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A B S T R A C T   

Conventional wound approximation devices, including sutures, staples, and glues, are widely used but risk of 
wound dehiscence, local infection, and scarring can be exacerbated in these approaches, including in diabetic 
and obese individuals. This study reports the efficacy and quality of tissue repair upon photothermal sealing of 
full-thickness incisional skin wounds using silk fibroin-based laser-activated sealants (LASEs) containing copper 
chloride salt (Cu-LASE) or silver nanoprisms (AgNPr-LASE), which absorb and convert near-infrared (NIR) laser 
energy to heat. LASE application results in rapid and effective skin sealing in healthy, immunodeficient, as well 
as diabetic and obese mice. Although lower recovery of epidermal structure and function was seen with AgNPr- 
LASE sealing, likely because of the hyperthermia induced by laser and presence of this material in the wound 
space, this approach resulted in higher enhancement in recovery of skin biomechanical strength compared to 
sutures and Cu-LASEs in diabetic, obese mice. Histological and immunohistochemical analyses revealed that 
AgNPr-LASEs resulted in significantly lower neutrophil migration to the wound compared to Cu-LASEs and 
sutures, indicating a more muted inflammatory response. Cu-LASEs resulted in local tissue toxicity likely because 
of effects of copper ions as manifested in the form of a significant epidermal gap and a ‘depletion zone’, which 
was a region devoid of viable cells proximal to the wound. Compared to sutures, LASE-mediated sealing, in later 
stages of healing, resulted in increased angiogenesis and diminished myofibroblast activation, which can be 
indicative of lower scarring. AgNPr-LASE loaded with vancomycin, an antibiotic drug, significantly lowered 
methicillin-resistant Staphylococcus aureus (MRSA) load in a pathogen challenge model in diabetic and obese 
mice and also reduced post-infection inflammation of tissue compared to antibacterial sutures. Taken together, 
these attributes indicate that AgNPr-LASE demonstrated a more balanced quality of tissue sealing and repair in 
diabetic and obese mice and can be used for combating local infections, that can result in poor healing in these 
individuals.   
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1. Introduction 

Wound healing is a complex process which, in healthy individuals, is 
characterized by four spatiotemporally regulated phases – hemostasis, 
inflammation, proliferation, and remodeling [1]. Several cells, including 
resident immune cells, fibroblasts, keratinocytes, and adipocytes in the 
skin regulate these phases and determine the dynamics of closure and 
quality of tissue repair [2,3]. Hemostasis is characterized by aggregation 
of platelets at the injury site, resulting in thrombosis and clot formation. 
The vasodilation that follows hemostasis allows influx of immune cells 
at the site of injury, which is a hallmark of the inflammatory phase. This 
phase involves recruitment of innate immune cells, including neutro
phils, monocytes and resident macrophages [4] as well as cells of the 
adaptive immune system, including T cells, B cells, and natural killer 
cells [5]. Cytokines released during these events influence several pro
cesses including angiogenesis, differentiation, and re-epithelialization 
[6]. In later stages of healing - proliferation and remodeling - fibro
blasts rapidly proliferate and deposit collagen matrix [7], ultimately 
leading to wound closure, recovery of biomechanical strength, and 
restoration of the barrier function of skin. 

Approximately 350 million people worldwide suffer from diabetes 
[8] and nearly 25 % of these patients develop slow-healing, diffi
cult-to-heal or intractable, chronic wounds, primarily in their lower 
limbs or feet [9]. Diabetic foot ulcers are a significant medical concern 
with 5-year survival rates that are lower than some common cancers 
[10]. The dysfunctional and inflamed tissue microenvironment in dia
betes contributes to abnormal healing of wounds, which, over time, can 
develop to chronic wounds [11]. Consequently, surgical procedures in 
diabetic or immunocompromised individuals involve elevated risk of 
poor wound closure, dehiscence, infection, and scarring [12–18]. 
Indeed, diabetes and obesity are considered among highest risk factors 
for surgical site infections (SSI) [19,20], and particularly diabetes was 
considered as the greatest independent risk for SSI [14,21–26]. Staphy
lococcus aureus, isolated in approximately 23 % of infected ulcers, is a 
major contributing pathogen to SSIs, including in diabetic patients 
[27–30]. Of particular concern, methicillin-resistant S. aureus (MRSA) 
infections in diabetic patients significantly increased from 2003 to 2007 
[31], corresponding with increasing rates of community-acquired MRSA 
infections in the 1990s and early 2000s [32,33]. Impaired and 
dysfunctional neutrophils, macrophages, and other cells of the innate 
immune system collectively compromise healing, tissue repair, and 
cosmetic outcomes in diabetic hosts, all factors that necessitate the 
development of novel biomedical interventions for effective skin and 
soft tissue repair. 

Sutures and staples are commonly used to approximate and close 
incisional and small area wounds. Materials and processing innovations 
have improved mechanical strengths and sterility while essentially 
maintaining the basic working mechanism of these common approxi
mation devices [34,35]. Although sutures and staples approximate 
adjacent tissue edges together, the noncontinuous seal together with 
superficial and heterogeneous tension distribution around the wound 
can lead to extensive scarring which can contribute to the formation of 
‘railroad track’ scars [36,37]. Moreover, sutures are also prone to in
fections, do not integrate with tissue, and depending on the site, need to 
be subsequently removed [37–39]. 

Adhesives interact with tissues physically by means of ionic in
teractions, van der Waals interactions, and/or chemical conjugation [40, 
41], resulting in strong biomaterial-tissue adhesion [42]. Synthetic ad
hesives, including cyanoacrylate-based glues, are used for skin sealing 
and lead to improved cosmetic outcomes and reduced application times 
when compared to sutures [43]. However, these glues are intended only 
for superficial use, and some formulations resulted in contact dermatitis 
and wound dehiscence in patients undergoing head and neck surgeries 
[44], which necessitates development of more effective alternatives. 

Laser-activated sealing is a powerful approach for facilitating rapid 
tissue approximation, sealing, and repair [45,46], and we have 

developed laser-activated sealants (LASE) to enhance the efficacy of this 
approach [47–49]. LASE consists of a photothermal converter (i.e., 
light-absorbing dyes or nanoparticles) embedded within a biomaterial 
matrix. Upon irradiation, LASE convert incident laser energy to heat 
thereby elevating the local temperature, which can induce structural 
changes in tissue proteins and the LASE. Upon annealing, LASE mac
romolecules are thought to interdigitate with tissue proteins resulting in 
rapid liquid-tight tissue sealing [45,50]. Additional advantages of LASE 
sealing include low and homogeneous strain throughout the injury site 
[51], and the ability to deliver bioactives, including antibiotics to 
combat surgical site infection [50]. Bioengineering of effective LASEs for 
healthy, as well as diabetic and obese individuals is critical for successful 
skin and soft tissue healing following surgical approximation and 
sealing. 

Here, we report a comprehensive investigation into new LASEs for 
rapid sealing and repair of incised tissues in diabetic, obese mice, as well 
as immunodeficient mice, considering the significant challenges to 
effective healing outcomes associated with these pathologies. We 
developed LASEs in which copper (Cu) salt and silver nanoprisms 
(AgNPr) were employed as photothermal converters of near-infrared 
(NIR) laser energy and embedded them within matrices made from 
silkworm silk fibroin protein. Although our primary interest is driven by 
their photothermal properties [52], copper is known to demonstrate 
proangiogenic and antibacterial activities [53,54]. Silver nanoparticles 
can also have antibacterial properties, as is known for this metal, 
including with laser irradiation [55]. Our results show that laser sealing 
with bioactive LASEs can be an effective alternative approach for skin 
closure, and shows differential closure rate, immune response, and 
cosmetic outcomes compared to sutures. We fabricated antibacterial 
LASEs by loading AgNPr-LASE with vancomycin, which is an antibiotic 
drug with known efficacy against MRSA pathogens, thus resulting in the 
fabrication of bioactive devices with simultaneous sealing and infection 
control activity. Our results indicate that AgNPr-LASE loaded with 
vancomycin (AgNPr-Vanc-LASE) demonstrated high efficacy for 
combating SSIs in a MRSA challenge model in diabetic and obese mice. 

2. Experimental 

2.1. Materials 

Bombyx mori cocoons (Mulberry Farms, CA, USA), lithium bromide 
(Sigma-Aldrich, MO, USA), sodium carbonate (Sigma-Aldrich, MO, 
USA), copper chloride dihydrate (Fisher Scientific, NJ, USA), polyvinyl 
pyrrolidone (PVP)-silver nanoprisms (AgNPr) in aqueous 5 mM sodium 
borate (nanoComposix, CA, USA), vancomycin hydrochloride (Chem- 
Impex International Inc., IL, USA), 3.5 kDa molecular weight cut-off 
dialysis bags (Spectra/Por, Spectrum Labs, CA, USA), and 4-0 black 
Monosof monofilament nylon sutures (Medtronic, MN, USA) were pur
chased from respective commercial vendors as indicated. 

2.2. Extraction of silk fibroin from silkworm cocoons 

Silk fibroin protein (henceforth, “silk”) was enriched from Bombyx 
mori silkworm cocoons using protocols described previously [50]. 
Briefly, each cocoon was cut into four pieces and 10 g of these pieces 
were added to 4 L of boiling water containing 0.02 M Na2CO3 for 30 min 
with intermittent mixing. They were then removed and washed three 
times in Nanopure™ water (NPW; resistivity = 18.2 MΩ cm−1) for 20 
min to remove excess Na2CO3. Silk fibers obtained from this process 
were dried overnight in the air. Dried fibers (7 g) were tightly packed in 
a glass beaker, and 28 mL of LiBr (9.3 M in NPW) were added to the 
beaker. The beaker was incubated at 60 ◦C for 4 h to dissolve the silk 
fibers. Dissolved silk was then dialyzed through a 3.5 kDa membrane 
against NPW for 72 h to remove any potential lower molecular weight 
contaminants. The dialysis water was changed after 0.5, 1, 2, 4, 12, 24, 
and 48 h. The concentration of the silk solution was determined by 
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drying 0.5 mL solution at 60 ◦C and weighing the dried silk fibroin 
protein. The desired concentration of silk solution was prepared by 
dissolving the required amount of dried silk in NPW. 

