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Abstract

Exosomes, a class of extracellular vesicles of endocytic origin, play a critical role in 

paracrine signaling for successful cell-cell crosstalk in vivo. However, limitations in our current 

understanding of these circulating nanoparticles hinder efficient isolation, characterization, and 
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downstream functional analysis of cell-specific exosomes. In this work, we sought to develop a 

method to isolate and characterize keratinocyte-originated exosomes (hExoκ) from human chronic 

wound fluid. Furthermore, we studied the significance of hExoκ in diabetic wounds. LC-MS-MS 

detection of KRT14 in hExoκ and subsequent validation by Vesiclepedia and Exocarta databases 

identified surface KRT14 as a reliable marker of hExoκ. dSTORM nanoimaging identified KRT14+ 

extracellular vesicles (EVκ) in human chronic wound fluid, 23% of which were of exosomal 

origin. An immunomagnetic two-step separation method using KRT14 and tetraspanin antibodies 

successfully isolated hExoκ from the heterogeneous pool of EV in chronic wound fluid of 15 non-

diabetic and 22 diabetic patients. Isolated hExoκ (Ø75–150nm) were characterized per EV-track 

guidelines. dSTORM images, analyzed using online CODI followed by independent validation 

using Nanometrix, revealed hExoκ Ø as 80–145nm. The abundance of hExoκ was low in diabetic 

wound fluids and negatively correlated with patient HbA1c levels. The hExoκ isolated from 

diabetic wound fluid showed a low abundance of small bp RNA (<200 bp). Raman spectroscopy 

underscored differences in surface lipids between non-diabetic and diabetic hExoκ Uptake of 

hExoκ by monocyte-derived macrophages (MDM) was low for diabetics versus non-diabetics. 

Unlike hExoκ from non-diabetics, the addition of diabetic hExoκ to MDM polarized with LPS 

and INFγ resulted in sustained expression of iNOS and pro-inflammatory chemokines known to 

recruit macrophage (mϕ) This work provides maiden insight into the structure, composition, and 

function of hExoκ from chronic wound fluid thus providing a foundation for the study of exosomal 

malfunction under conditions of diabetic complications such as wound chronicity.

Graphical Abstract
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Biological body fluids are enriched in nanosized membrane-bound extracellular vesicles 

(EVs; Ø 50–1000 nm) which play a critical role in cell-to-cell communication via a 

paracrine mechanism.[1] EVs are abundant in most body fluids such as blood, urine, saliva, 

and milk.[2–4] EVs are known to be heterogeneous, differing in physical characteristics 

(size, density, composition), cellular origin, molecular compositions, and/or function.[5] 

Traditionally, it is common to classify EVs as exosomes and membrane-originated particles 

such as ectosomes, microparticles, and apoptotic bodies.[6] Unlike other EVs of membrane 

origin, exosomes (Ø 50–150 nm) are of endocytic origin that selectively package a 

distinctive repertoire of cargo such as mRNA/miRNAs, protein, and anti-microbial peptides 

(AMPs).[7–9] Presence of such a well-coordinated sorting mechanism led to the notion 

that the paracrine effects of exosomes are an active process and is distinct from other 

shedding membrane vesicles.[10, 11] The role of exosomes as a mediator of intercellular 

communication within the tissue milieu is of outstanding interest.[12–14]

The molecular composition of exosomes reflects the (patho)physiological state of the cell 

of origin.[15] Thus, exosomes are known to serve as powerful markers providing diagnostic 

and prognostic cues.[16] As sophisticated work on well-characterized exosomes has started 

to emerge,[7] it is important to acknowledge that much of the earlier literature on exosomes 

and data interpretation is clouded and sometimes misleading.[17] Specifically, the study of 

cell-specific exosomes is scanty, making interpretation of data derived from a heterogeneous 

pool of EV[18], challenging.[17, 19, 20] Adding to the challenge are other factors such as 

incomplete reporting of standards and methodological details.[17, 21] The human wound 

fluid serves as an excellent reservoir of EVs that are causatively linked to healing outcomes.

[22] Our previous work has demonstrated that EVs isolated from wound fluid of healing 

chronic wound patients are more effective in transdifferentiation of macrophages (mϕ) to 

a pro-healing phenotype when compared to that from non-healing diabetic patients.[22] It 

is widely accepted that keratinocytes in cutaneous wound healing and inflammation.[23] 

Emerging evidence positions exosomes as a major functional component of the wound 

microenvironment.[24–29] The resolution of wound inflammation relies on successful 

crosstalk between wound-site keratinocytes and mϕ via exosomal gene transfer.[30] Based 

on our previous studies, here we test the hypothesis that under diabetic conditions, the cross-

talk between the resident keratinocyte and blood-borne wound mϕ is compromised resulting 

in persistent inflammation at the wound site. However, unlike in murine studies, where 

isolation of cell-specific exosomes is feasible using a genetic approach,[30] isolation of 

high-purity keratinocyte-originated exosomes from the human wound is more challenging. 

Furthermore, concerns with inappropriate separation techniques of different nanovesicles of 

similar size limit the ability to delineate specific mechanisms in human subjects.[21, 31, 32] 

In this work, we report a technique to isolate exosomes of keratinocyte origin from human 

chronic wound fluids that may provide critical insight into diabetic wound chronicity.

RESULTS AND DISCUSSION

Identification of keratinocyte-derived exosomes in human wound fluid.

Negative Pressure Wound Therapy (NPWT) is widely known to promote wound closure by a 

number of mechanisms including improvements of the wound microenvironment as a result 
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of removal of wound fluid and influx of fresh bodily fluids into the affected site.[33–37] 

The discarded NPWT sponge dressing is thus rich in EVs released from wound-edge cells. 

