positive bacteria, respectively. 

Tests were performed according to Clinical and Laboratory Standard 

Institute broth microdilution method [27]. CuO or ZnO NPs were serially 

diluted to obtain the final concentrations ranging from 0.03 to 15 mg/ml 

in a 96-well plate. These wells were then inoculated with bacteria (2 

105 colony forming units, CFU/mL) supplemented with growth medium 

and the plates were kept for incubation at 37 ◦C for 18 h. Optical density 

(OD) at 600 nm was measured. MIC (minimum inhibitory concentration) 

and MBC (minimum bactericidal concentration) were obtained to assess 

antibacterial activity. MIC is the lowest concentration inhibiting the 

visible growth of bacteria after 18 h of incubation. MBC is the lowest 

concentration of the sample (mg/mL) that kills 99.9% (3 log) of the 

bacteria tested. 

As for time kill curve assay, the inocula were prepared according to 

CLSI guidelines for studying time kill kinetics. Briefly, E. coli ATCC 8739/ 

S. aureus ATCC 29213 cultures, in exponential phase, were adjusted to 1 

× 10 CFU/mL in BHI medium and split into eight 500 μL aliquots. Ali- 

quots were inoculated with 500 μL containing 0.5 mg/mL of 2 days 
release samples. These were incubated at 37 ◦C for 2, 4, 24, 48 h. At 

different times, bacterial growth was evaluated by the serial dilution 

technique and the spread of samples on top of TSA plates. The micro- 

biocidal effect (ME value) was calculated for each test organisms and 

contact times according to the following equation: 

ME ¼ logNc — logNd 

where Nc is the number of CFU of the control microbial suspension and 

Nd is the number of CFU of the microbial suspension in presence of the 

scaffold. 

CFUs were counted and compared with the control: a 3 log decrease 

in the viable counts indicated bactericidal activity of sample. 

 
2.3.1. In vitro whole-blood clotting 

The haemostatic activity of microparticles was evaluated using rat 

whole bloods pooled from 6 male rats (Wistar 200–250 g). All animal 

 
experiments were carried out in full compliance with the standard in- 

ternational ethical guidelines (European Communities Council Directive 

86/609/EEC) and approved by Italian Health Ministry (D.L. 116/92). 

The whole blood pool was supplemented with 10% v/v of acid-citrate- 

dextrose (ACDC, 38 mM citric acid/75 mM trisodum citrate/100 mM 

dextrose) to avoid the coagulation during the storage at 4 ◦C [28]. Just 

before the experiments, the anticoagulant activity of ACDC was inhibited 

by diluting 200 μL blood with 200 μL saturated CaCl2 solution, then 25 
mg microparticles were added and incubated for 3 min. As for haemo- 

globin absorbance quantification, after 3 min contact, 1 mL distilled 

water was added and gently shaken for 2 min to re-suspend free red blood 

cells, not entrapped in the clot. The absorbance of each sample was 

assayed by means of spectrophotometric detection at λ 542 nm 

(Lamba25, Perkin Elmer, Milan, Italy). Fresh blood was considered as 

reference. 

As for the SEM analysis, the blood was fiXed with 3% glutaraldehyde 

(Sigma-Aldrich, Milan, Italy) for 1 day. After washing with PBS, dehy- 

dration was performed by immersing blood in 50%, 75%, and 100% 

ethanol, and the blood clots were observed by SEM. 

 
2.3.2. In vivo systems safety and efficacy 

All animal experiments were carried out in full compliance with the 

standard international ethical guidelines (European Communities 

Council Directive 86/609/EEC) approved by Italian Health Ministry (D.L. 

116/92). The study protocol was approved by the Local Institutional 

Ethics Committee of the University of Pavia for the use of animals and by 

ISS (Istituto Superiore di Sanità). 9 male rats (Wistar 200–250 g, Envigo 
RMS S. r.l.) were anesthetized with equitensine at 3 ml/kg (39 mM 

pentobarbital, 256 mM chloral hydrate, 86 mM MgSO4, 10% v/v 

ethanol, and 39.6% v/v propylene glycol) and shaved to remove all hair 

from their backs. All animals were then carefully monitored for the 

following 3 days by animal care services and received additional treat- 

ment of the same pharmacological treatments. 

Microparticles were subcutaneously implanted by means of an 8 mm 

incision (one for each rat) in the rat back. The incisions were then sutured 

using strips (Steri-Strip Suture, I). 18 days after the treatment, full 

thickness biopsies were taken in correspondence of the incisions and the 

histological analysis was performed. A biopsy of intact skin was also 

taken for comparison. 