2.3. Preparation of LASE Films 

CuCl2•2H2O salt or PVP-AgNPr nanoparticles were added to 6 % 
(wt./vol.) silk fibroin solution in NPW and gently mixed on a rotary 
shaker for 5 min to prepare the required concentrations of silk-CuCl2 
solutions or silk-AgNPr dispersions. From this, 0.5 mL solution/disper
sion was spread evenly over the surface of plastic coverslips in order to 
generate silk-Cu or silk-AgNPr films (~22 mm × 22 mm in dimension); 
the liquids were allowed to dry overnight in air at room temperature 
leading to the formation of LASE films. CuCl2 and AgNPr concentrations 
of 10 μmoles and 10 μg per film, respectively, were used for effective 
photothermal conversion. For LASEs used to combat local infection, 2 
mg vancomycin hydrochloride was used per film. All LASE films were 
sterilized using ethylene oxide treatment prior to their use in vivo. 
Thickness of all films was determined using Vernier calipers and verified 
using a micrometer. Nomenclature used for LASE films with corre
sponding silk, CuCl2, AgNPr, and vancomycin concentrations along with 
their amounts used in vivo are listed in Table 1. The amount of the 
photothermal converter (CuCl2 or AgNPr) and silk used was kept the 
same in all mice, and this results in lower amounts per kg in db/db 
diabetic and obese mice, which are higher in weight compared to other 
strains used. 

2.4. Absorbance Spectroscopy of LASE Films 

Cu-LASE, AgNPr-LASE, and silk-only films were placed on lids of a 6- 
well plate. Absorbance spectra of all films were determined between 
400 nm and 900 nm using a BioTek Synergy 2 plate reader (BioTek 
Instruments, VT, USA) in order to determine their light absorption 
properties. To determine spatial distribution of chromophores within 
LASE, the absorbance of films was measured at 25 individual locations in 
a 5 × 5 matrix for every film at 808 nm using the plate reader; at least 
three independently prepared films were used in this study. 

2.5. Photothermal Characterization of LASE Films 

Cu-LASE, AgNPr-LASE, and silk-only films were cut into small 
squares of 3 mm × 3 mm (approximately 40 μm in thickness) and placed 
onto a glass slide. A hand-held 808 nm continuous wavelength near 
infrared (NIR) laser (LRD-0808, Laserglow Technologies, North York, 
Ontario, Canada), coupled with armored optical fiber with FC/PC 
connector (#AFF2001X, 1 m in length and 200 μm in core diameter), 
was irradiated over the film for 30 s and the temperature change was 
recorded during the on (30 s) and off (30 s) cycle (total three cycles) 
using a A325sc infrared camera (A325sc NIR; FLIR, Nashua, NH, USA). 

2.6. Mechanical Characterization of LASE 

Cu-LASE and AgNPr-LASE were cut to 20 mm × 7.5 mm (approxi
mately 40 μm in thickness) to effectively fit in the clamps of the in
struments used for mechanical analyses. To investigate changes after 
photothermal (laser) treatment, 20 μL of phosphate-buffered saline 
(PBS; NaCl: 137 mM, KCl: 2.7 mM, Na2HPO4: 10 mM, and K2HPO4: 1.8 
mM; pH~7.4) was first added to a plastic slide and LASE films were 
placed over the saline solution. These LASE films were then irradiated 
with the 808 nm wavelength, hand-held laser for 2 min, which allowed 
the temperature to reach 65 ◦C (power density: 4.8 W/cm2). The films 
were then dried in air for about 20 min, loaded onto a TA.XT Plus 
Texture Analyzer instrument, and subjected to uniaxial tensile force. 
The speed of separation was set at 2 mm/s, and the maximum force 
before the film ruptured was divided by the cross-sectional area of the 
film (0.3 mm2) to obtain ultimate tensile strength (UTS). Young’s 
moduli were calculated by measuring the slope of the stress-strain 
curves in the linear elastic region. 

LASE films were cut to dimensions of 15 mm × 10 mm and loaded 
between the two clamps of the Dynamic Mechanical Analysis (DMA) 
fixture of the Discovery HR30 rheometer (TA Instruments, DE, USA) in 
order to determine their rheological properties. The films were subjected 
to a frequency sweep from 1 Hz to 10 Hz for a strain of 0.1 %, and the 
storage and loss moduli were determined. 

2.7. Fourier-Transform Infrared (FTIR) Spectroscopy of LASE Films 

AgNPr-LASE and Cu-LASE films were irradiated with the handheld 
laser operated at different powers such that the temperatures reached 
45, 55, 65, or 85 ◦C as a result of the photothermal response of these 
LASEs; temperatures were monitored in real time using the thermal 
camera. Non-irradiated LASE films were used as controls. FT-IR spectra 
of LASEs were acquired using a Bruker Alpha FT-IR spectrometer (Bill
erica, MA, USA) with a platinum ATR module utilizing OPUS software. 
Spectra were collected with a spectral window of 400–4000 cm−1 at 4 
cm−1 resolution and 64 scans. To understand the compositions of 
different secondary structures from the FTIR spectra, a peak deconvo
lution analysis was conducted on the amide I region using “ylftir”, a 
home-developed open-source Python package for deconvolutions. First, 
spectra were smoothed using a 9-point Savitzky–Golay method, and 
baseline corrected using a cubic spline along the amide I and II bands. 
Three peaks were fit for silk solution and silk-Cu solution and four peaks 
were fit to the spectra of films, where a peak at 1698 cm−1 was added to 
improve the quality of the fit. Following Urie et al. [45], we chose two 
Lorentzian peaks for β-sheet structures at 1618 cm−1 and 1698 cm−1, 
and two Gaussian peaks for helix/random coil at 1645 cm−1 and 1678 
cm−1. Peak positions were allowed to vary by ± 0.5 % with respect to 
wavenumber, and peak widths and amplitudes were allowed to grow to 
minimize the least-squares residual. 

Table 1 
Dosages of photothermal converters (copper salt or silver nanoprisms), silk, and vancomycin (antibiotic drug) 
used in this study. 
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2.8. Determination of LASE Integrity in vitro 

We studied the dissolution of laser-irradiated films under conditions 
that mimic their application in vivo. AgNPr-LASE were cut to obtain films 
with approximate dimensions of 20 mm × 20 mm. LASE films were kept 
on a plastic slide, and PBS (40 μL) was added on top and evenly spread to 
moisten the film. The film was irradiated with the 808 nm wavelength 
hand-held NIR laser for 5 min (4.8 W/cm2) and a temperature range of 
55–65 ◦C reached as a consequence of the LASE photothermal response, 
was verified using a thermal camera (A325sc NIR; FLIR, NH, USA); this 
temperature range is deemed optimal for laser tissue sealing [45,46]. 
Following laser irradiation, the film was allowed to dry in the air for 1 h. 
AgNPr-LASE and silk-only films were used as controls. All films were 
first weighed (initial weight) and then kept at the bottom of 6-well 
plates. PBS (1.6 mL) was added to each well and the LASE films were 
allowed to dissolve for 1 min, 5 min, 15 min, 30 min, 1 h, or 2 h. The 
undissolved film was removed from the well using forceps, dried over
night on a plastic slide at room temperature and weighed (final weight). 
The dissolution of the film was calculated as: 

% Dissolution =
Initial weight (mg) − Final weight (mg)

Initial weight (mg)
× 100  

2.9. Vancomycin release from AgNPr-Vanc-LASE 

The amount of vancomycin released from laser-irradiated (65 ◦C, 2 
min) AgNPr-Vanc-LASE films (10 mm × 3 mm) was determined by 
measuring the concentration of the drug released into the supernatant 
using high performance liquid chromatography (HPLC). Briefly, four 
AgNPr-Vanc-LASE films were incubated in 500 μL PBS at room tem
perature for 5, 15, 30, 60, 120, and 300 min. Samples of the supernatant 
(400 μL) at the indicated time points were analyzed using an Agilent 
1100 series HPLC (Santa Clara, CA, USA), equipped with a Raptor ARC- 
18, column (2.7 μm, 150 × 4.6 mm; Bellefonte, PA, USA) with phosphate 
buffer (pH 2.2) and acetonitrile (86:14 % v/v) as the mobile phase 
operating at 25 ◦C and a flow rate of 0.72 mL/min. Detection of the drug 
was facilitated by a diode array detector (DAD) at a wavelength of 205 
nm. A calibration curve for vancomycin was generated using vanco
mycin standards of 25, 50, 100, and 200 μg/mL in PBS. Laser-irradiated 
(65 ◦C, power density = 4.8 W/cm2, 2 min) AgNPr-LASE films without 
vancomycin, 1 cm × 3 mm, were used as negative controls. Silk-only 
films dissolved in PBS were used as the background (blanks). Consid
ering that non-laser-irradiated LASEs dissolve rapidly and completely in 
aqueous media, and that laser irradiation and the concomitant photo
thermal response makes LASE films resistant to complete dissolution 
[45], we investigated the total amount of vancomycin released from 
non-irradiated AgNPr-LASE in PBS (500 μL) as a determinant of initial 
drug loading in the film; vancomycin released from the films into PBS 
was determined using the HPLC analyses described above. 

2.10. CuCl2 release from Cu-LASE 

To generate the calibration curve of CuCl2 in PBS, different con
centrations of CuCl2 standards (10 mg/mL, 5 mg/mL, 2.5 mg/mL, 1.25 
mg/mL, and 0.625 mg/mL) in PBS were prepared. Addition of CuCl2 in 
PBS led to formation of insoluble precipitate. In a 96-well plate, 150 μL 
of standard and 50 μL of 2 N HCl was added to dissolve the precipitates. 
The absorbance of standards was recorded at 800 nm and calibration 
curve was generated. PBS (150 μL) with 50 μL of 2 N HCl was used as a 
blank. Cu-LASE films (22 × 22 mm; thickness: 40 μm) were hydrated 
with 40 μL PBS and lasered for 5 min (temperature: 55–65 ◦C, power 
density: 9.6 W/cm2). These films were then cut into 12 pieces with 
scissors. Cu-LASE films, not irradiated with the laser, were also pro
cessed similarly. Next, these film pieces were incubated in PBS (300 μL) 
in a 48-well plate. Supernatant (150 μL) was withdrawn at 1 min, 5 min, 
15 min, 30 min, 1 h, 2 h, and 4 h and added to a well of 96-well plate. 