This work reports the first approach to quantitatively identify the presence of keratinocyte-

originated exosomes (hExoκ) in chronic human wound fluid. Clinical wound fluid EVs were 

isolated using differential ultracentrifugation, a process that is regarded as the “golden 

standard” (Fig. 1A).[38–40] The morphology and concentration of the exosomes were 

analyzed by scanning electron microscopy (SEM), transmission electron microscopy (TEM), 

and nanoparticle tracking analysis (NTA) (NanoSight™) (Fig. 1B-C). Using sequential four 

discontinuous one-step density gradient ultracentrifugation, four density (ρ) ranges of EVs 

(1.06–1.13 g/mL, 1.13–1.15 g/mL, 1.15–1.19 g/mL and 1.19–1.23 g/mL) were isolated from 

chronic human wound fluid (Fig. 1D). Raman spectra of the EVs derived from all four 

ρ ranges showed distinct differences in the intensity of peaks that were characteristic for 

proteins and lipids within the ranges determined by the Variable Importance on Projection 

(VIP) values (Fig. 1E). The average ρ of exosomes (Ø 50–150nm) is known to be in 

– the range of 1.15 – 1.19 g/mL.[41–43] Thus, fractions 2 and 3 (F2 and F3) were 

expected to be exosomal fractions. However, the spectral resemblance of F1 and F2 led 

us to the notion that F2 is likely to be of non-endosomal origin including particle size 

comparable to that of exosomes. Proteomic analysis of the four ρ ranges of EVs revealed 

a total of 979 proteins across all samples. Six hundred and thirty-three of these proteins 

were of exosomal origin as determined by DAVID bioinformatics resources (Fig. 1F).[44] 

All four ρ ranges of EVs showed abundance of keratin proteins (Fig. 1G). The path to 

this successful identification of exosomal proteins of keratinocyte origin taught us that 

the use of anti-pan-keratin conjugated to superparamagnetic Dynabeads™ is inadequate 

as non-keratinocyte cells did express some keratin proteins (Fig. S1A-C).[45–48] High 

keratin 14 (KRT14) abundance is specific to keratinocytes (Fig. S2).[49–51] Thus, a 

combination of the use of anti-K14 conjugated Dynabeads™ and tetraspanins exosome 

markers CD9, CD63, and CD81 conjugated Dynabeads™ is necessary. Direct Stochastic 

Optical Reconstruction Microscopy (dSTORM) of EVs (Fig. 1H, Fig. S3) using anti-keratin 

5-Alexa 647 (KRT5647) and KRT14-Atto 488(KRT14488) together with cyan conjugated 

tetraspanins exosome markers CD9, CD63 and CD81 (Exocy3) validated the presence of 

KRT14 and its counterpart intermediate filament KRT5 in human chronic wound fluid (Fig. 

1H). Image analyses using the Collaborative Discovery (CODI, ONI, UK) online platform 

demonstrated a lower abundance of EVκ compared to the total exosome pool (Fig. 1I). Based 

on the presence of KRT14 and KRT5 on exosomes, nearly one-fourth (23.15±13.29%) of the 

total exosomes in human chronic wound fluid were of keratinocyte origin (Fig. 1I). In the 

interest of additional rigor, it is important to note that in a subset of keratinocytes, KRT14 is 

co-expressed with KRT5 (type II, 58kDa), which forms a parallel coiled-coil heterodimer to 

support the dynamic cytoskeleton.[50, 52–54] dSTORM imaging thus identifies a KRT14+/

KRT5+ hExoκ subset alongside an all KRT14+ marker (Fig. 1H).

Validation of the KRT14 immunomagnetic separation method to specifically isolate 
exosomes of keratinocyte origin.

Abundant KRT14 (type I, 50kDa) is a unique characteristic of the keratinocytes (Fig. S2).

[49–51] Thus, KRT14 immunomagnetic separation (IMS) is useful to isolate EVκ. Next, 

using Dynabeads™ conjugated with three tetraspanins exosome markers (CD9/CD63/CD81)
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[55] as reported in EVPedia[56] and Exocarta,[57] hExoκ can be specifically isolated from 

chronic human wound fluid. To test the specificity of such isolation, human primary 

keratinocytes, dermal fibroblasts, dermal microvesicular endothelial cells, and monocyte-

derived macrophages (MDM) were independently cultured in media supplemented with 

10% exosome depleted serum. The corresponding conditioned media were collected. A 

three-step method was performed to isolate hExok for rigor. First, EVs were isolated from 

the cell cultured-conditioned media using differential ultracentrifugation (Fig. 2A). Second, 

the heterogenous EVs were incubated with superparamagnetic Dynabeads™ conjugated with 

antibodies against KRT14 (Fig. 2A). Successful conjugation of anti-KRT14 antibody on 

the superparamagnetic Dynabeads™ was tested using flow cytometry and FITC conjugated 

anti-KRT14 antibody demonstrating a clear shift in green fluorescence (Fig. S4A-F). From 

the heterogenous EV pool, only those exosomes expressing KRT14 were trapped allowing 

the non-keratinocyte EVs in the flow-through to pass (Fig. 2A). Finally, EVκ was incubated 

with superparamagnetic Dynabeads™ conjugated with antibodies for CD9, CD63, and CD81 

to specifically isolate hExoκ (Fig. 2A). The concentration of KRT14+ exosomes was analyzed 

by NTA (NanoSight™). The abundance of KRT14+ exosomes was significantly higher in 

primary human keratinocytes compared to the background signal (comparable to particles 

isolated from media with 10% exosome depleted serum resuspended in with PBS, Fig. 2B, 

C, Fig. S4G) and from dermal microvascular endothelial cells, dermal fibroblast, and mϕ 
in the cultured conditioned media. To eliminate the possibility of non-specific binding of 

exosomes to the superparamagnetic Dynabeads™, exosomes were labeled with Vybrant™ 

DiO. Incubation of the DiO-labeled exosome with superparamagnetic Dynabeads™ did not 

result in any shift in green fluorescence thus ruling out any non-specific binding to the 

superparamagnetic Dynabeads™ via say adsorption (Fig. S4A, B, D, F). These findings 

established the specificity of the reported three-step KRT14 IMS method for isolating hExoκ.

Isolation and characterization of keratinocyte-derived exosomes in human wound fluid.