Three circular full thickness burns, 4 mm in diameter, were produced 
on the back of the animals by means of the contact with an aluminum rod 

(105 ◦C for 40 s). 24 h later, the formed blisters were removed using a 4 
mm diameter biopsy punch to obtain a full-thickness lesions. 20 mg of 

microparticles were applied and wetted with 20 μl of saline solution (0.9 

g/L). Lesions treated with 20 μL of saline solution were the negative 
control. Lesions were covered with a sterile gauze and the rat back was 

wrapped with a surgery stretch (Safety, Italy) to protect lesions. At pre- 

fiXed times after blister removal (0, 3, 7, 10, 14 and 18 days) photographs 

of the lesions were taken by using a digital camera (Sigma SD 14) which 

allowed for sizing the lesions and monitoring the healing process. The 

size of wounded area was determined with an image analysis software 

(Image J, ICY, Institute Pasteur, France). 18 days after the treatment, full 

thickness biopsies were taken in correspondence of the initial lesions and 

the histological analysis of the excised tissues was performed. A biopsy of 

intact skin was also taken for comparison. 

Moreover , the area around the scar or residual wound was harvested 

and wound tissue specimens (wound bed) were immediately immersed in 

the fiXative solution (4% neutral buffered formaldehyde), embedded in 

paraffin and sectioned at a thickness of 5 μm. Sections were stained with 
either hematoXylin and eosin (H&E), or with picrosirius red (PSR). As for 

Picrosirius red staining, deparaffinized sections were hydrated, faintly 

stained with Weigert's hematoXylin for nuclei, and stained with PSR (1 

h). Then all sections were dehydrated, cleared in xylene and mounted 

with DPX. 

Stained sections were observed with a light microscope Carl Zeiss 

AXiophot provided for circular polarizing microscopy, with suitable 
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filters in the condenser stage and in the microscope tube. Images were 

recorded through a microscope digital 5 megapiXels CCD camera Nikon 

DS - Fi2. 

 
2.3.3. Statistical analysis 

Statistical analyses were performed using Astatsa statistical calcu- 

lator. One-way analysis of variance (ANOVA) was followed by Scheffé for 

post-hoc comparisons. p < 0.05 was considered significant. 

 
3. Results and discussion 

 
3.1. Chemico-physical properties 

 
Fig. S2 reports the TEM micrographs (left) and the size distribution of 

the ZnO and CuO NPs (right). The nanoparticles are characterized by a 

regular size and a slight tendency to aggregation. In particular, CuO NPs 

are characterized by a rod shape while ZnO NPs have spherical ones. ZnO 

NPs show a mean diameter lower than 40 nm while CuO NPs lower than 

50 nm. Moreover, NPs have mild polydispersion (0.24 0.02 PDI 

0.27     0.01) with negative zeta potentials, and specifically     18.25 mV or 

30.33 mV for CuO or ZnO, respectively. 

Fig. 1b shows the SEM micrographs of SD nano-in-microparticles (top 

columns) and section of the microparticles and EDX analysis (bottom 

columns). 

Independently of the composition, the SEM images show heteroge- 

neous microparticles with a smooth surface and a predominantly 

spherical shape, although some have a spheroidal appearance, as re- 

ported in literature for most of the spray-dried formulations [29]. The NP 

doping does not alter the microparticles morphology. The cross-linking of 

the microparticles by heating treatment allows to obtain insoluble sub- 

strates in aqueous environment without loss of structural integrity and 

morphology. In the microparticles, the Zn2þ and Cu2þ doping is evident 
from the elemental compositions (SEM-EDX) (Fig. 1b): the microparticles 
sections show that the particles are characterized by inner voids and that 

Zn2þ and Cu2 are present in the polymeric matriX of the microparticles 
walls (Fig. S4 reports the composition in Zn or Cu as determined with 

EDX in different points of the microparticle section). Nano-in-

microparticles morphology is mainly attributable to the manufacturing 

process rather than to the systems composition, indicating that MD or DX 

do not have impact on the system development. 

Fig. 1c reports the particle diameters and SPAN factor of micropar- 

ticles before (nc) and after cross-linking (c). All the SD microparticles 

show a narrow particle size distribution with a mean diameter (D[4; 3]) 

between 19 and 26 μm. Moreover, the particle size is slightly greater for 
the ZnO or CuO NPs doped microparticles. 

MD-based microparticles are smaller than those based on DX and this 

should be directly related to the chemico-physical properties of the 

polymer blend used for microparticles manufacturing: MD-based blends 

are characterized by surface tension and viscosity (as reported in SI, 

Table S1 and Fig. S3) lower than those based on DX and this could lead to 

smaller drops during spray drying, resulting in the formation of fine 

particles. 