Any precipitated salts in the supernatant, as a consequence of reaction 
with PBS [56,57], were dissolved by adding 50 μL 2 N HCl in the su
pernatant. The absorbance of the samples was measured at 800 nm 
wavelength using a plate reader. 

2.11. In vivo Laser Sealing in Live Mice 

Balb/c (immunocompetent), Balb/c SCID (immunodeficient mice, 
which lack mature B and T lymphocytes), B6.BKS(D)-Lepr db/J homo
zygous (db/db) (immunocompetent, diabetic and obese), and hetero
zygous (db/+; immunocompetent) mice were purchased from Jackson 
Laboratory (ME, USA) at ~7 weeks of age. The animals were allowed to 
acclimatize for at least one week and 8–12-week-old mice were used for 
the surgery. Equal numbers of male and female mice were used; when n 
= 3 mice were used in a group, at least one mouse with opposite sex was 
used. All procedures were approved by the Institutional Animal Care and 
Use Committee (IACUC) at Arizona State University. 

A full-thickness incision wound model was used in Balb/c, Balb/c 
SCID, and db/db mice to evaluate the efficacy of LASEs in different hosts 
that represent different physiological conditions. Blood sugar levels of 
diabetic mice were determined before surgery to ensure that they 
exhibited the diabetic phenotype; mice with glucose levels >250 mg/dL 
can be considered diabetic [58,59]. The glucose levels of representative 
mice in our studies were 537, 305, 255, 289, 460, and 377 mg/dL (male) 
and 420, 244, 196, 471, 386, and 256 mg/dL (female) as determined 
using a glucometer (Accu-Check Aviva Plus, IN, USA). Before surgery, 
the mice were anesthetized by intraperitoneal (i.p.) administration of a 
100 μL anesthetic cocktail containing 120 mg/kg of ketamine and 6 
mg/kg of xylazine. The dorsum of the mice was shaved using clippers 
and then sterilized by application of 2 % chlorhexidine gluconate and 
70 % ethanol three times except in case of experiments on the MRSA 
infection cutaneous challenge where chlorhexidine gluconate was 
excluded to avoid any residual antimicrobial activity because of this 
chemical. In MRSA challenge studies, the dorsum was treated with 70 % 
ethanol and PBS three times. A full-thickness incision of 1 cm length was 
made in the shaved and sterilized dorsal skin using sterile surgical 
scissors. Approximately 10 μL PBS were added to the incision to moisten 
it. The LASE film, cut to the size of the wound (~1 cm × 3 mm), was then 
placed on top of the incision and allowed to hydrate for 30–60 s. After 
the LASE film formed a paste, the incision was first physically approxi
mated using forceps. The incision with LASE was then irradiated with 
the hand-held NIR laser for 2 min. The laser was held perpendicular to 
the wound in order to facilitate effective adhesion of the LASE to the 
tissue. The temperatures of the incision and surrounding tissue were 
continuously monitored using an infrared thermal camera. Based on 
continuous temperature feedback from the thermal camera, the laser 
was moved towards or away from the incision in order to ensure that the 
temperature remained in the range of 55–65 ◦C throughout the duration 
of the laser sealing procedure. Additionally, the handheld laser was 
moved in a zig-zag pattern (perpendicular to incision) rapidly to ensure 
that the temperature increased in a controlled manner and that the 
residence time at a location was minimized in order to minimize po
tential thermal damage. 

2.12. Determination of Transepidermal Water Loss (TEWL) 

Transepidermal water loss (TEWL), which is an indicator of the 
barrier function of skin [60,61], was determined by gently placing a 
VapoMeter™ instrument (Delfin, FL, USA) on top of the healing skin. 
TEWL values (in g/m2h) were recorded from three different points along 
the incision, and their mean was considered as the TEWL value for the 
whole incision. The values for intact skin were recorded on the shaved 
dorsal, intact skin of mice. 
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2.13. Evaluation of Ultimate Tensile Strength (UTS) and Young’s 
Modulus of Healed Skin 

On day 2 post closure, skin around the incision was excised and cut to 
2 cm × 1 cm. The skin was then loaded between the clamps of the TA.XT 
Plus Texture Analyzer Instrument and subjected to uniaxial tensile force 
perpendicular to the wound until it broke into two parts. The velocity of 
clamp separation was 2 mm/s, and the trigger force was set to 0.01 N. 
The UTS value (in MPa) - defined as the maximum stress a material can 
withstand before failure - was obtained from the stress-strain curve. 
Young’s modulus (MPa) is a measure of the stiffness or elasticity of the 
material and was determined as the slope of the stress-strain curve in the 
linear region. 

2.14. Tissue Collection and Processing for Histology 

Tissue samples containing the incision site were harvested from mice 
on day 2 following closure for Balb/c, Balb/c SCID, db/db, and db/+

mice and on day 7 post closure for db/db and db/db MRSA-challenged 
mice. All samples were stored between two foam biopsy sponges in a 
histology cassette. The cassettes were submerged in 10 % neutral- 
buffered formalin (#HT501128, Sigma Aldrich, St. Louis, MO, USA) 
for at least 72 h in order to fix the tissues at room temperature before 
further processing. The samples were dehydrated in a graded series of 
ethyl alcohol (40%–100 %) followed by two exchanges of xylene. 
Finally, the tissues were embedded in Paraplast Plus paraffin (#19217, 
EMS Diasum, Hatfield, PA, USA). Paraffin-embedded tissue blocks were 
cooled on ice and cut into 5 μm sections using an Accu-Cut® SRMTM 
200 rotary microtome (Sakura Finetek USA, Torrance, CA) and collected 
on charged glass slides (Hareta, Springside Scientific, Durham, NC) in a 
floating deionized water bath (XH-1003, IHC World, Ellicott City, MD) 
set at 42.4 ◦C. 

2.15. Hematoxylin and Eosin (H&E) Staining 

Paraffin-embedded tissue sections on positively charged slides 
(AHS90-WH, Hareta Control Slides, NC, USA) were deparaffinized by 
incubating a loaded vertical slide rack at 60 ◦C for 30 min. Next, the 
slides were cleared in xylene and rehydrated in a graded ethanol series 
(100 %, 90 %, 70 %), and finally tap water. The samples were then 
stained by incubating the slide rack in a solution of hematoxylin (Gill 
No. 2, #GHS232, Sigma Aldrich, St. Louis, MO, USA) for 3 min, followed 
by three exchanges in tap water (for 30 s, 1 min, and 2 min) to wash 
excess stain. Further, the slides were quickly dipped in an acid-alcohol 
solution (0.3 % hydrochloric acid in 70 % ethanol) 10–12 times, 
washed in tap water, and then blued by submersion in ammonia water 
(0.2 % ammonium hydroxide in distilled water) for 30 s. Next, the slides 
were stained in 0.5 % eosin Y solution (#318906, Sigma Aldrich, St. 
Louis, MO, USA) in distilled water acidified with 0.2 % glacial acetic 
acid v/v for 4 min. The slides were washed in 90 % and 100 % ethanol 
for 2 min each followed by two washes in 100 % xylene. The slide rack 
was air dried at room temperature for at least an hour. After drying, the 
slides were mounted with Cytoseal XYL (Richard-Allan/Thermo Fisher 
Scientific, Kalamazoo, MI, USA) and a 1.5# coverslip. Imaging was 
carried out on an Olympus BX43 upright microscope equipped with an 
Olympus DP74 CMOS camera. The cellSens software was used to operate 
the microscope camera and capture the images (Olympus Corporation, 
Center Valley, PA, USA). 

2.16. Immunohistochemistry (IHC) 

Paraffin-embedded tissue sections were cut into 5 μm-thick sections 
using a microtome, and the sections were collected on a positively 
charged glass slide. Slides were incubated at 37 ◦C overnight to dry. The 
next day, the slide rack was moved to a 60 ◦C dry heat oven for 1 h after 
which, the slides were rehydrated through a graded ethanol series and 

finally tap water. After rehydration, the sections were incubated over
night at 60 ◦C in an epitope retrieval buffer (10 mM sodium citrate, 0.5 
% Tween-20; pH 6.0). The next day, slides were washed with 1X TBST 
buffer (0.1 % Tween 20 in Tris-buffered saline; pH 8.4) and a hydro
phobic barrier was applied around the tissue. To prevent non-specific 
binding of the primary antibody, the sections were blocked using 5 % 
bovine serum albumin (BSA) (Fisher Scientific, NJ, USA) (in TBST) for 
1–2 h. Primary antibody dilutions were prepared in 5 % BSA (in TBST) 
using the manufacturer’s protocol and internal optimizations. After 
blocking, the BSA solution was decanted, and primary antibody solution 
(1–5 μg/mL; 90 μL was added and overlaid with a parafilm coverslip. 
The slides were incubated at 4 ◦C overnight. The next day, the primary 
antibody was decanted, and the slides were washed three times with 
TBST. In the case of horseradish peroxidase (HRP)-conjugated second
ary antibodies (Jackson ImmunoResearch, PA, USA), the slides were 
quenched with 3 % hydrogen peroxide (in PBS) for 15 min at room 
temperature. After 15 min, H2O2 was decanted, and the slides were 
washed three times with TBST. After 1:500 dilution in 5 % BSA (in 
TBST), secondary antibody solution (0.8 mg/mL; 200 μL) was added to 
each slide, and the slides were kept in the dark for approximately 1 h. 
Excess secondary antibody was decanted, and the slides were washed 3 
times with TBST. Next, Vector ImmPACT Vector Red (for alkaline 
phosphatase-conjugated secondary antibodies) or Vector ImmPACT 
DAB (for horseradish peroxidase-conjugated secondary antibodies) 
substrate (Vector Laboratories, CA, USA) were used for chromogen 
development of the Ly6G antibody (Invitrogen, MA, USA) or Arg-1 
(Arginase-1) (Cell Signaling Technology, MA, USA), CD86 (Cell 
Signaling Technology, MA, USA), α-SMA (α-smooth muscle actin) 
(Abcam, MA, USA), and CD31 (Abcam, MA, USA) antibodies, respec
tively. After chromogen development, the slides were counterstained 
with hematoxylin as described above, dehydrated, and mounted using 
CytoSeal XYL and a #1.5 coverslip. Similar to H&E staining, the slides 
were imaged using an Olympus BX43 upright microscope equipped with 
an Olympus DP74 CMOS camera operated by cellSens Standard soft
ware. The contrast of all the captured images was enhanced by 40 %, 
and the image temperature was set to 5300 K in Microsoft PowerPoint. 