The isolation strategy described above was applied to isolate hExoκ from albumin-free 

human chronic wound fluid (Fig. 3A). The ρ of hExoκ was determined to be in the 

range of 1.15 −1.2g/ml. The size, concentration, and morphology of hExoκ were analyzed 

using SEM, immunogold transmission electron microscopy (IG-TEM) of TSG101, and 

NTA (NanoSight™) (Fig. 3B, C). Additionally, the binding ability of exosome-specific 

PE-tagged TSG101 antibody to the isolated hExoκ was examined by fluorescence correlation 

spectroscopy (Fig. 3D). A shifted autocorrelation curve confirmed the successful binding of 

TSG101-PE to the isolated hExoκ (Fig. 3D). Super-resolution dSTORM image analysis using 

built-in CODI demonstrated that one-fifth of the isolated hExoκ were KRT5+ (Fig. 3E-F, 

Fig. S5A). Analysis of the dSTORM images was also performed on a separate platform 

using the Nanometrix software’s batch EV identification and characterization pipeline (Fig. 

3G, Fig. S5B). Automated repeated measurements across datasets demonstrated that 69.01% 

of the hExoκ were KRT5- (Fig. 3G, Table 1). Colocalization analyses demonstrated that 

23.76% hExoκ were KRT5+ (Fig. 3G, Table 1). Of these, 62% of the KRT5+ exosomes were 

colocalized (with overlap) while 38% were polarized (no overlap) (Fig. 3H, Table 1). An 

estimated 1.49% of the hExoκ were detected as mislabeled and did not fit the criteria of 

circularity (Fig. 3G, Table 1). The three-step IMS method, as reported here, yielded 4.73% 
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of the hExoκ fraction that was negative for the three tetraspanins CD9, CD63, and CD81 (Fig. 

3G, Table 1). This objectively addresses the limitation of our approach and may be viewed 

as impurities.

This work categorically tested all criteria set forward by EV-track for transparent reporting.

[21] The isolated hExoκ was characterized by an abundance of exosome markers reported 

in Exocarta such as FLOT1, ALIX, CD81, ICAM1, TSG101, and ANXA5 (Fig. 3I). The 

absence of GM130 validated the acceptable purity of isolation per EV-track guidelines.

[17, 21] Additional quantitative flow cytometry analysis of anti-KRT14 conjugated 

superparamagnetic Dynabeads™ bound hExoκ following incubation with FITC conjugated 

HSP90 (HSP90-FITC; marker) and phycoerythrin (PE) conjugated prohibitin (Prohibitin 

-PE, contaminants) antibodies rigorously validated the purity of hExoκ (Fig. 3J). These 

observations validated that within the limits of acceptable purity, the three-step isolation 

process was successful in separating hExoκ from the heterogenous EV pool in human chronic 

wound fluid. Raman spectroscopic analyses demonstrated a spectral difference across the 

averaged Raman spectra of EVκ and hExoκ after normalization and baseline correction (Fig. 

3K). These data were acquired in the range of 700−2000 cm−1 (fingerprint region). Unlike 

EVκ, hExoκ displayed characteristic Raman bands of nucleic acids (725–836, 1200–1260, 

1455–1460 cm−1). The peaks associated with phospholipids (780–830 cm−1), proteins (925–

945 cm−1), phenylalanine (1005 cm−1), and lipids and proteins (1090 and 1100 cm−1) 

were present in both hExoκ and EVκ.[58–60] To reduce the initial complexity of data set, 

the original components were transformed into principal components (PC). A multivariate 

principal component analysis (PCA) technique was carried out using OriginPro PCA 

spectroscopy app for Raman spectra investigation. Here, the principal component depends 

on the percentage of variance, and in the case of EVs and exosomes, the first component 

(PC1) showed the highest percentage i.e., 99.5% of total spectral variance compared to 

PC2 (0.4%) (Fig. 3L). The separation of EVs and exosomes is shown by a 2D score plot 

constructed from PC1 and PC2. Principal component 3 was not used to construct the score 

plot as it had no significant effect on the separation of EVκ and hExoκ (Fig. S5D).

Low abundance of keratinocyte-derived exosomes in diabetic wound fluid.

The isolation of hExoκ from albumin-free human chronic wound fluid in non-diabetic and 

diabetic patients (Table 2) revealed a significantly higher number of hExoκ in non-diabetic 

patients compared to those from patients with diabetic wound (Fig. 4A). Interestingly, the 

abundance of hExoκ was negatively correlated with the HbA1c level (Fig. 4B). TSG101, 

a core component of the ESCRT-I complexes, plays a critical role in the release of 

exosomes.[61–63] Wound-edge biopsies isolated from chronic non-diabetic and diabetic 

patients showed evidence of TSG101 depletion in the epidermis (Fig. 4C, Fig. S6A-B). Our 

previous work in the murine model reported that the silencing of heterogeneous nuclear 

ribonucleoproteinA2B1 (hnRNPA2B1), the key protein responsible for recognizing the 

EXOmotif sequence in nucleic acid packaging and loading them in multivesicular bodies,[7] 

causes persistent inflammation primarily characterized by non-resolving wound mϕ.[30] 

In this work, hnRNPA2B1 was observed to be more localized in the nucleus in diabetic 

wound-edge keratinocytes (Fig. 4C). Because the packaging of miRNAs is known to occur 
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within cytosolic MVBs, nuclear localization of hnRNPA2B1 is expected to compromise 

the loading of small RNA in exosomes. Indeed, high-resolution automated electrophoretic 

analyses demonstrated significantly lower abundance of small RNA (50 – 200 bp) in hExoκ

isolated from patients with diabetic ulcers (Fig. 4D-E). The average Raman spectra of 

hExoκ in non-diabetic and diabetic wound fluid showed a striking contrast in the intensity 

of characteristic bands of lipids and proteins (Fig. 4F-G). The hExoκ from diabetic wound 

fluid were deficient in distinct peaks for lipids and proteins (1200–1300, 1450, 1465, 1606, 

1615, 1600–1700 cm−1) as determined by the VIP values (Fig. 4F-G, Table 3). There were 

789 proteins identified in hExoκ and their intensity was plotted based on the log base 2 of 

protein intensity for diabetic over non-diabetic (Fig. 4H). A total of 77 unique proteins were 

identified in diabetic hExoκ leaving 712 proteins in common between both the groups (Fig. 