The cross-linking affects particle size and in particular, the CuO NP or 

ZnO NP doped MD-based microparticles show a size increase of about 

30% or 20%, respectively, upon cross-linking, although all the doped or 

undoped microparticles are characterized by similar dimensions. This is 

not evident in DX based systems which have similar dimensions inde- 

pendently on doping and cross-linking. MD, characterized by linear 

structure, seems more sensitive to cross-linking than DX, having a 

branched conformation: the heating process is conceivably able to favour 

the formation of cross-links in a linear structure, more flexible and prone 

to interdiffusion into a polymer matriX, rather than a rigid branched 

structure characterized by steric hindrance. 

Fig. 2a reports the FTIR profiles of the microparticles before and after 

cross-linking. Independently of CuO or ZnO doping, cross-linking causes 

 

a significative effect in the region around 1640 cm—1, typical of the 
Amide I band. This could be related to the formation of covalent bonds 

occurring between amino acids amino groups and carboXylic moieties of 

citric acid, caused by the heating treatment. However, the doping does 

not significantly influence the cross-linking process probably also due to 

the low content of ZnO or CuO NPs in the microparticles. 

Fig. 2b reports the thermal analysis of the microparticles before and 

after cross-linking process (TGA - top panel, DSC - bottom panel). 

The thermal behaviour of the pristine components is reported in 
Figures S5 (TGA) and S6 (DSC). Both MD and DX show a weight loss in 

three stages with total carbonization at 500 ◦C or 550 ◦C, respectively. 

MD and DX thermal degradation profiles show a first small weight loss at 

around 95 ◦C due to the water evaporation (7.8% and 7.7% weight loss, 
respectively) followed by an intense weight loss (71.6% and 71.9%, 

respectively) at around 300 ◦C, corresponding to MD or DX depolymer- 

ization and finally the continuous degradation of resultant residues at 

about 490 ◦C. Citric acid also showed an intense weight loss at 220 ◦C 

followed degradation of resultant residues up to 400 ◦C. Gly, Thr and Cys 

are characterized by no weight loss up to 220–250 ◦C, and a second stage 
of weight loss closed at 500/600 ◦C. 

All the microparticles (Fig. 2b – top panel) show a first water loss 
followed by a two-stages degradation at temperature higher than 200 ◦C. 

In general, independently of the composition, the not cross-linked mi- 

croparticles show, at temperatures higher than the cross-linking ones (see 

insets in Fig. 2b), a more intense and fast degradation stage compared to 

cross-linked microparticles, suggesting that the cross-linking increases 

the stability to thermal degradation. 

Parallelly, MD and DX do not show any endothermic peak, while 
amino acids profiles showed intense melting peaks at temperature higher 

than 200 ◦C, indicating that the pristine materials are crystalline. The 

microparticles (Fig. 2b – bottom panel) show a first broad peak (30–130 
◦  C) corresponding to the water evaporation. At temperature higher than 

160 ◦C other endothermic peaks are present corresponding to the 

component degradation. This thermal behaviour supports the micro- 

particles stability upon the cross-linking by heating. Moreover, the cross- 

linking seems to further stabilize the systems at higher temperatures, 

causing systems degradation at temperature slightly higher than the not 

cross-linked systems. 

The small angle x-ray scattering (SAXS) spectra of microparticles are 

reported in Fig. 2c. The inner structure of undoped microparticles in wet 

conditions suggests that MD-based microparticles differently behave 

from DX ones. In particular, the polymer local arrangement, on the scale 

of lengths between nm and hundreds of nm in identical wet conditions in 

aqueous dispersion, is dramatically influenced by the cross-linking. 

The scattered intensity profiles are different for MD-based and DX- 

based microparticles. The spectra of not cross-linked systems show the 

polymers arrangement in aqueous dispersion (lower experimental points 

in both panels) (Fig. 2c, upper panels). 

The MD intensity profile is fitted (green line) with a gaussian coil 

model that describes the scattering from polymer chains in theta solvent, 

where the polymer arranges following a random walk, curling up on coils 

with characteristic size (radius of gyration, Rg) and structure. The mean 

Rg is 9 nm. 

DX intensity profile displays different features. In the high-q region, 

corresponding to the local arrangement of polymer chains, the intensity 

profile is fitted with a model for polymer chains subject to excluded 

volume effects in good solvent, where the polymer arranges following a 

self-avoiding walk, curling up on coils with characteristic Rg of 5 nm. At 

low q values (q < 0.03 nm—1) the experimental points deviate from this 
behaviour, indicating an additional different internal arrangement of 

polymers on a longer length-scale. The intensity follows a I(q) q—2.7 
decay, suggesting a loose DX packing on the hundreds of nm length scale. 

The observed different arrangement of DX chains agrees with their 

branched structure. 