IHC data were quantified using FIJI software. In this approach, the 
number of pixels in a 20X field was counted for Ly6G, CD86, and Arg-1 
markers. In brief, the collected images were opened in the FIJI software, 
and colors were deconvoluted using the method by Landini et al. [62] 
and highlighting colors with region of interest markers. Hair follicles 
and epidermis were manually censored from the image for Arg-1 
quantification to ensure that only the signal from Arg-1+ cells were 
included, and that non-cellular signal was not considered. Also, a strong 
threshold was applied to the images to include the signal obtained only 
from cells. To quantify Arg-1 expression in the epidermal tongue, a re
gion of interest (brown signal from Arg-1) on both sides of the incision 
was manually drawn in FIJI and the absolute area (in μm2) was 
measured. For α-SMA quantification, the number of α-SMA + pixels in a 
20X field with highest signal were enumerated. For CD31+ blood vessel 
quantification, the cell counter function in FIJI was used, stained sec
tions of blood vessels were manually counted, and the average of two 
20X fields containing the angiogenic front next to the incision was 
plotted for every animal. 

2.17. Evaluation of Anti-MRSA Activity of AgNPr-Vanc LASEs in vitro 

LASE films (AgNPr-LASE containing 10 μg per film AgNPr and 
AgNPr-Vanc-LASE containing 200 μg per film vancomycin) were cut into 
small pieces with dimensions – ~1 cm × 3 mm – similar to those used in 
live animal studies. An incision, 1 cm in length, was made in a Luria 
Bertani agar plate (containing 10 g/L tryptone, 5 g/L yeast extract, and 
20 g/L agar from Becton Dickinson, NJ, USA and 10 g/L NaCl from 
Thermo Fisher Scientific, MA, USA) using a sterile inoculation loop. 
SECUROSORB™ suture (~1 cm length; AmerisourceBergen MWI Ani
mal Health, Boise, ID, USA), AgNPr-LASE, or AgNPr-Vanc-LASE were 
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inserted directly in the agar plate incision using forceps (ethanol wiped 
and air dried). MRSA USA300 (20 μL of OD600nm = 0.07) inoculation 
was performed in two ways: a) spread in a tight circle around the agar 
plate material-embedded incision but not directly on it or b) dropped 
directly only over the agar plate material-embedded incision using a 
micropipette. Pictures of the agar plate were collected after 1, 4, and 7 
days following bacterial inoculation. 

2.18. Evaluation of Anti-MRSA Activity of AgNPr-Vanc LASEs in vivo 

MRSA USA300 [63] was streaked onto a mannitol salt agar (Himedia 
Labs, Kennett Square, PA, USA) plate containing 1 μg/mL ampicillin 
(Thermo Fisher Scientific, MA, USA) and incubated overnight at 37 ◦C. A 
single colony was inoculated into 3 mL of tryptic soy broth (Becton 
Dickinson, Franklin Lakes, NJ, USA) and incubated for 16 h at 37 ◦C 
under gentle rotation. The culture was pelleted, washed two times in 
sterile 0.9 % saline solution, and the absorbance at 600 nm was adjusted 
to 0.16. This suspension, used for infection studies, was kept on ice until 
use. Methods for skin incision, suturing and LASE application were 
similar to those described previously in the ‘In vivo laser sealing in live 
mice’ section. In these studies, the laser irradiation time was divided 
into two durations of 1 min each. After the first minute, the mouse was 
rotated by 180◦ along the spine, and laser irradiation was performed for 
another minute. This modified approach was used to ensure that all 
portions of the incision received effective laser administration and to 
minimize any probability of dehiscence because these studies involved a 
subsequent cutaneous MRSA inoculum challenge. 

Following suture closure/LASE sealing, individually housed mice 
were transferred to an ABSL-2 facility, carefully placed inside a biosafety 
cabinet and arranged to ensure the dorsal incision site was level. MRSA 
infection-ready inoculum (approximately 5 × 105 CFU in 10 μL) was 
evenly applied along the incision site using a micropipette. The mice 
were monitored until the infection volume dried. Skin tissue from the 
infection control mice was harvested 1 h post MRSA administration in 
order to determine the initial MRSA load in these studies. For the 
remaining groups, pictures of the incision site were taken throughout 
the duration of the infection. On day 7, the remaining groups were 
humanely euthanized via CO2 asphyxiation. Immediately after the mice 
were euthanized, incision sites, approximately 2 cm × 1 cm section, 
were excised and stored at 4 ◦C for 0.5–2 h. Skin samples were radially 
divided (perpendicular to the incision), the bottom tissue half (nearest 
the mouse tail) was weighed (60–100 mg), placed into a microcentrifuge 
tube with 400 μL of saline and five 1.6 mm stainless steel beads (Next 
Advance, Troy, NY, USA). The other half was used for histological an
alyses performed as described earlier. The tissue was homogenized using 
a Bullet Blender Storm 24 (Next Advance, Troy, NY, USA) at a speed 
setting of 6 for a total of 10 min. The homogenate was serially diluted in 
saline and spot plated (5 μL) in triplicate onto mannitol salt agar +

ampicillin (1 μg/mL) plates. Agar plates were incubated at 37 ◦C for 24 h 
for CFU enumeration. MRSA bacterial loads were reported as CFU per 
total skin sample analyzed (60–100 mg) per mouse. The groups evalu
ated in this study were: nylon sutures alone, nylon sutures + vanco
mycin (“Nylon-Vanc”), antibacterial (containing chlorhexidine 
diacetate) SECUROSORB™ PLUS sutures (AmerisourceBergen MWI 
Animal Health, Boise, ID, USA), AgNPr-LASE films, and AgNPr-Vanc- 
LASE films in which 2 mg vancomycin was incorporated in 30 mg 
LASE film (vancomycin delivered to mice; ~2.5 mg/kg). The vanco
mycin loaded in each film for in vivo studies was increased 10 times 
compared to in vitro studies because 200 μg vancomycin per film dose - 
which was found effective in in vitro studies - was found to be inadequate 
for inhibiting MRSA growth in vivo (data not shown). Vancomycin- 
loaded LASEs were prepared using methods similar to those described 
above with the exception that the antibiotic was incorporated during the 
film preparation process. 

2.19. Statistical Analyses 

At least three independent experiments were carried out in all cases, 
and data are plotted as the mean ± standard error of mean (SEM) or 
standard deviation (SD). Statistical analyses were performed using one- 
way or two-way analysis of variance (ANOVA) followed by post-hoc 
analysis using Fisher’s least significant difference (LSD) method. 

3. Results and discussion 

Immunocompromised, diabetic, and obese patients experience 
several challenges in wound healing and tissue repair, including slow 
healing, poor quality of repair, and opportunistic infections [17]. To 
overcome these challenges, new strategies that can improve the efficacy 
of wound closure and quality of tissue repair are necessary. Here, we 
generated laser-activated sealants to facilitate rapid sealing of 
full-thickness incisional wounds in immunocompromised and diabetic, 
obese mice. Given their proangiogenic and/or antibacterial bio
activities, copper salts and silver nanoprisms were evaluated as photo
thermal converters in LASEs. Cu-LASE and AgNPr-LASEs were 
fabricated by a method described in Fig. 1a, characterized, and evalu
ated for sealing full thickness incisional wounds in healthy Balb/c, 
immunodeficient Balb/c SCID, diabetic and obese db/db mice as well as 
their non-diabetic db/+ littermates. Balb/c SCID mice possess homo
zygous severe combined immune deficiency (SCID) spontaneous muta
tion which is characterized by absence of functional T cells and B cells, 
lymphopenia, and hypogammaglobulinemia [64]. Commonly used in 
diabetic wound healing studies [65,66], db/db mice possess homozy
gous mutation in leptin receptor, which makes them polyphagic, poly
dipsic, and polyuric. Mice heterozygous for this mutation (db/+) were 
also used as controls for evaluating LASEs. 

3.1. Spectroscopic Characterization of LASEs 

Absorbance spectroscopy studies showed that Cu-LASEs and AgNPr- 
LASEs (Fig. 1b) absorb light in the near infrared (NIR) region (>750 nm; 
Fig. 1c), which makes them suitable for photothermal sealing of tissues 
using a laser set at a wavelength of 808 nm. In AgNPr-LASEs, a red-shift 
in the peak wavelength occurred when the nanoparticles were 
embedded inside the silk solution and dried during film fabrication. 
Nevertheless, the films demonstrated appreciable light absorption at 
808 nm, which is required for a robust photothermal response in the NIR 
region. Spatial distribution of Cu and AgNPr, determined using absor
bance measurements at 808 nm different locations in individual LASE 
films, indicated nearly uniform distribution of copper ions in the films 
and some heterogeneity in case of AgNPr, likely because of differential 
transport of these nanoparticles in the biomaterial (Fig. S1, Supporting 
Information section). Silk-only films, without any light absorbing spe
cies (Cu or AgNPr), did not absorb significantly in the range of 400–990 
nm (Fig. 1c and Fig. S1, Supporting Information section). 