4H). Out of these, 344 proteins were enriched in diabetic hExoκ and 136 are enriched in 

non-diabetic hExoκ (Fig. 4H). These data were tested more rigorously in the volcano plot 

where only proteins with a p value < 0.05 are above the threshold line (Fig. 4I). Considering 

proteins that were significantly different between the non-diabetic and diabetic hExoκ, 76 

proteins were found to be significantly different leaving the remaining 713 proteins that 

were not comparable (Fig. 4J). Out of these 76 proteins, 62 and 8 were identified in diabetic 

and nondiabetic hExoκ respectively (Fig. 4J, Table 4).

Diaexosomes compromised the resolution of wound inflammation.

Here, hExoκ isolated from diabetic chronic wound fluid with compromised cargo and 

specific lipid-protein fingerprints are designated as diaexosomes. To test the significance 

of diaexosomes in the resolution of wound inflammation, blood-derived monocytes were 

isolated and differentiated in mϕ (Fig. 5A). The effect of hExoκ and diaexosomes were tested 

by mϕ uptake assay, expression of inflammatory markers, and cytokine profiling (Fig. 5B). 

Because mycoplasma contamination in mϕ culture is likely to have a significant bearing 

on cellular responses,[64, 65] the presence of mycoplasma contamination in differentiated 

mϕ was ruled out using semi-quantitative PCR (Fig. S7A-B). Incubation of non-diabetic 

mϕ with non-diabetic hExoκ caused overt phenotypic changes of mϕ (Fig. S7C). Such mϕ 
were not responsive to diaexosomes (Fig. S7C). Such response was functionally significant. 

Unlike that for non-diabetic hExoκ, the uptake of diaexosomes by healthy non-diabetic 

mϕ was severely compromised (Fig. 5C, Fig. S8A-B). The surface charge of exosomes 

is known to influence cellular uptake.[66, 67] The Zeta potential (ζ) of hExoκ were thus 

quantified. The ζ of diaexosomes was significantly higher than that of hExoκ from non-

diabetic wound patients (Fig. 5D). When exposed to hExoκ from non-diabetic patients, mϕ 
exhibited induction of pro-resolution markers such as arginase (Fig. 5E-G, Fig. S9A-B). In 

contrast, addition of diaexosomes to mϕ maintained a persistent pro-inflammatory state as 

is known to be common in patients with diabetic ulcers (Fig. 5E-G, Fig. S9A-B). Human 

cytokine profiling in response to exposure of mϕ to diaexosomes further characterized the 

persistent pro-inflammatory state as evident by induction of angiogenin, CXCL5, IL-18, 

CXCL11, VEGF, and TIM3 (Fig. S9C-D). Quantitative ELISA showed significant elevated 

levels of CXCL5, IL-18, VEGF and TIM3 (Fig. 5H-K). Interleukin-18, also known as 

interferon-gamma inducing factor, is a pro-inflammatory cytokine critical for the release of 

chemokines recruiting inflammatory cells.[68] Similar to IL-18, CXCL11 is also induced 
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by interferon-gamma and is critical for directing the temporal and spatial migration of 

activated T cells and natural killer cells.[69] CXCL5 is critical for recruiting neutrophils 

during inflammation.[70] Furthermore, in vitro mϕ invasion assay (Fig. 5L) demonstrated 

that the diaexosomes exposed conditioned media recruited significantly higher number 

of mϕ compared to non-diabetic hExoκ exposed conditioned media (Fig. 5M). TIM3 is 

expressed on monocytes/macrophages and is involved in the regulation of inflammatory 

responses. TIM3 can synergize with lipopolysaccharide resulting in the production of 

the pro-inflammatory cytokine tumor necrosis factor (TNF) and it directly induces the 

expression of pro-inflammatory nuclear factor-κB (NF-κB).[71,72] These data demonstrated 

that the condition of diabetes brings for changes in wound-fluid exosomes in a way 

that opposes the resolution of inflammation and supports persistent inflammation. Taken 

together, this work provides critical insight that positions hExoκ as a major target for 

the rescue from the diabetic complication of persistent inflammation which is not only 

implicated in wound chronicity but also in other diabetic inflammatory disorders.[73–75]

CONCLUSION

In the complex landscape of in vivo systems biology wherein interaction between the 

components determines outcomes at the tissue, organ, and organismal levels, exosomes are 

emerging as nanocarriers of molecular signals that enable intercellular crosstalk – both 

paracrine and within the microenvironment.[76, 77] Such signals, often represented by 

functional proteins, metabolites and nucleic acids, are packed as cargo by well defined 

molecular processes.[43, 78] These cargobearing nanocarriers are decorated at the surface 

such that they are likely to be taken up by specific recipient cells with higher affinity. 

For example, mannose-decorated exosomes are preferentially taken up by macrophages 

and modify inflammation outcomes.[30] Taken together, these observations support the 

emergence of a paradigm wherein exosomes originating from specific cell types are loaded 

with specific cargo for delivery to specific recipient cells to achieve changes in functional 

outcomes. The current patient-based work reports on exosomal malfunction due to diabetes 

at all four levels i.e. cargo packing, exosomal release, exosomal uptake by recipient cell, 

and functional inflammation outcomes. This work provides key insight into the mechanistic 

underpinnings of impaired resolution of inflammation, known to cause wound chronicity 

in diabetic patients. These findings are enabled by the development of an unprecedented 

approach, supported by an array of methodological tools. Exosomes originating from human 

keratinocytes, and present in clinical wound fluid, have been isolated and characterized. The 

power of super-resolution dSTORM nanoscale imaging has been harnessed to characterize 

exosomal surfaces thus identifying exosomal subsets and their functional significance. 

This approach identified mislabeled exosomes thus adding to investigational rigor in an 

unprecedented manner. Raman spectroscopic-based lipid fingerprinting recognized clear 

differences between exosomes originating from diabetic versus non-diabetic chronic wound 

patients. The rigorous nanoscopic characterization of cell-specific single exosome in clinical 

samples presented in this work provides critical insight into a major diabetic complication 

as presented clinically and paves the path to other such clinical studies that address other 

disease processes.
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METHODS

Human samples.