After cross-linking, the characteristic Rg of both polymers in aqueous 
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Fig. 2. a) FTIR spectra of the microparticles after and before cross-linking, b) Thermal analysis (TGA and DSC) of not cross-linked (nc) and cross-linked (c) micro- 

particles, c) small angle x-ray scattering (SAXS) spectra of not cross-linked and cross-linked microparticles in fully wet condition and of doped microparticles (lines are 

the fitting curves). 

 
 

dispersion decreases down to about 2 nm. On the local scale, the inner 

structure of cross-linked microparticles is characterized by the entan- 

glement of polymers on the length of few nms. 

At low q values, both experimental spectra assume a steep decay, I(q) 

÷ q—2.7 for DX, and I(q) ÷ q—4 for MD. These results indicate a different 

 
density of the two systems on the hundreds of nanometers length-scale, 

being the MD able to realize close-packed structures, while DX keeps a 

looser packing, as observed in the not cross-linked system. 

The addition of ZnO and CuO NPs affects the internal structure of 

cross-linked microparticles on both the local and the hundreds of nm 
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Fig. 2. (continued). 

 

length-scale, as visible in the small angle x-ray scattering (SAXS) spectra 

measured for doped MD and DX microparticles (in SI, Fig. S7). Fig. 2c 

(bottom panels) reports the high-q region of the spectra. The intensity 

decays are fitted with a Gaussian coil model after subtraction of the 

contribution of the ZnO or CuO NPs (in SI, Fig. S8). The characteristic 

sizes become slightly larger for all systems, for MD Rg    8 nm (ZnO) and 

Rg     7 nm (CuO), while for DX Rg     5 nm (ZnO) and Rg      4 nm (CuO). 

The intensity decays in  the low-q region are reported in Fig. S8. The 

scattered intensity of doped microparticles assume a less steep decay 

with respect to the undoped ones, I(q) q—2.5 for DX-CuO, and I(q) q—

3.4 for MD-CuO and MD-ZnO. Overall, results indicate a looser internal 
packing of doped microparticles on the hundreds of nm length-scale, 

especially noticeable for maltodextrin-based microparticles. These 

changes in the internal structure indicate nanoparticles in microparticles 

arrangement with CuO NP or ZnO NP embedded in the polymer matriX 

and that those NP are homogeneously distributed in the polymer matriX 

of the microparticles. 

 

3.2. In-vitro swelling and degradation properties 

 
Hydration behaviour is crucial since this should favour haemostasis 

and guarantee a balance between the exudate absorption and the wound 

bed dehydration, both essential features in the granulation phase [24]. 

Fig. 3a reports the swelling properties after 24 and 48 h, expressed as 

swelling index. DX-based microparticles swell more than MD-based 

microparticles and this is agreement with the cross-linking effect and the 

structural analysis. The doping seems to reduce the microparticles 

swelling and this is a consequence of the NPs role in the structure to 

enhance packed systems: the NPs could act as assembly point taking the 

polymer chains closer each other and less mobile, thus reducing the 

swelling process. 

Fig. 3b shows the degradation behaviour (weight loss expressed as 

weight residue) of microparticles versus time in PBS at 37 ◦C. DX-based 
microparticles show a marked effect of weight loss, suggesting a degra- 
dation rate faster than that of MD-based microparticles after 1 and 2 days 

of incubation. Moreover, after 7 days, the residues of MD based systems 

range from 36% (ZnO doping) to 48% (no doping) while for DX they 

range from 31% (ZnO doping) to 35% (no doping), although those are 

not significantly different. The degradation profiles are conceivably 

linear, and this suggests a complete degradation within 10 days. After 48 

h, SEM images the microparticles rougher and partially fused to form 

conglomerates. The highest the packaging of the polymer matriX to form 

microparticles (as for MD) the slowest the degradation rate. 

 

3.3. Mechanical properties 

 
Fig. 4 shows the mechanical properties of the microparticles (defor- 

mation force mN/mm - a,d; deformation work mN.mm – b,e; Young 

Modulus mN/mm2 – c,f) in the dry (a-c) or wet (d-f) state. 
The doped microparticles appear less elastic than the undoped ones, 
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Fig. 3. a) Swelling properties of spray-dried microspheres expressed as Swelling Index and b) weight residues of spray-dried microspheres after 24 and 48 h incu- 

bation in PBS at 37 ◦C; c) SEM images of spray-dried microparticles after 48 h of incubation in PBS at 37 ◦C. ANOVA one-way; Sheffé test (p ≤ 0.05): Fig. a) MD 24 h vs 
MD 48 h, MD-ZnO 24 h vs MD-ZnO 48 h, MD-CuO 24 h vs MD-CuO 48 h, DX 24 h vs DX 48 h, DX-ZnO 24 h vs DX-ZnO 48 h, MD-CuO 24 h vs MD-CuO 48 h; Fig. b) MD- 

ZnO 24 h vs MD-ZnO 48 h, DX 24 h vs DX 48 h, DX-ZnO 24 h vs DX-ZnO 48 h, MD-CuO 24 h vs MD-CuO 48 h. 