3.2. Photothermal Characterization of LASEs 

Upon laser irradiation, both Cu-LASE and AgNPr-LASE films 
demonstrate a rapid increase in temperature as recorded by a thermal 
camera (Fig. 1d and e). At a laser power density of 4.8 W/cm2, AgNPr- 
LASE reached a temperature range of 55–65 ◦C in only 10 s, which 
indicated a rapid photothermal response of these films. Similarly, Cu- 
LASE reached the same temperature range in 10 s at power density of 
9.6 W/cm2; use of higher amounts of copper can result in use of lower 
laser powers. The rapid photothermal response is critical to maintaining 
stable temperatures while using a low residence time of the laser during 
tissue sealing. Heating and cooling profiles in Fig. 1d and e also 
demonstrate the reversibility of the photothermal response across mul
tiple cycles of laser application. In absence of the light-absorbing species 
(chromophores), such as copper salts or AgNPr, silk films did not 
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Fig. 1. Optical and photothermal characterization of LASEs. a) Schematic of the process of fabricating LASE materials from silkworm cocoons. b) Digital images 
of Cu-LASE and AgNPr-LASE films prepared using solvent-evaporation method. c) Visible light absorbance spectra of LASEs indicate absorption in NIR region 
(~750–900 nm). d) Photothermal response curves of AgNPr-LASEs as a function of power density for a hand-held 808 nm laser; AgNPr: 10 μg per film. e) Pho
tothermal response curves of Cu-LASEs as a function of CuCl2 concentration at a power density of 9.6 W/cm2 for the hand-held 808 nm laser. The horizontal light 
blue-colored band in (c) and (d) show the optimal temperature range (~55–65oC) for tissue sealing [46]. (For interpretation of the references to color in this figure 
legend, the reader is referred to the Web version of this article.) 
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demonstrate absorption of NIR light and therefore a significant rise in 
temperature was not observed upon NIR laser irradiation (Fig. 1e). 

3.3. Physicochemical characterization and stability of LASEs 

Ultimate tensile strength (UTS) studies indicated that the strength of 
the dry non-laser-irradiated (‘unlasered’) films was ~62 ± 16 MPa for 
Cu-LASEs and ~58 ± 9.5 MPa for AgNPr-LASEs, indicating no signifi
cant differences between the two LASEs. UTS for lasered films was ~52 
± 10 MPa for Cu-LASEs and ~43 ± 8 MPa for AgNPr-LASE (Fig. 2a). 
Heating of silk films, including by means of photothermal activation 
using lasers, can cause changes in their secondary structure, which in 
turn, can make these films resistant to dissolution in aqueous solvent 
[67]. AgNPr-LASE films, irradiated with the NIR laser for 5 min (tem
perature: ~65 ◦C), lost approximately 55 % of their original mass in PBS 
within 1 min of incubation (Fig. 2b). This extent of dissolution remained 
constant for at least 2 h. On the contrary, unlasered AgNPr-LASE and 
silk-only films completely dissolved within 1 min of incubating in PBS 
(Fig. 2b). These data indicate that laser-irradiated films partially 
dissolve to form pastes while also maintaining some of the original mass. 
Thus, laser irradiation times and durations can be used to modulate the 
dissolution of films, thereby controlling their morphology. 

Laser irradiation also influenced the release of CuCl2 in PBS from Cu- 
LASE films; release of CuCl2 was detected using light absorption spec
troscopy. Addition of PBS facilitated release of Cu2+ ions from Cu-LASE 

and immediately turned the solution turbid, likely because of the for
mation of Cu3(PO4)2 precipitate [56,57]; this precipitate formation was 
seen when PBS was added to a solution of CuCl2. This precipitate was 
dissolved in 2 N HCl (3:1 v/v) to generate a calibration curve for CuCl2 
and quantify Cu2+ ions released from LASE films. In PBS, 50 ± 12 % of 
initially loaded CuCl2 was released from laser-irradiated films compared 
to 57 ± 9 % from non-laser-irradiated Cu-LASE films (Fig. S2, Sup
porting Information section) within 15 min of incubation. In 1 h, the 
release increased to 66 ± 13 % from lasered films compared to 80 ± 10 
% from unlasered films (Fig. S2, Supporting Information section). It can 
be expected that the kinetics of release of Cu2+ ions and precipitate 
formation in live animals differ significantly from those in PBS and that 
these species might induce differential tissue responses, including im
mune responses. 

We also investigated potential changes in the secondary structure for 
unlasered and lasered Cu-LASEs and AgNPr-LASEs using FTIR spec
troscopy; examples of deconvolution of AgNPr-LASE and Cu-LASE FTIR 
spectra are shown in Fig. S3, Supporting Information section. LASE films 
heated at 65 ◦C for 2 min in a hydrated condition represented the 
temperature range considered optimal for laser sealing in vivo. Inclusion 
of bivalent ions including Ca2+, Cu2+, and Mg2+ is known to induce 
structural changes in silk [68,69]. In our hands, silk-CuCl2 solution 
possessed similar β-sheet content to that of silk (fibroin) in solution 
under the conditions investigated (Fig. 2c). The solvent evaporation and 
drying process, used for film formation, was not sufficient to produce 

Fig. 2. Physicochemical characterization of LASE films. a) Ultimate tensile strength (UTS) of Cu-LASE and AgNPr-LASE before and after laser irradiation (2 min, 
4.8 W/cm2; n = 3). The differences in the means were not statistically significant. b) Dissolution of AgNPr-LASE in PBS before and after laser irradiation (4.8 W/cm2; 
n = 3). Inset: digital pictures of AgNPr-LASE submerged in PBS for 5 min; top: non-laser irradiated (‘unlasered’) AgNPr-LASE and bottom: laser-irradiated AgNPr- 
LASE. c) β-sheet content of solutions and LASE films as determined by deconvolution of FTIR spectra, before and after laser irradiation, which leads to the different 
temperatures indicated (n = 6); the control ‘Cu-LASE’ condition indicates β-sheet content of these unlasered films, which were hydrated with PBS. d) β-sheet content 
of AgNPr-LASE films as determined by deconvolution of FTIR spectra, before and after laser irradiation (4.8 W/cm2, 2 min; n = 4), which leads to the different 
temperatures indicated; the control ‘AgNPr-LASE’ condition indicates β-sheet content of these unlasered films hydrated with PBS. One-way ANOVA followed by 
Fisher’s LSD was used to identify the significantly different groups in panels c and d. *p < 0.05; **p < 0.01; ***p < 0.001. e) Dynamic mechanical analysis (DMA) of 
dry, unlasered Cu-LASE (n = 4) and f) AgNPr-LASE (n = 3) after being subjected to frequency sweep between 1 Hz and 10 Hz at 0.1% strain. 
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significant changes in the secondary structure of the silk protein 
(Fig. 2c). The β-sheet content of silk-based LASEs was ~20–30 % after 
photothermal treatment at 55–65 ◦C, which is the optimal temperature 
range for laser sealing of tissues. In Cu-LASE, photothermal treatment at 
65 ◦C was sufficient to produce a significant difference in the β-sheet 
content compared to unlasered films (Fig. 2c). However, the β-sheet 
content in AgNPr-LASE at ~65 ◦C was not significantly different from 
that of unlasered AgNPr-LASEs; the difference in β-sheet content be
tween lasered and unlasered films was only observed when the LASEs 
were laser-irradiated to reach 85 ◦C (Fig. 2d). These results indicate that 
as determined by FT-IR analyses, laser irradiation did not cause signif
icant shifts in β-sheet content in AgNPr-LASE for temperatures relevant 
to laser sealing and that differences in dissolution are likely due to other 
microstructural reorganizations in silk. 

The storage and loss moduli of a material are indicative of its 
viscoelastic properties. Unlasered Cu-LASE and AgNPr-LASE films 
exhibited a higher storage modulus (G′ from 103-104 MPa) than loss 
modulus (G′′ ~102 MPa) when subjected to 0.1 % strain between 1 and 
10 Hz of frequency sweep (Fig. 2 e, f). The low value of tan (δ), deter
mined as the ratio of loss to storage modulus, indicates that LASE films 
are elastic in nature. For comparison, the storage modulus (G′) value of 
full-thickness human skin is in the range of 102–103 MPa, and the loss 
modulus (G″) value is ~102 MPa for a frequency sweep between 1 and 
10 rad/s (0.16 Hz–1.6 Hz) at 0.5 % strain [70]. These results indicate 
that LASE films are elastic and are suitable for applications in skin 
sealing and repair. 

3.4. LASE-mediated Skin Sealing In Vivo 

An 808 nm NIR hand-held laser was used to irradiate LASEs to 
facilitate skin sealing and repair in the different strains of mice used in 
the current study. Laser operation was carried out such that tempera
tures ranged between 50 ◦C and 65 ◦C. The average temperature for the 
entire duration of 2 min of laser activation of LASEs in Balb/c mice was 
~59 ◦C for Cu-LASE and ~56 ◦C for AgNPr-LASE. Recovery of the 
barrier function of skin in live mice was determined using trans
epidermal water loss (TEWL) measurements, which indicate the loss of 
water vapor through the epidermis and is therefore reflective of its 
integrity. 

LASE materials kept the incisions closed in all species of mice for a 
period of at least 2-days post closure and for 7-days in db/db mice for 
which longer durations were tested (Fig. 3 a-d). On day 2 post closure, 
Balb/c, db/db, and db/+ incisions closed with Cu-LASE and AgNPr- 
LASE showed similar TEWL values as those of sutures (Fig. 3e–g, h), 
indicating similar efficacies in restoration of barrier function in all cases. 
In Balb/c SCID mice, the Cu-LASE group had significantly higher TEWL 
values than the AgNPr-LASE group (Fig. 3f), indicating lower recovery 
of barrier function in case of the former. 

We observed that TEWL values of incisions closed with sutures 
progressively decreased and became comparable to intact skin by day 7 
in db/db mice (Fig. 3j). On the other hand, incisions closed with LASE 
exhibited similar TEWL values from day 2 to day 7, and Cu-LASE 
demonstrated higher values than those with AgNPr-LASEs (Fig. 3j). 
This can be a result of a slowly recovering epidermal layer because of the 
photothermal treatment and presence of the LASE biomaterial in be
tween the wound edges. As the incision heals further, we expect to 
observe a further decrease in TEWL of the skin in case of incisions closed 
with LASEs. 