Human wound fluid samples were obtained from the dressing (sponges) of chronic wound 

patients undergoing Negative Pressure Wound Therapy (NPWT) at Indiana University CWC 

(Comprehensive Wound Center). The wound dressing was lavaged with 10 ml of saline 

solution supplemented with 0.1% gentamycin. The collected wound fluid was centrifuged 

at 500g for 5 min to remove debris and dead cells and passed through a 0.22 μm filter 

before storing them in aliquots at −80°C. Human wound biopsy samples were obtained 

from chronic wound patients from The Ohio State University (OSU) Comprehensive Wound 

Center (CWC). All human studies were approved by The Ohio State University and Indiana 

University Institutional Review Board. Declaration of Helsinki protocols was followed, and 

patients gave their written informed consent.

Cells and cell culture.

Primary human dermal microvascular endothelial cells (Cat PCS-110–010, Lot #80326190), 

primary human adult epidermal keratinocytes (Cat PCS-200–011, Lot # 70024770), and 

primary human adult dermal fibroblasts (Cat PCS-201–012, Lot #70017605) were procured 

from ATCC and cultured as per manufactures’ s instruction.

Human peripheral blood monocytes were isolated from fresh blood leucocyte source 

packs (American Red Cross, Columbus, OH) using Ficoll-Paque PLUS media (Cytiva 

[formerly GE Healthcare] Marlborough, MA) using density gradient centrifugation as 

described previously.[79, 80] Positive selection for monocytes was accomplished using 

CD14 antibody conjugated to magnetic microbeads (Miltenyi Biotec, Auburn, CA). The 

purity and recovery of these preparations of monocytes were greater than 90% as determined 

by FACS analysis using the CD14 antibody. Cell viability was tested using Trypan blue 

exclusion method and was found to be greater than 98%. Differentiation of these cells 

to macrophages (monocyte-derived macrophages or MDMs) was performed by culturing 

them with macrophage colony-stimulating factor (MCSF) for 6 days.[81] Macrophages 

were polarized to M1 phenotype using LPS (1 μg/ml) and IFNγ (20 ng/ml).[22] The cells 

were maintained in a standard culture incubator with humidified air containing 5% CO2. 

All experiments involving isolation or uptake of exosomes were performed with exosome 

depleted FBS (Gibco, Catalog # A2720803).

Detection of Mycoplasma contamination in Macrophages.

Mycoplasma contamination of MDM was detected using Universal Mycoplasma Detection 

Kit (ATCC, Catalog Number 30–1012K) as per the manufacturer’s instructions. Briefly, 

MDM isolated from human blood were scraped using 500ul PBS and transferred to a new 

sample lysis tube. The lysis tube was centrifuged at 13000 rpm for 3 min at 4°C. The 

supernatant was discarded, and the cell pellet was resuspended in 50μL of lysis buffer 

by vortexing. The resuspended cells were incubated at 37°C for 15 min to lyse the cells. 

Following incubation, the samples were heated at 95°C for 10 min to inactivate the protease. 

The cell lysate was collected by centrifuging at 13000 rpm for 5 min at 4°C. Polymerase 

chain reaction (PCR) was performed using the cell lysate as a template. For PCR reaction, 
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the cell lysate was mixed with the reaction mixtures prepared in PCR tubes as per kit 

instructions. The PCR product was loaded on 3% agarose gel and electrophoresed until the 

tracking dye migrated 80% the length of the gel. The gel was stained with ethidium bromide 

and viewed over UV illumination in a gel imager (Azure, c600).

Conjugation of KRT14 antibody with superparamagnetic Dynabeads™.

Superparamagnetic Dynabeads™ were coupled with KRT14 antibody (# 905301, 

BioLegend, San Diego, CA) by using Dynabeads Antibody coupling kit (14311D, 

Invitrogen) according to the manufacturer’s protocol. Briefly, 5mg of superparamagnetic 

Dynabeads™ were washed with the wash buffer and incubated overnight with 20 μl antibody 

on a roller at 37°C. The next day, superparamagnetic Dynabeads™ were collected by using a 

magnet, and the supernatant was discarded. The excess antibody was removed using washed 

buffers. The beads were incubated for 15 min with SB buffer at room temperature. Beads 

were resuspended in 500μl SB buffer and stored at 4°C.

Isolation of extracellular vesicles and exosome.

Extracellular vesicles and exosomes were isolated from cell culture conditioned media 

supernatant using differential ultracentrifugation (Beckman Coulter Optima Max-XP 

Ultracentrifuge, rotor TLA120.2) following protocol as described previously in EV track 

(EV-TRACK ID: EV190103).[30] Extracellular vesicles were collected from the human 

wound fluid following the same protocol as described previously with modifications.[30] 

Albumin was removed from human wound fluid by centrifuging at 14000rpm for 15 min at 

4°C using 100KDa centrifugal filters (Amicon Ultra centrifugal filters).

For isolation of keratinocyte-originated exosomes, the pellet post-ultracentrifugation was 

resuspended in PBS and incubated overnight at 4°C with magnetic Dynabeads conjugated 

with keratin 14 (KRT14) antibody. The keratinocyte-specific EVs (EVκ) attached to the 

beads were magnetically separated from flow-through using magnetic MS column (MS 

columns from Miltenyi Biotec MACS, 130–042-201) after incubating with elution buffer 

(ExoFlow Exosome Elution Buffer, System Biosciences, EXOFLOWBUFR-2) for 2h at 

RT. Isolated EVκ were incubated overnight with superparamagnetic CD9, CD63 and CD81 

Dynabeads™ (Invitrogen, Cat # 10614D, 10606D, 10616D). The hExok attached to the 

beads were magnetically separated and re-pelleted for further analysis following differential 

ultracentrifugation at 245,000g for 1.5h. This method was submitted to EV track (EV-

TRACK ID: EV220090) and received a preliminary score of 100%.

For flow cytometry, the exosomes were not removed from the beads. For NTA or 

TEM imaging, exosomes were eluted from the beads using elution buffer as per the 

manufacturer’s protocol. The hExoκ in wound fluid was normalized against albumin 

concentration quantified using Human Albumin ELISA Kit (abcam, ab227933) as per 

manufacture’s protocol.

The density of isolated extracellular vesicles.