 

while no significant differences on the deformation forces are observed. 

The mechanical properties are dramatically influenced by hydration. 

At the dry state, the undoped microparticles are characterized by higher 

deformation force and elasticity. On the other hand, following hydration, 

the breaking force, the deformation work, and the Young's modulus 

significantly decrease. NPs embedded in the polymer matriX act as 

wrapping point and could interrupt the polymer chains entanglements: 

this modifies the microparticle structure decreasing the elasticity. In 

particular, the NPs doping, especially for the hydrated systems, seems to 

render the microparticles structure highly deformable and adaptable to 

the application site. 

 
3.4. Surface zeta potential 

 
Fig. 4 g-l show the zeta potential (mV) values as a function of pH. The 

microparticles show a negative zeta potential at physiological pH (pH 7), 

due to the presence of citric acid. Moreover, ZnO and CuO NPs doping 

lowers the zeta potential profiles. 

MD-based microparticles have isoelectric points (iep) higher that DX 

based ones: this means that the systems have different behaviour at the 

solid-liquid interface. 

3.5. Biocompatibility and cell morphology 

 
Fig. 5a shows the fibroblasts viability (OD - optical density) after 3 

and 6 days of incubation. 

The microparticles properties are compared to the ZnO and CuO NPs 

at the same concentrations equal to those of the doped microparticles and 

with a standard growth condition (GM - growth medium). The GM sug- 

gests that cell population increases from 3 to 6 days, and this is evident 

also for the samples, indicating that microparticles are able to support 

cell growth along time without impairing their proliferation. Doped MD 

or DX-based microparticles are characterized by a performance signifi- 

cantly better than that of ZnO or CuO NPs. This means that the micro- 

particles are able to protect the cells, suggesting that they are able to 

avoid the cytotoXicity of the metal oXides. This could be due to the ability 

of the microparticles to control the ions release and the ability of the 

formulations to favour the proliferation of fibroblasts. 

Fig. 5b reports the CLSM micrographs of fibroblasts grown for 6 days 

onto the microparticles. Fibroblasts are able to adhere, to grow and to 

spread all over the microparticles, maintaining their fusiform structure 

with cytoskeletons formed of elongated filaments. 
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Fig. 4. Mechanical properties (a,d deformation force mN/mm; b,e deformation work mN.mm; c,f Young Modulus mN/mm 2) in the dry (a–c) or wet (d–f) state (mean 

values   sd; n ¼ 3). ANOVA one-way; Scheffé’s test (p ≤ 0.05): a) MD vs. MD-ZnO; c) MD vs. MD-ZnO, MD-CuO, DX-CuO; DX vs DX-CuO; DX-ZnO vs. DX-CuO; e) MD 
vs. MD-ZnO, MD-CuO, DX, DX-ZnO, DX-CuO; MD-ZnO vs MD-CuO; f) DX vs. MD, MD-ZnO,  MD-CuO, DX-ZnO, DX-CuO.  Zeta potential profiles vs pH of  MD (g) MD-ZnO 

(h), MD-CuO (i), DX (j) DX-ZnO (k), DX-CuO (l) (mean values s.d.; n ¼ 3). 
 

3.6. Ions release measurements 

 
Fig. 6a reports zinc and copper (%) released vs time. Independently of 

the type of polymer, zinc profiles reach quantitative release within 6 h, 

while copper is slowly released. These behaviours seem related to the 

particle size of ZnO or CuO NPs and to the type of polymeric matriX. It is 

conceivable that zinc is readily available thanks to ZnO nanoparticles 

dimensions (smaller) that allow their escape from polymer network and 

to their higher surface area that allows greater ion exchange with the 

environmental medium. On the other hand, copper seems less prone to 

have a prompt release and this seems much more dependent to the 

polymeric matriX composition: in fact, maltodextrin heavily affects 



M. Ruggeri et al. Materials Today Bio 16 (2022) 100418 

12 

 

 

¼ 

¼ 

 

 

Fig. 5. Viability (optical density) of fibroblasts after 3 days and 6 days (a) of contact with CuO and ZnO NPs as suspension, and with microparticles (MD, MD-CuO, 

MD-ZnO, DX, DX-CuO, DX-ZnO) in comparison to the positive control GM (growth medium, as standard growth conditions) (mean values s.d.; n ¼ 5). Values * are 

statistically significant (p ≤ 0.05) compared with control. Confocal laser scanning microscopy (CLSM) micrographs (b) of fibroblasts grown for 6 days onto micro- 

particles (in blue: nuclei; in green: cytoskeletons) (scale bar: 50 μm). 
 

copper release, and this seems mainly caused by higher chain entangle- 

ment of the polymer chains wrapped onto NPs and less hydration and 

swelling properties that impair inorganic nanoparticles to diffuse. 