To investigate early biomechanical recovery, indicative of the ki
netics of tissue repair, skin tissues were excised along with the incision 
on day 2 post-closure, and ultimate tensile strength (UTS) of healed 
incisions were determined. Incisions closed with sutures in db/db mice 
did not heal substantially, and the healed tissue appeared fragile. In 
Balb/c mice, AgNPr-LASE demonstrated enhanced mechanical recovery 
(30 % of intact skin) compared to Cu-LASE (14 % of intact skin) and 
sutured (14 % of intact skin) incisions (Fig. 4a), but in 

immunocompromised Balb/c SCID and db/+ mice, LASE-treated in
cisions had comparable UTS values to sutures (Fig. 4b and d). In db/db 
mice, incisions closed with AgNPr-LASEs and Cu-LASEs exhibited 
significantly higher UTS (17 % of intact skin) values when compared to 
those closed with nylon sutures (9 % of intact skin; Fig. 4c), indicating 
enhanced biomechanical recovery. Young’s modulus measures the 
stiffness of the material, and AgNPr-LASE treatment in Balb/c mice 
significantly increased the stiffness of skin compared to other groups 
(Fig. 4e). The Young’s modulus was equally restored among the treat
ment groups in other three species (Fig. 4 f-h). It is likely that presence of 
the LASE in the wound contributes to the higher biomechanical recovery 
seen for the tissue. Of key importance, LASEs, particularly those using 
AgNPr, can seal skin in diabetic mice and promote restoration of the 
biomechanical properties of the tissue. 

3.5. Histology and Immunohistochemistry 

H&E staining of skin tissue harvested on day 2 indicated that the gap 
between the wound, including epidermal edges, was covered by LASE 
(Fig. 5). The LASE biomaterial appeared to integrate well with the 
dermis, provided a continuous matrix that fills the space in the wound 
site, and thus likely acted as a barrier (Fig. 5a; LASE boundary illustrated 
by dark green perimeter for Cu-LASE in db/db mice). Physical trauma 
caused by sutures led to the formation of a scab, which was sparsely 
visible in LASE-treated incisions (Fig. 5a); LASEs themselves occupied 
the region inside the incision. By day 7, this scab was pushed out of the 
wound (Fig. 5f) and LASE still occupied the region between the two 
tissue edges which demonstrates its adhesive strength with the tissue. 
Strong adhesion of the LASE with the tissue, facilitated by photothermal 
activity and elevated temperatures, may reduce efficacy of epidermal 
gap closure but can reduce mechanical stress on the incision by covering 
the entire region. 

On day 2 post closure, incisions sealed with AgNPr-LASEs did not 
demonstrate a statistically significant epidermal gap from those closed 
with sutures, indicating comparable performance. However, incisions 
sealed with Cu-LASEs had a significantly higher epidermal gap 
compared to those approximated with sutures in all species of mice on 
day 2 (Fig. 5b–e), likely because of the local toxicity of cupric ions [71]. 
The doses of cupric ions used in this study were 2.125–4.25 mg/kg, 
significantly lower than 360–640 mg/kg, which was reported to be the 
systemic acute toxicity dose in rats [72,73]. However, considering the 
relatively low hydration which obviates dilution at the incision site in 
the skin, we posit that the localized concentration of cupric ions may 
result in some toxicity to the tissue. The epidermal gap in suture-closed 
incisions decreased over time and reepithelialization was found to be 
complete by day 7 in db/db mice (Fig. 5f and g). On day 7, the epidermal 
gap in incisions closed with LASE did not significantly decrease 
compared to day 2 in db/db mice, likely because time needed for re
covery of the underlying tissue from the photothermal treatment and 
persistence of the LASE, which filled the gap between the two edges of 
the incision during the duration of this study. 

Biomechanical recovery (UTS; Fig. 4) indicated some benefit of LASE 
sealing in the initial phase of healing compared to sutures in db/db 
diabetic and obese mice. We therefore further investigated tissue and 
immune responses to LASE sealing and suturing in these mice using 
immunohistochemistry (IHC) on day 2 post closure. Ly6G + cells 
(neutrophils) appeared to swarm to the wound site closed with Cu-LASEs 
(Fig. 6a). These cells were found in greater numbers in Cu-LASE treated 
incisions compared to incisions sealed with AgNPr-LASE (p = 0.0002) or 
approximated with nylon sutures (p = 0.0208) (Fig. 6b), likely because 
of the diffusion of copper ions further away from the immediate vicinity 
of the incision bed. In Cu-LASE treated wounds, neutrophils were found 
to localize at a distance (1–1.5 mm) away from the incision, resulting in 
a neutrophil-depleted zone of about 2 mm around the wound bed 
(Fig. 6a–c). This finding indicates that either copper ions inhibit the 
migration of neutrophils or demonstrate toxicity towards these cells in 
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Fig. 3. Barrier function restoration efficacies of Cu-LASEs and AgNPr-LASEs compared to sutures in live Balb/c, Balb/c SCID, db/db (diabetic and obese), 
and db/þ (littermate) mice. a, b, c, d) Representative digital images of sealed incisions day 2 post closure in Balb/c, Balb/c SCID, db/db, and db/+ mice closed 
with sutures, Cu-LASE, and AgNPr-LASE. e, f, g, h) Transepidermal water loss (TEWL) for incisions closed with sutures, Cu-LASEs, or AgNPr-LASEs in Balb/c, Balb/c 
SCID, db/db, and db/+ mice on day 2 post closure. One-way ANOVA followed by Fisher’s LSD was used to identify the significantly different groups in panels. i) 
Digital images of skin sections closed with sutures, Cu-LASE, and AgNPr-LASE over 7 days. j) TEWL of skin incisions closed with sutures, Cu-LASE, and AgNPr-LASE 
over 7 days. Two-way ANOVA followed by Fisher’s LSD was used to identify the significantly different groups in panels. *p < 0.05; **p < 0.01; ***p < 0.001. 
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the skin tissue under the conditions employed in this study. We reason 
this is likely because of copper ion toxicity at concentrations >1 μg/mL 
for neutrophils isolated from mice [74]. This peculiar neutrophil-dense 
region, which was formed on both sides of the incision, was not observed 
in case of sutures or AgNPr-LASEs or in a previous study with indoc
yanine green (ICG)-LASE [75], which indicated that this phenomenon 
was likely specific to copper. 

Incisions closed with AgNPr-LASEs showed significantly decreased 
neutrophil localization at the wound site in db/db mice, even when 
compared to sutures (p = 0.0031; Fig. 6b) on day 2 post closure. Levels 
of total neutrophils for AgNPr-LASEs were significantly lower than those 
with Cu-LASEs and sutures (wound bed). This lower inflammation 
associated with AgNPr-LASEs compared to the other approximation 
devices could be significant for application in chronically inflamed 
wound microenvironments, such as in diabetic skin. This observation is 
consistent with our previously published results with ICG-LASE which 
also resulted in reduced neutrophil activity around the wound on day 2 
post closure compared to sutures [75]. Additionally, in case of 
AgNPr-LASE-closed and suture-closed incisions, most neutrophils were 
localized inside the wound bed and not in an enriched zone away from 

the incision site (Fig. 6c), as was seen with Cu-LASEs (Fig. 6c). In in
cisions approximated with sutures, neutrophils were mostly observed in 
the granulation tissue, and the neutrophil presence was higher than in 
AgNPr-LASE treated incisions (Fig. 6c). 

CD86-positive or pro-inflammatory ‘M1’ macrophages were mini
mally present in the wound bed or around the periphery in all groups 
tested (Fig. 7a). Arginase (Arg)-1 positive macrophages are conven
tionally considered as ‘M2’ or pro-resolution macrophages that promote 
wound healing and tissue fibrosis by locally depleting L-arginine [76]. 
Arg-1+ macrophages were present in significantly higher numbers in 
wounds sealed with Cu-LASEs compared to those sealed with sutures (p 
= 0.046). However, differences in Arg-1+ levels were not statistically 
significant between Cu-LASEs and AgNPr-LASEs (Fig. 7b; p = 0.108). In 
addition, day 2 post-closure could also mark the beginning of resolution 
of inflammation following incisional wounding in mice. A higher pro
portion of Arg-1+ M2 macrophages compared to CD86+ M1 macro
phages (Fig. 7c) indicate likely transition of the healing towards 
resolution of inflammation. Spatial analysis of serial sections revealed 
that the localization of Arg-1+ macrophages was proximal to neutro
philic localization and distal to the Cu-LASE-treated incisions as shown 

Fig. 4. Biomechanical restoration efficacies of Cu-LASEs and AgNPr-LASEs compared to sutures in live Balb/c, Balb/c SCID, db/db (diabetic and obese), 
and db/þ (littermate) mice on day 2 post closure. a, b, c, d) Ultimate tensile strength (UTS) and e, f, g, h) Young’s modulus of healing skin on day 2 for incisions 
closed with sutures, Cu-LASEs, or AgNPr-LASEs in Balb/c, Balb/c SCID, db/db, and db/+ mice, respectively. Numbers above the bars represent % UTS or Young’s 
modulus recovery of healing skin with respect to intact skin. One-way ANOVA followed by Fisher’s LSD was used to identify the significantly different groups in 
panels. *p < 0.05. 
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by the schematic in Fig. 7d. Taken together, the macrophage and 
neutrophil results indicate that AgNPr-LASE approach directs the wound 
towards a more pro-resolution phenotype by day 2 post-closure 
response, compared to the other approximation methods. 

Fig. 7d shows a schematic that integrates the immune cell response to 
sutures and LASEs on day 2 post closure. Cu-LASEs demonstrated a 
depletion zone close to the wound bed in which the presence of immune 
cells was largely absent, likely because of the local toxicity of copper 
ions that diffuse into the skin from the LASE. The tissue proximal to this 
zone was highly enriched in neutrophils and macrophages, indicating 
the strong response evoked by Cu-LASEs. Suturing promoted a strong 
neutrophil response in the wound bed, with a concomitant peripheral 
M2 macrophage response. In contrast, AgNPr-LASEs demonstrated a 
much lower neutrophil and macrophage response in the skin tissue, 
indicating an overall low or muted immune response. 