The wound fluid filtered through a 0.22 μm filter was defatted by centrifugation at 300 

× g for 10 min at 4 °C. The supernatant was isolated and centrifuged at 2,000 × g for 
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10 min. at 4 °C to remove cells and other debris. The macromolecular proteins were 

isolated by centrifugation at 10,000 × g at 4 °C for 30 min. The resulting supernatant, a 

mixture of proteins, lipids, and other species, including EVs, is loaded above a series of 

sucrose cushions to isolate EV density ranges. The supernatant was diluted to 10 mL and 

the resulting supernatant is transferred to an open-top thin wall ultra-clear tube (Beckman 

Coulter 13.2 mL) and floated over 1 mL of a 1.19 g/mL sucrose solution with 10 mM 

tris in water. The density of sucrose solutions was calculated from readings with a brix 

refractometer. The ultracentrifuge tube was spun down at 210,000 g for 70 min at 4 C in 

an Optima XPN, Ultracentrifuge to pellet EVs greater than 1.19 g/mL. The top 1 mL was 

removed, and the remaining supernatant was combined with the cushion. The combined 

supernatant was transferred to a new ultracentrifuge tube and floated over 1 mL of a 

1.15 g·mL−1 sucrose solution with 10 mM tris in water. The ultracentrifuge process was 

repeated to collect the lower density fraction of 1.15–1.19 g/mL. Again, the top 1 mL of 

the supernatant is discarded, and the rest is floated above a 1.13 g/mL sucrose solution 

with 10 mM tris in water to collect the 1.13–1.15 g/mL density fraction under the same 

ultracentrifuge conditions. The lowest density fraction, less than 1.13 g/mL, was collected 

by transferring the resultant supernatant to a new ultracentrifuge tube and was spun down at 

210,000 g for 70 min at 4 °C with no cushion. All resulting pellets were resuspended with 

200 μL of 100 mM ammonium acetate and used for analysis.

The density of isolated keratinocyte-originated exosomes.

The isolated hExoκ pellet was redispersed in 150 μL of PBS and were loaded on top 

of a discontinuous sucrose step-gradient ranging from 0.5–2.5M sucrose (S5–500, Sigma 

Aldrich). The gradient was ultracentrifuged at 100000 ×g for 12 h at 4 °C (Optima MAX-XP 

Ultracentrifuge, Beckman Coulter). The density of exosomes was calculated to be in the 

range of 1.15 to 1.19 g/mL.

Preparation of samples for proteomics analyses.

Samples of EVs that were expected to be enriched in exosomes were also subjected to liquid 

chromatography (LC)-MS-database search proteomics analysis to assess what proteins are 

present in the samples. For these analyses, aliquots of each sample were dried and dissolved 

in 8 M urea. Protein disulfide bonds from concentrated samples were reduced with tris 

2-carboxyethyl phosphine hydrochloride (2 mM, Sigma Aldrich, St. Louis, MO) for 1h at 56 

˚C. Reduced proteins were alkylated with iodoacetamide (4 mM, Sigma Aldrich, St. Louis, 

MO) for 45 min in the dark at room temperature. The urea concentration was then diluted 

to 1M using 100 mM ammonium bicarbonate (pH 7.5, Sigma Aldrich, St. Louis, MO) and 

trypsin (modified sequencing-grade trypsin from Promega, Madison, WI) was added at a 

1:100, w:w protein ratio. Trypsin digestion was allowed to progress overnight at 37 ˚C. After 

digestion, peptides were desalted using a C-18 preparative Sep-Pak cartridge (Waters UK, 

Elstree, Herts, UK).

LC-MS-database search proteomics characterization.

Desalted peptides were resolubilized in buffer A (0.1% formic acid in water, Fisher 

Scientific, Hampton, NH) and loaded onto a reverse-phase trap column (Acclaim PepMap 
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100, 75μm × 2 cm, nano-viper, C18, 3 μm, 100 Å, ThermoFisher, Waltham, MA) by an 

easyNanoLC 1200 (ThermoFisher, Waltham, MA) at a flow rate of 5 μL∙min−1 for 10 

μl. Peptides were resolved using an analytical reversed-phase column (Acclaim PepMap 

RSLC, 75 μm dia., 25 cm in length, using 2 μm diameter beads with an average pore size 

of 100 Å, ThermoFisher, Waltham, MA) over a 120 min. A linear gradient from 7% to 

38% buffer B (0.1 % formic acid, 80% acetonitrile, 20% H2O, Fisher Scientific, Hanover, 

NH). Peptides eluting from the analytical column were electrosprayed into a Fusion Lumos 

Tribrid (Thermo Fisher, Waltham, MA). Precursor ions were monitored with a resolving 

power of 120,000 (@ 200 m/z). Individual precursors (z = 2 to 7) were selected using 

the quadrupole offset from the monoisotopic mass by 0.5 m/z with a window of 2 m/z. 

Peptides were subjected to higher energy collision dissociation (30 ± 5 %) and fragment 

ion masses were measured with a resolving power of 15,000 (@ 200 m/z). The AGC target 

was set to 2.0 × 105 or a fill time of 200 ms. Peptide database searching was completed 

using Proteome Discoverer 2.5 (Thermo Fisher, Waltham, MA) against the UniprotKB Bos 

Taurus database (Download Date: 2017-Nov-11) with a precursor mass accuracy of 10 ppm 

and a product ion mass accuracy of 0.02 Da. Modifications include methionine oxidation, 

N-terminal pyro-glutamate, N-terminal acetylation, N-terminal methionine loss, and cysteine 

carbamidomethylation. Percolator scoring was used with a 0.01 strict and 0.05 relaxed FDR, 

based on the q-value. Label-free protein quantification was based on the top three most 

abundant peptides from the identified protein.

Raman Spectroscopy.

EVs and exosomes were characterized by Raman spectroscopy and spectra were recorded on 

a commercial Raman microscope (Horiba Xplora Plus). The instrument was calibrated using 

a Si reference sample. The EVs and exosomes measurements were recorded by placing 70 

μL of the sample (dispersed in PBS) in a cavity glass slide. To avoid contamination and 

evaporation, the cavity was covered with a coverslip (0.22 μm). The measurements were 

done with a 532 nm laser, 10x objective lens, 1800 (450–850 nm) grating, 100 μm entrance 

slit, and a pinhole of 300μm. All spectra were recorded in the range of 100–3000cm−1. The 

data was pre-processed to remove the background signals from glass and other deviations to 

minimize the insignificant variations. Baseline correction and noise of spectra were reduced 

using the Labspec6 software. The data were normalized using OriginPro software.