 
3.7. Antimicrobial properties 

 
The antimicrobial test aims at verifying the retention of the establish 

antimicrobial activity [12] upon loading into the microparticles. For this 

reason, two representative strains, a Gram positive and a Gram negative, 

S. Aureus and E. coli, respectively, have been considered. 

Fig. 6b reports MIC/MBC. Independently of the polymer type (MD or 

DX) and the doping (CuO or ZnO), the systems appear to be more 

effective against Gram positive rather than Gram negative (MIC 7.5 

mg/ml vs MIC 15 mg/ml, respectively). Although the MBC/MIC ratios 

(bactericidal capacity) are lower than 4 suggesting negligible bactericidal 

properties in all cases, the time kill assay (Fig. 7 c) shows that the samples 

obtained from the release experiments possess a certain antimicrobial 

activity against E. coli ATCC 8739 and mainly against S. aureus ATCC 

29213. Time-kill kinetics suggest a significant decrease of viable S. aureus 

cells after 2 h contact time of ZnO-MD microparticles: this is coherent 

with previous study by Steffy et al., 2018 [30]. Similarly, CuO-DX mi- 

croparticles show a bactericidal effect in the first 2–4 h, however, viable 

bacteria increase upon longer contact time suggesting a decrease of 
bactericidal effect for prolonged time. These results are supported by 
previous findings that state ZnO nanoparticles are much more effective as 

antibacterial agent against Gram-positive bacteria than Gram-negative 

ones [30]. 

On the contrary, CuO-MD microparticles are mainly effective against 

E. coli showing a reduction of bacterial load in the different incubation 

times. This agrees with the study by Rajamma et al. [31]. The mechanism 
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Fig. 6.  a) Zinc or copper released from the microparticles after 1, 6, and 48 h (mean  s.d.; n ¼ 3), b) MIC and MBC values for microparticles (MD or DX) doped with 

CuO or ZnO, against E. coli ATCC 8739 and S. aureus ATCC 29213, c) the time-killing curves (microbicidal effect, ME, vs time) for microparticles (MD or DX) doped 

with CuO or ZnO against S. aureus ATCC 29213 (left panel) and E. coli ATCC 8739 (right panel). 
 

of action seems attributable to the capability of these nanomaterials to 

penetrate the bacterial cell membrane mainly formed of peptidoglycan, a 

polymer containing amino acids and sugars, less firm and easily cross- 

able. Generally, the smallest the particle size the greatest the surface/- 

volume ratio and the highest the antibacterial effectiveness [30,32]. 

 
3.8. In vitro whole blood clotting 

 
Fig. 7 shows the haemoglobin absorbance profiles after 3 min of 

contact with microparticles (a), the photographs showing visible blood 

coagulation resulting from miXing of whole blood with microparticles (b) 

and SEM images of the miXture of microparticles and the whole blood. 

After 3 min of microparticles contact with whole blood, the % of free 

haemoglobin is around 25%, and this suggests a faster clot formation. No 

significant difference in the absorbance values is observed when micro- 

particles are doped with ZnO or CuO NPs, confirming that the presence of 

NPs does not hinder the haemostatic property of the particles. These 

features are confirmed by SEM images in which the aggregates are 

evident, suggesting the blood clotting caused by the contact with mi- 

croparticles. In the images, erythrocytes (red arrows) are evident and are 

in all the cases entrapped and surrounded from fibrin network (yellow 

arrows) generated by platelet activation. Rare microparticles (green ar- 

rows) appear in the fibrin network although it is conceivable that the 

major part is completely hidden since they act as clotting trigger. 

Although the differences are not significant, generally MD seems to 

favour the blood clotting, and this could be due to the hydration and the 

swelling properties of MD based systems that are superior to those of DX 

based microparticles. 

This is an extremely interesting property since the bleeding, an 

inevitable consequence of a wound that disrupts blood vessels, could lead 

to delayed wound healing, infection, and necrosis. 

Haemostatic activity of the microparticles could be attributed to two 

different processes. The first one is related to the negative surface zeta 

potential capable to activate the intrinsic pathway of the coagulation by 

the activation of X, XII factors and V factor which consequently activated 

V factor, prothrombin (II) and fibrinogen (I) to obtain fibrin, allowing the 

formation of the clot. 

The second one could be related to the hydration of microparticles 

that instantly extracts fluids from the blood, causing the concentration of 

proteins, platelets, red blood cells and other blood components on the 

surface of the microparticles. This process conceivably assists the for- 

mation of a fibrin clot and determine the haemostatic effect regardless 

from the coagulation cascade [33]. 