In tissues harvested on day 7 post-closure, we observed an increased 
number of neutrophils in Cu-LASE compared to sutures and AgNPr-LASE 
and presence of neutrophil debris around the Cu-LASE (Fig. 8a). The 
depletion zone observed on day 2 appeared to be displaced from the 

healing skin and it is likely that it is discarded as scab over time. Most of 
Ly6G stained regions in case of Cu-LASE were not associated with cells, 
which indicated presence of neutrophil debris. A large number of neu
trophils recruited around the Cu-LASE on day 2 were likely affected by 
copper ions released, further supporting potential toxicity of copper ions 
to neutrophils. The presence of some viable neutrophils on day 7 might 
also suggest persistent inflammation in incisions closed with Cu-LASE in 
db/db mice. In case of incisions closed using sutures, neutrophils were 
primarily localized in the scab, and some were observed in the healing 
tissue on day 7, much like what was observed on day 2. As with Cu- 
LASE, presence of neutrophils on day 7 may suggest some persistent 
inflammation. AgNPr-LASE, which exhibited suppressed neutrophil ac
tivity on day 2, showed minimal neutrophil presence on day 7 as well. 
Consequently, the numbers of Ly6G + pixels in suture and AgNPr-LASE 
groups were comparable to intact skin, but those in Cu-LASE group were 
significantly higher than the closure methods and in intact skin (Fig. 8b). 

Similar to findings on day 2, the number of CD86+ pixels repre
senting M1 macrophages were comparable among all groups on day 7 
(Fig. 8c). M2 macrophages (Arg-1+ pixels) were elevated in suture and 

Fig. 5. Hematoxylin and Eosin (H&E) staining of healed skin tissues of Balb/c, Balb/c SCID, and db/db mice on day 2 and day 7 post-surgical closure. a) 
Representative H&E images for incisional wounds closed with Cu-LASE, AgNPr-LASE, sutures, and intact skin in Balb/c, Balb/c SCID, db/db, and db/+ mice 2 days 
post-surgical closure. Red lines indicate dermal discontinuity, and the outline in case of the db/db mice shows the Cu-LASE in the tissue; scale bar: 200 μm b, c, d, e) 
Quantification of epidermal gap in Balb/c, Balb/c SCID, db/db, and db/+ mice, respectively. F) Representative H&E images for incisional wounds closed with Cu- 
LASE, AgNPr-LASE, sutures, and intact skin in db/db mice 7 days post closure. Red lines indicate dermal discontinuity in incisions closed with LASE, which filled the 
gap in the incisional wound. Scale bar: 500 μm. One-way ANOVA followed by Fisher’s LSD was used to identify the statistically significant different groups in panels. 
*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of 
this article.) 

Fig. 6. Neutrophil activation and infiltration in the incisional wound bed on day 2 following LASE sealing or suturing in db/db mice a) Digital images of 
skin sections closed with Cu-LASE, AgNPr-LASE, or sutures compared to intact skin stained for Ly6G + cells (neutrophils) in red. Black arrows indicate the location of 
the incisional wound. Scale bar: 200 μm. b) Quantitation of number of Ly6G + pixels in db/db mice wounds. c) Localization of Ly6G + pixels in the wound bed and at 
the wound periphery (depletion zone periphery in Cu-LASE group). One-way ANOVA followed by Fisher’s LSD was used to identify the significantly different groups 
in panels. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. (For interpretation of the references to color in this figure legend, the reader is referred to the Web 
version of this article.) 
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AgNPr-LASE groups compared to Cu-LASE (Fig. 8d). This indicates that 
Cu-LASE sealing results in higher numbers of M2 macrophages on day 2 
than other groups but their levels deplete, falling below the levels of 
suture and AgNPr-LASE-closed wounds by day 7, likely as a result of 
copper toxicity. Arginase activity in keratinocytes is also important for 
their proliferation, migration, and differentiation [77]. Increased levels 
of arginase in the epidermal tongue are associated with increased rate of 
reepithelialization and closure [77]. Even though suture-closed wounds 
were completely reepithelialized, Arg-1 levels were found to be signif
icantly lower in their epidermis, likely because the healing process had 
proceeded further towards completion. Among LASE groups, 
AgNPr-LASE showed significantly higher Arg-1 expression in the 
epidermal tongue compared to Cu-LASE, which validates a more 
pro-resolution nature of AgNPr-LASE compared to Cu-LASE. 

Although copper is known to promote angiogenesis [54,78,79], the 
number of capillaries and myofibroblasts as determined from CD31 
(endothelial marker) and α-smooth muscle actin (α-SMA; typically, a 
marker for myofibroblast differentiation) staining, respectively, were 
similar across the different groups on day 2 post closure. (Fig. S4, Sup
porting Information section). It is reported that neo-angiogenesis and 
fibroblast-to-myofibroblast differentiation are activated after day 2 post 
wounding [80,81]. Our results indicate that sutures or LASEs did not 
significantly influence angiogenesis and myofibroblast differentiation. 

In later stages of wound repair, myofibroblast differentiation 

typically occurs after the resolution of inflammatory phase and facili
tates re-epithelialization, granulation, and angiogenesis [82]. Myofi
broblast differentiation and activation are also associated in 
determining the quality of tissue repair given the involvement of these 
cells in collagen deposition and scarring [83]. Increased myofibroblast 
activity accelerates wound contraction, which facilitates quicker closure 
but is accompanied by increasing collagen deposition and scarring [84]. 
Consequently, different strategies are investigated to reduce myofibro
blast activation [84]. We also observed a swarm of myofibroblasts at the 
site of reepithelialization in incisions closed with sutures (Fig. 9a). In 
addition, we observed higher numbers of α-SMA + pixels in incisions 
closed with sutures compared to those closed with LASE in db/db mice 
(Fig. 9b). It is likely that the tension caused by suture knots in the skin 
tissue create an environment with high and heterogenous mechanical 
stress that promotes scarring [51,85]. Therefore, the possibility and 
extent of scarring in suture-closed incisions is higher than shown in 
Fig. 9b compared to LASE-closed incisions. 

Interestingly, we also observed increased endothelization in LASE- 
sealed incisions compared to those closed with sutures (Fig. 9c). As 
mentioned previously, copper is known to promote angiogenesis and 
increased endothelization in case of Cu-LASE is along expected lines. 
One explanation for the increased angiogenesis in LASEs, including in 
AgNPr-LASE, can be the activation of pro-reparative heat shock proteins 
that are upregulated in response to the laser-induced photothermal 

Fig. 7. Macrophage polarization and infiltration and neutrophil recruitment in the wound bed in db/db mice a) Representative microscopy images of incised 
skin closed with Cu-LASE, AgNPr-LASE, or sutures and intact skin; CD86+ (‘M1’) and Arginase-1+ (‘M2’) macrophages are stained brown in color. Scale bar: 100 μm. 
b) Number of Arginase-1+ and c) CD86+ pixels at the wound periphery d) Schematic of the effect of Cu-LASE, AgNPr-LASE, and sutures on innate immune cells in an 
incisional wound. One-way ANOVA followed by Fisher’s LSD was used to identify statistically significant different groups in panels. *p < 0.05. (For interpretation of 
the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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response [86–88] and future work will investigate their role in deter
mining the efficacy of LASE-mediated tissue sealing and repair. It is 
noteworthy that endothelial cells lining the blood vessels also express 
α-SMA [89]. Considering higher endothelization observed in LASE 
groups with CD31 staining, it is likely that a portion of α-SMA signal can 
be attributed to the growing microvasculature network, which can 
imply that the signal specific to myofibroblasts is lower than shown in 
Fig. 9b. 

3.6. Investigation of Antibacterial LASEs in vitro 

Considering the efficacy and quality of repair associated with AgNPr- 

LASE for biomechanical and barrier function recovery in diabetic and 
obese (db/db) mice (Figs. 3 and 4) and the significant clinical challenges 
associated with surgical site infections in diabetic patients, we investi
gated AgNPr-Vanc-LASEs in which the antibiotic drug, vancomycin, was 
incorporated into the AgNPr-LASE films for local delivery at the wound 
site. AgNPr-Vanc-LASEs were irradiated with a laser (65 ◦C, 2 min) to 
mimic in vivo sealing conditions, and release of vancomycin from these 
LASEs in PBS was determined using HPLC-based detection of the anti
biotic. Initial loading of vancomycin in the LASE film was determined to 
be 30 ± 3 μg/mg film (from four films). Drug release profile revealed 
that ~40 % of vancomycin was released within 15 min and >90 % of the 
drug was released within 2 h after incubation in PBS (Fig. 10a). 

Fig. 8. Neutrophil activation and macrophage polarization in the incisional wound bed following LASE sealing or suturing in db/db mice 7 days post 
closure a) Skin sections stained for Ly6G (neutrophils in red), CD86 (‘M1’ macrophages in brown), and Arg-1 (‘M2’ macrophages in brown). Scale bar: 100 μm b, c, 
d) Quantitation of number of Ly6G+, CD86+, and Arg-1+ pixels in db/db mice 7 days post-closure. e) Arg-1+ area in the epidermal tongue. One-way ANOVA 
followed by Fisher’s LSD was used to identify statistically significant differences in groups in panels. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. (For 
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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However, the release profile of vancomycin from LASEs in a solution is 
likely significantly different from release in skin, where slower release 
may be expected because of the differential moisture content. 

In vitro anti-MRSA activity of AgNPr-Vanc-LASE films was investi
gated using an agar assay and its performance was compared against 
antibacterial SECUROSORB™ PLUS sutures and AgNPr-LASE films 

(without vancomycin). In this approach, a 1 cm incision was made in the 
agar, and the LASE or suture was inserted into this agar incision to 
mimic surgeries in mice. The agar incision was then inoculated with 
MRSA in a circle around the incision and tracked over time for 7 days. 
On day 1, we observed that AgNPr-Vanc-LASE inhibited MRSA growth 
with an efficacy comparable to that seen with SECUROSORB™ PLUS 

Fig. 9. Myofibroblast activation and endothelization in skin following LASE sealing or suturing in db/db mice 7 days post wounding. a) Serial skin sections 
stained for α-SMA (myofibroblasts in brown) and CD31 (blood vessels in brown). Scale bar: 100 μm. b, c) Quantitation of number of α-SMA+ and CD31+ pixels in db/ 
db mice 7 days post-surgery. One-way ANOVA followed by Fisher’s LSD was used to identify the statistically significant differences in groups in panels. *p < 0.05; 
**p < 0.01; ***p < 0.001; ****p < 0.0001. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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sutures (Fig. 10b). The chlorhexidine diacetate antimicrobial coating the 
SECUROSORB™ PLUS sutures is smaller and therefore diffused further 
into the agar than the larger vancomycin compound within AgNPr-Vanc- 
LASE, leading to a larger area of MRSA inhibition surrounding the 
SECUROSORB™ PLUS sutures (Fig. 10b). In contrast, AgNPr-LASE 
(without vancomycin) did not inhibit MRSA growth (Fig. 10b). Upon 
incubation for 7 days, AgNPr-Vanc-LASE continued inhibiting MRSA, 
while SECUROSORB™ PLUS sutures displayed decreased efficacy 
against MRSA over time (Fig. 10b). When the agar incision was directly 
inoculated with MRSA, SECUROSORB™ PLUS completely inhibited 
MRSA growth, likely due to rapid, direct contact killing (Fig. S5, Sup
porting Information section). AgNPr-Vanc-LASE initially inhibited 
MRSA, although MRSA cells located distal to the agar incision grew over 
a period of 7 days (Fig. S5, Supporting Information section). 