Nanoparticle tracking analysis.

The average size (mean particle diameter) and concentration of extracellular vesicles 

and exosomes were measured using Nanoparticle tracking analysis (Nanosight NS300) 

equipped with a SCMOS camera (Malvern, Worcestershire, UK) and 532 nm laser. Prior to 

measurement, the instrument was calibrated using 100 nm standard latex spheres (dilution 

1:1000) in Milli-Q. All measurements were taken using sample dilution 1:100–1:500 to 

achieve 32–100 particles/frame and analyzed using 7 runs of the 30s collecting 25 frames 

per second (749 frames per run). The syringe pump speed was adjusted to 60, the detection 

threshold was set at 5, and the camera level was typically set at either 14 or 15. Data were 

analyzed by NTA 3.0 software (Malvern Instruments).[30, 82, 83]

Guda et al. Page 12

Nano Today. Author manuscript; available in PMC 2024 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Electron microscopy.

Electron Microscopy (EM) measurements were performed on a 300-μm mesh of carbon-

coated copper grid that was subjected to a glow-discharge treatment prior to sample loading. 

A 2.0 μL aliquot of each EV sample was also spotted over the entire grid area. Excess 

solvent was removed by blotting with filter paper after ~30 s. The grids were stained for 30 

s with 2% uranyl acetate, dried, and imaged on a JEOL JEM 1400plus transmission electron 

microscope equipped with a 4000 × 4000-pixel Gatan CCD camera. [84, 85]

Immunoelectron labeling with anti-TSG101 (Abcam, ab125011) was performed on 

keratinocyte-originated exosomes after fixing overnight in 4% paraformaldehyde diluted 

in 0.1M cacodylate buffer (pH 7.4). Fixed exosome preparations (20 μl) were applied to a 

carbon-Formvar coated 200 mesh nickel grids, and samples were allowed to stand for 30 

min before wiping off excess liquid using Whatman filter paper. Grids were floated (sample 

side down) onto a 20 μl drop of 1M Ammonium Chloride for 30 min to quench aldehyde 

groups from the fixation step, followed by floating on drops of blocking buffer (0.4% BSA 

in PBS) for 2 h. Grids were rinsed 3 times (5 min each) using 1xPBS and were allowed 

to incubate with either blocking buffer only (negative control) or primary antibody (CD63) 

diluted with blocking buffer (1:100) for 1 h. Rinsing of the grids using deionized water (3 

times for 5 min each) and 1xPBS followed the incubation step. Grids were floated on drops 

of 1.4 nm anti-rabbit nanogold (Nanoprobes, Inc.) diluted 1:1000 in blocking buffer for 1 h. 

Enhancing of grids using HQ Silver (gold enhancement reagent, Nanoprobes, Inc.) was then 

performed for 1 min, followed by rinsing in deionized ice-cold water.

As a final step, negative staining in 2% aqueous Uranyl Acetate was performed, and samples 

were wicked dry and allowed to air dry. TEM examination was performed using JOEL JEM 

1400plus transmission electron microscope equipped with a 4000 × 4000-pixel Gatan CCD 

camera.

The morphology of exosomes and other EVs was also accessed by scanning electron 

microscopy (SEM). Briefly, the hExoκ were fixed using 10% glutaraldehyde for 10 min 

at RT and drop cast onto the stubs containing glass coverslips mounted on the carbon tape. 

Samples were dried and placed in a vacuum chamber for at least 12 h before analysis. 

Imaging was done after gold sputter coating at a beam energy of 10 kV using a field 

emission scanning electron microscope (JEOL 7800F, JEOL Japan).[86]

Fluorescence correlation spectroscopy (FCS).

Qualitative evidence binding of fluorescently labeled antibody (TSG101-PE) with the 

isolated hExoκ was measured by the change in diffusion using a two-channel fluorescence 

correlation spectroscopy system (Confocor 2, Zeiss) attached to an Axiovert200 M inverted 

microscope (Zeiss) as described previously.[30, 87] The system measures the characteristic 

diffusion time (τD) of the fluorophore as determined by fitting fluorescent decay within 

a confocal volume to an autocorrelation curve using the Eq. (1), where N is particle 

concentration and Q is a factor relating to the ellipticity of the confocal volume:
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G(t) = 1 + 1
Navg

1
1 + τ /τD

1
1 + 1/Q2 τ /τD

[88]

(1)

Autocorrelation best-fit curves identify the change in particle diffusion with curves shifted 

to the left demonstrating faster diffusion (smaller τD); exemplary best fit curves are shown, 

where the curves are fitted using a one-component fit identifying an average characteristic 

diffusion time for the fluorophores.

Super-resolution dSTORM Microscopy. `

Super-resolution fluorescent microscopy analyses of EVs and exosomes were performed 

with 100x oil immersion objective using Nanoimager S Mark II microscope from ONI 

(Oxford Nanoimaging, Oxford, UK) equipped with 405 nm/150 mW, 488 nm/1 W, 560 

nm/500mW, 640 nm/1 W lasers. Fluorescence excited by 488, 560, and 640 lasers were 

recorded using bandpass filters 498–551nm, 576 – 620, and 665–705nm respectively. 