 
3.9. In vivo safety and efficacy 

 
The preclinical investigation aims at evaluating the wound repair, 

and this take advantage of multiple aspects, as antimicrobial, prolifera- 

tion enhancement and haemostatic properties that all together contribute 

to heal the  skin lesions.  In this perspective, at  first, the physiological 
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Fig. 7. a) % Haemoglobin absorbance profiles after 3 min of contact with microparticles (mean values sd; n ¼ 3); b) photographs showing visible blood clotting 
resulting from the miXing of whole blood with microparticles; c) SEM images of the miXture of microparticles and the whole blood (erythrocytes - red arrows, fibrin 

network - yellow arrows, microparticles – green arrows). Values * are statistically significant (p ≤ 0.05). 
 

response upon implant has been evaluated to assess the systems safety. 

The histology analysis of wound sites after the subcutaneous and wound 

implants are reported in Fig. 8. Fig. S9.The histology of the tissues in 

correspondence of the subcutaneous implants (Fig. 8 d-i) does not show 

any signal of the systems and no difference is recognized from the 

adjacent control skin, showing not only complete regeneration of the 

epidermis and dermis after the surgical procedures, but also hair follicles 

and sebaceous glands completely restored. The epidermidis is fully 

restored in multiple cell layers with a fair degree of keratinization. Skin 

appendages (hair follicles and glands) are identical in number and 

disposition with respect to those of intact skin. PSR staining shows a 

continuous collagen layer, rich in orange-to-red fibers, with a pattern 

identical to that of intact skin (Fig. 8 c). In all cases, after 18 days from the 

implants, it is no more possible to detect microparticles or aggregates in 

the tissue depth. This leads to suppose that the microparticles biodegrade 

independently of the compositions within 18th day from the implant. 

This finding agrees with the in vitro degradation profiles that suggests a 

complete systems degradation within 10 days. The systems complete 

degradation in vivo should allow enhanced healing by facilitating cell 

migration, adhesion and proliferation into the degrading scaffolds and 

their replacement with native extracellular matriX. No sign of local 

inflammation is recognizable suggesting that the complete resorption of 

the structures does not cause immune response. The visual analysis of the 

organs after the sacrifice (data not shown) suggests that no acute toXicity 

signs are caused by the local treatment. Moreover, there are in literature 

preliminary evidence that CuO-NPs could be inherent potential toXic at 

higher dose levels, via oral route in rats (1000 mg/kg administered daily 

for 28 days) and this is due to the enhanced ROS generation [34], while 

ZnO NPs (250 mg/kg administered daily for 7 weeks) cause toXic effects 

on mice (zinc accumulation in the liver and kidney) [35]. Despite of these 

findings, the metal oXide doses locally administered in this work are of 1 

mg/kg in a single dose and, although further investigations will be 

required to absolutely establish the safety profiles, these are at least 250 

folds lower than the toXic ones without no repeated administrations. 

To investigate the wound repair effectiveness in the healing of skin 

injury, the histology of the tissues in correspondence of the implants in 

the wound beds after the blister removal (Fig. 8 j-o) has been performed 

in comparison to the control lesion treated with saline solution (b) and 

the intact skin (c). Fig. S9 reports the representative macroscopic images 

of full-thickness dorsal skin wounds in the control group and the mi- 

croparticles group at 0, 3, 6, 10, 13, and 17 days after injury. All the 

systems enhance reepithelization and accelerate collagen deposition. 

After 18 days of treatment, wound closure (Fig. 8 a) with a complete or 

almost complete epidermidis regeneration is assessable. All the histo- 

logical analysis evidence an efficient remodelling of collagen fibers in 

orderly pattern for all the samples while the control lesion treated with 
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Fig. 8. a) Lesion area vs. time obtained during the treatments using microparticles and saline solution (negative control) in an in v ivo murine burn/excisional model 

(mean values sd; n ¼ 3) and H&E (left panel) and PSR (central panel - with bright-field images; right panel - with polarized light) sections of (b) lesion treated with 

saline solution as negative control (n ¼ 9), (c) intact skin (n ¼ 3), (d) subcutaneous implant of MD microparticles (n ¼ 3), (e) subcutaneous implant of MD-ZnO 

microparticles (n ¼ 3), (f) subcutaneous implant of MD-CuO microparticles (n ¼ 3), (g) subcutaneous implant of DX microparticles (n ¼ 3), (h) subcutaneous 

implant of DX-ZnO microparticles (n ¼ 3), (i) subcutaneous implant of DX-CuO microparticles (n ¼ 3), (j) lesion treated with MD microparticles (n ¼ 3), (k) lesion 

treated with MD-ZnO microparticles (n ¼ 3), (l) lesion treated with MD-CuO microparticles (n ¼ 3), (m) lesion treated with DX microparticles (n ¼ 3), (n) lesion 

treated with DX-ZnO microparticles (n ¼ 3), (o) lesion treated with DX-CuO microparticles (n ¼ 3), (Original magnification: 5X. Each micrograph frame has a width of 

1780 μm); p) granulation tissue maximal length (GTML) and thickness (GTT) (μm) following the treatment with microparticles and saline solution (negative control): * 

indicates significative differences (mean values þ sd, n ¼ 3). 
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Fig. 8. (continued). 