3.7. Evaluation of anti-MRSA activity of AgNPr-Vanc-LASEs for 
Combating Surgical Site Infections in Diabetic and Obese Mice 

A challenge model in which closed wounds in mice were inoculated 
with MRSA USA300, a clinically relevant MRSA strain, was used in these 
studies. MRSA bacterial loads in mouse skin were determined on day 
0 (1 h post MRSA inoculation) as well as at 7 days post closure and MRSA 
challenge. The digital photographs of the incisions are shown in 
Fig. 11a. In these studies, db/db mice in which vancomycin (5 mg/kg in 
20 μL) was administered directly to the wound and closed with nylon 
sutures (Nylon-Vanc) demonstrated the lowest MRSA levels on day 7 
(Fig. 11b), likely because of the immediate local availability of the 
antibiotic in high concentrations. Nylon sutures and the AgNPr-LASE 
(without vancomycin) were ineffective at combating the MRSA infec
tion; the bacterial burden increased ~2 log10 CFU after 7 days, 
compared to initial MRSA inoculation levels on day 0 (Fig. 11a and b). 
AgNPr-LASE films without vancomycin were not effective in combating 
infection despite the presence of silver nanoprisms, likely because of 
unavailability of sufficient amounts of free silver ions, which are 
considered responsible for antibacterial activity [87]. 

AgNPr-Vanc-LASEs significantly reduced MRSA bacterial load in db/ 
db mice by an average ~2 log10 CFU compared to the initial inoculation 
levels (p = 0.006) and were as effective as the commercial antibacterial, 

absorbable SECUROSORB™ PLUS sutures (Fig. 11b). Compared to 
AgNPr-LASEs, vancomycin-loaded AgNPr-Vanc-LASEs demonstrated 
improved macroscopic appearance of MRSA-infected closed incisions 
(Fig. 11a) and significantly decreased MRSA tissue burden ~4 log10 (p <
0.0001; Fig. 11b). Thus, a significant benefit was observed when van
comycin was incorporated within AgNPr-LASE films, compared to LASE 
films without the drug. It is possible to increase drug loading in LASEs 
and/or improve drug release properties from silk to further enhance 
efficacy of AgNPr-Vanc-LASEs. Overall, these results indicate that 
AgNPr-LASEs not only demonstrate sealing activity in diabetic and 
obese mice but can also be used to load and deliver antibacterial drugs 
for combating surgical site infections, which are a clinical challenge in 
diabetic and obese individuals. 

Histological evaluation of the MRSA-challenged skin followed by 
different approximation and SSI-combating methods provided signifi
cant insights into wound/skin health. Incisions closed with AgNPr-LASE, 
SECUROSORB™ PLUS, and nylon sutures showed a large number of 
cells present within and around the wounds on day 7 post treatment as 
indicated by red circles in Fig. 12a. The wounds in these groups were 
also characterized by presence of a thick scab over the incision and 
evidence of edema as indicated by the region in these red circles in 
Fig. 12a. Conversely, wounds treated with vancomycin – either added 
directly into the wound followed by closure with nylon sutures (Nylon- 
Vanc) or embedded in the LASE (AgNPr-Vanc-LASE) – did not exhibit 
such signs of severe inflammation (Fig. 12a). As before, AgNPr-LASE 
demonstrated a statistically significant epidermal gap compared to 
nylon sutures or nylon sutures + vancomycin (Nylon-Vanc), but the gap 
with AgNPr-Vanc-LASE was not statistically significant (Fig. 12b). 

Histological sections of MRSA-challenged wounds were also semi- 
quantitatively evaluated by two experts blinded to sample informa
tion. A visual analog scale (VAS) was adapted from Nussbaum et al. [90] 
and is shown in Table S1 (Supporting Information section). Considering 
two wound healing stages relevant to the current study and timeframe, 
each histological section was assigned an inflammation score and a 
remodeling score (Fig. 12c). The inflammation score was obtained by 
adding edema, leucocytes, and macrophages scores, while the remod
eling score was obtained by adding granulation tissue, fibroblasts, 
collagen, and epithelialization scores (Table S1) [90]. The average 

Fig. 10. Vancomycin release from AgNPr-Vanc-LASE and anti-MRSA activity of AgNPr-Vanc-LASE compared to SECUROSORB™ PLUS and AgNPr-LASE in 
vitro. a) Percent vancomycin released from AgNPr-Vanc-LASE in PBS determined using HPLC. b) Representative digital photographs (3 independently prepared films 
from one original silk batch) of agar plates containing a 1 cm incision either empty (no biomaterial) or containing different closure biomaterials – SECUROSORB™ 
PLUS antibacterial sutures, AgNPr-LASE, or AgNPr-Vanc-LASE – embedded in the agar incision and inoculated with MRSA in a circle around the incision. Photo
graphs were taken on days 1, 4, and 7 post MRSA inoculation. 
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inflammation score of AgNPr-Vanc-LASE was significantly lower than 
that of the SECUROSORB™ PLUS, AgNPr-LASE, and Nylon groups and 
comparable to the Nylon-Vanc group (Fig. 12c). These Nylon-Vanc and 
AgNPr-Vanc-LASE results are consistent with the antibacterial action of 
vancomycin, which significantly reduced the MRSA load (Fig. 11b), 
thereby reducing local inflammation at the surgical site. The remodeling 
score of AgNPr-Vanc-LASE was comparable with all other treatments 
(Fig. 12c), indicating little difference in fibroblast activity and collagen 
deposition between the treatment groups. Taken together, 
AgNPr-Vanc-LASE demonstrated effective anti-MRSA activity in a 
challenge model, which mimics surgical site infections, and the efficacy 
of this approach can be enhanced by loading higher amounts of the 
antibacterial drug. Vancomycin-loaded LASEs also resulted in lower 
inflammation of the MRSA-infected tissue than other approximation 
approaches, which demonstrates the overall utility of this approach 

especially in diabetic hosts, who are prone to surgical site infections. 

4. Conclusions 

Limitations including wound dehiscence, inflammation, scarring, 
and risk of infection reduce the efficacy of conventional approximation 
devices, such as sutures, particularly in diabetic and obese individuals. 
Our current study demonstrated that laser-activated sealants, especially 
AgNPr-LASE, are effectively able to seal incisional wounds in four 
different strains of mice, including in diabetic and obese (db/db) mice. 
The choice of photothermal converter in LASE significantly affected 
wound closure and tissue repair outcomes. Copper chloride-loaded LASE 
caused local inflammation and toxicity, but there may yet be use for 
copper in local infection control and angiogenesis at concentrations 
lower than those needed for effective photothermal response and 

Fig. 11. Anti-MRSA activity of AgNPr-Vanc-LASE in db/db mice. a) Representative digital images of skin incisions treated with SECUROSORB™ PLUS sutures, 
nylon, nylon-Vanc, AgNPr-LASE, and AgNPr-Vanc-LASE. b) MRSA load quantitation per harvested skin tissue in different groups (n = 4 per group) of db/db mice. 
Data include the mean and SD. The hatched line indicates the average day 0 (D0) MRSA load. *, p < 0.05; **p < 0.01; ****p < 0.0001; one-way ANOVA. 
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sealing. Conversely, use of silver nanoprism-embedded LASE (AgNPr- 
LASE) resulted in lower inflammation, higher biomechanical recoveries, 
increased angiogenesis, and lower myofibroblast activation when 
compared to nylon sutures; higher myofibroblast activation likely 
indicated propensity for higher scarring in case of sutures when 
compared to AgNPr-LASE. However, nylon sutures performed better 
than LASEs in restoring epidermal structure and function, likely because 
of presence of the LASE biomaterial between the epidermal edges at the 
wound site. In addition, AgNPr-LASEs also demonstrated multi
functionality as depots for local antibiotic (vancomycin) delivery as an 
approach for prophylactic control of MRSA infections in diabetic and 
obese mice. In addition to effectively combating MRSA infections in a 
challenge model, AgNPr-Vanc-LASE also resulted in minimal 

inflammation at the wound site, likely as a result of vancomycin- 
mediated bacterial control. Thus, the LASE approach represents a bal
ance between kinetics of closure and quality of tissue repair in diabetic, 
obese mice. Lasers are used widely in dermatologic applications, and it 
may be possible for the LASE technology to be eventually adopted. 
Although hand-held NIR lasers are an additional requirement for this 
technology, they likely do not represent a huge infrastructure invest
ment. The potential for thermal damage with the LASE approach will 
need appropriate training for their safe application for successful 
translation. Taken together, AgNPr-LASE sealing is a promising 
approach that facilitates skin closure while resulting in improved quality 
of repair compared to sutures and can be used as multifunctional 
bioactive devices in individuals with underlying pathologies that elevate 

Fig. 12. Hematoxylin and eosin staining of MRSA-challenged incisions with different treatments in db/db mice. a) Representative histological images of 
wounds. Red circles indicate regions of high cell infiltration and edema. Blue squares indicate dermal collagen denaturation in LASE-treated wounds. Scale bar = 500 
μm. b) Quantification of epidermal gap in all treatments (n = 4 for all groups except n = 3 for SECUROSORB™ PLUS. c) Visual Analog Scale (VAS) scores of the 
histological sections (average of two blinded expert evaluators). *, p < 0.05; **p < 0.01; ***p < 0.001; one-way ANOVA followed by Fisher’s LSD. (For interpretation 
of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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risks of adverse wound healing outcomes, including infection and 
scarring. 
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