 

saline solution is not completely re-epithelialized and large amount of 

thin newly formed fibers is evident. 

Lesions treated with MD (j), MD- ZnO (k), DX (m), DX-ZnO (n), and 

DX-CuO (o) show the epidermis completely restores in multiple cell 

layers with a fair degree of keratinization, loosely arranged collagen fi- 

bers in the underlying dermis, along with zones of normal collagen tissue. 

Collagen is deposited and remodelled in an appropriated orientation to 

withstand the tensile stresses placed on the area of repair, suggesting a 

maturation of the tissue. The lesions show well-formed keratinized 

squamous epithelium with areas of normal collagen in the underlying 

dermis along with few patches of loosely arranged collagen fibers sur- 

rounding hair follicles. PSR stain shows a continuous collagen layer, rich 

in orange-to-red fibers for all the systems. The granulation tissue created 

and modified by fibroblasts serves as a bed for tissue repair. Initially, it 

consists of a network of collagen III, a weaker form of collagen produced 

rapidly. This is later replaced by the stronger, long-stranded type I 

collagen, as evidenced in scar tissue. Formation and contraction of the 

granulation tissue represent integral aspects of the healing wound. The 

granulation process can be quantified measuring granulation tissue 

thickness and maximal length (Fig. 8 p). 
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Fig. 8. (continued). 

 

MD-CuO microparticles (Fig. 8 l) still determine signs of the prolif- 

erative phase of healing, with a number of blood vessels and a residual 

area of granulation tissue (a miXture of proliferating capillaries, fibro- 

blasts and inflammatory cells in a loose oedematous extracellular ma- 

triX), suggesting a slightly delayed remodelling process in comparison 

with other treatments. Moreover, the epidermal layer is still not complete 

and a numerous congested blood vessels (angiogenesis) are evident. The 

remaining lesion is filled with highly cellular granulation tissue. PSR 

stain shows a large amount of orange to red birefringence in zone with 

accumulation of maturated thick collagen fibers. However, almost the 

entire surface of the lesion treated with the dressing is covered with new 

epithelium. In all the cases (except the tissue treated with MD-CuO) the 

reconstituted epithelium is completely normal and no signs of either 

fibrosis (collagen distributed in bundles is identical to the healthy/intact 

skin) or inflammation (there is no accumulation of macrophages, lym- 

phocytes or granulocytes) is evident. 

The presence of ZnO in the systems allows to have the smaller 

granulation tissue in the lesions indicating that the healing process 
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Fig. 8. (continued). 

 

proceeds faster and more effectively that those in the tissue treated with 

CuO or undoped formulations and dextran seems to better enhance 

healing process. 

 
4. Conclusions 

 
Smart nano-in-microparticles doped with metal oXides, either ZnO or 

CuO, are manufactured using spray drying. Maltodextrin or dextran, 

respectively a linear or branched glucose polymers, are blended with 

amino acids (glycine, serine and threonine) to enhance wound healing. A 

3D hierarchical structure is obtained. The microparticles present a 

spherical shape not altered by the doping and the cross-linking process by 

heating. This allows to obtain a more packed structure with maltodextrin, 

having a linear structure, rather than a looser one with the branched 

dextran. This is agreement with the structural analysis. The thermal 

behaviour suggests that the systems are stable during the cross-linking 

process and moreover this further enhances the systems stability upon 

heating. Moreover nano-in microparticles doped with ZnO or CuO are 

characterized by good biocompatibility towards fibroblasts although 

they possess the capability to avoid bacteria proliferation due to the 

control release of Zn or Cu having intrinsic antimicrobial properties. The 

negative surface zeta potentials and the hydration properties seem 

crucial for the proved haemostatic properties of the systems. Finally, the 

nano-in microparticles are safe and effective as the in vivo preclinical 

murine investigation proves. In particular, Cu doping delays the healing 

process compared to the Zn doped systems. Moreover, dextran shows 

superior properties from both physico-chemical and biopharmaceutical 

points of view. This is probably due to the 3D loser microparticle struc- 

ture due to the branched polysaccharide chains that could allow a higher 

interaction of the polymer with the other components of the micropar- 

ticles and the external environment also upon application. In conclusion, 

dextran based microparticles doped with ZnO deserve particular atten- 

tion and further investigation will promote the prototype translation to 

clinics. 
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