Primary antibodies against human Keratin 5 (clone: Poly19055; Biolegend, Cat # 905501) 

and keratin 14 (clone: Poly19053; Biolegend, Cat # 905301) were conjugated with Cy®3 

and Atto-488 NHS Ester respectively using the Apex Antibody Labeling Kit (Invitrogen, 

Carlsbad, CA, USA), according to the manufacturer’s protocol. Isolated EVs from human 

wound fluid were incubated overnight at 4 °C with anti-Keratin 5-Cy3, anti-keratin 14 

-Atto 488, and Alexa Fluor conjugated anti-CD9, anti-CD63, and anti-CD 81 (Oxford 

Nanoimaging, Oxford, UK) antibodies using ONI EV Profiler Kit (EV-MAN-1.0) as 

per manufacturer’s instruction. The samples were imaged using ONI BCubed dSTORM 

Imaging Buffer. Three-channel (647, 560, and 488) dSTORM data (2000 frames per 

channel) were acquired sequentially at 30 Hertz in total reflection fluorescence (TIRF) mode 

using 35% laser power for the 640 nm and 40% laser power for the 488 nm laser. Before 

each imaging session, beads slide calibration was performed to align fluorescent channels, 

achieving a channel mapping precision smaller than 12 nm. Single-molecule localization 

data was filtered using NimOS (Version 1.18.3, ONI, Oxford, UK) based on the point spread 

function shape, photon count, and localization precision to minimize background noise 

and remove low-precision localizations. Localization data were analyzed using algorithms 

developed by ONI via the collaborative discovery (CODI) online analysis platform (https://

alto.codi.bio/, 3 October 2021) using the drift correction pipeline version 0.2.3. CODI was 

used for clustering analysis with min size and sample size of 15 defining a single EV during 

clustering. Further constraints on clusters were applied to the number of localizations per 

cluster from 16–400 localizations/cluster with a size range of a 10–200 nm radius. The 

positivity of each tetraspanin was calculated by counting the number of localizations up 

to 200nm from the center of the centroid for a cluster. Tetraspanin channel was counted 

positive if the number of localizations was more than 2.

Characterization of hExoκ.

The characterization of keratinocyte-derived exosomes was performed in batches across 

multiple datasets using the Nanometrix software version 1.1b (Nanometrix Ltd, Oxford, 
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UK). The 2-channel datasets were exported as localizations from the Nanoimager (ONI, 

Oxford, UK) and loaded into the Nanometrix software for analysis. Exosome identification, 

labelling and characterization were undertaken using the Nanometrix software’s inbuilt 

exosome batch multi-channel characterization pipeline that categorized the exosomes into 

three groups: KRT5-/Exo+, KRT5+/Exo-, and KRT5+/Exo+ exosomes, and measured their 

morphology, distribution, composition and colocalization. Additional filters were applied 

to discard exosomes smaller than 30nm, larger than 500nm, or comprising fewer than 20 

localizations. Potential exosome labeling error was determined automatically based on the 

morphology and density of exosomes that have significantly different spatial properties to 

the majority of other exosomes within the same analysis batch.

Exosome antibody array.

Characterization of keratinocyte-originated exosome was performed using commercially 

available Exo-Check Exosome Ab Array kit (System Biosciences, Palo Alto, CA, 

EXORAY210B-8) as per manufacturer’s protocol. Protein concentration in keratinocyte 

originated exosome was determined by BCA assay. 50ug of protein was used for the array 

and blots were developed and imaged under Azure biosystems.

Flow cytometry.

Exosome marker HSP90 and potential cell organelle-derived contaminant prohibitin 

were evaluated by incubating exosome conjugated beads with either FITC anti-HSP90 

(1:100, NB200–112PE, Novus Biologicals) or PE anti-prohibitin (Abcam ab2251651:200) 

antibodies for 90 min at room temperature as described previously. Alexa Fluor 488 

fluorescence and PE fluorescence were determined using the FITC channel and PE channel 

respectively.[30, 83]

High-resolution automated electrophoresis of RNA.

The RNA isolated from Exoκ was analyzed in Agilent 2100 Bioanalyzer (Agilent 

Technologies, Santa Clara, California).[30]

Zeta potential analysis.

The surface charge (ζ potential) measurement of hExoκ was determined by Zetasizer (Nano-

Z, Malvern Instruments Ltd., UK) as described previously.[30, 82–84] All samples were 

dispersed in double-distilled water and tested in volume-weighted size distribution mode.

Immunohistochemistry (IHC), Immunocytochemistry (ICC), and microscopy.

Immunohistochemistry on human tissues was performed as per the protocol described 

previously.71 Briefly, the cryosections of human tissues were blocked with 10% normal 

goat serum and incubated with the specific antibodies as indicated at 4°C overnight. 

Rabbit isotype control (Abcam, ab27478; 1:400) was used for the validation of specific 

antibodies. Signal was envisioned by following the incubation with fluorescence-tagged 

(Alexa 488-tagged α-rabbit, 1:200; Alexa 568-tagged α-rabbit, 1:200; Alexa 568-tagged 

α-rat, 1:200,) and counterstained with DAPI. Immunohistochemistry was performed on 

cryosections of human wound-edge skin sample using K14 (Covance, PRB-155P-100; 
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1:400), hnRNPA2B1(Sigma-Aldrich; HPA001666, 1:50), and TSG101 (Abcam, ab125011; 

1:200). Immunocytochemistry was performed on monocyte-derived macrophages exposed 

to either non-diabetic or diabetic Keratinocyte originated exosomes (107) using F4/80 

(Bio-Rad, MCA497R; 1:200), Arginase (Abcam; 203490, 1:100) and iNOS (Abcam; 

ab115819, 1:100). Imaging was done on Axio Scan (Z1, Zeiss, Germany) and super-

resolution airyscan laser-scanning confocal system (CARL ZEISS confocal microscope 

LSM 888). Quantification of fluorescent intensity was examined using ImageJ software 

with colocalization plugin and Zen software (Zen blue 3.1) and ImageJ software with 

colocalization plugin.[89, 90]

Exosome uptake assay.

For the cellular uptake of keratinocyte-originated exosome by monocyte-derived 

macrophages, exosome concentration was measured by NTA and stained with ExoGlow™-

Membrane EV Labeling Kit (System Biosciences, Palo Alto, CA, EXOGM600A-1). The 

Exoglow™-stained exosomes were added to the macrophages and live-cell imaging was 

performed using LSM 880 confocal microscope (Zeiss).

Cytokine profiling array.

Cytokine profiling from macrophages conditioned media was performed after exposing 

them for seven days either with hExoκ or diaxosomes using the Proteome Profiler Human 

XL Cytokine Array Kit (R&D Biosystems, Minneapolis, MN, USA, ARY022B). Briefly, 

membranes were blocked for 1 h using array buffer and incubated overnight at 4°C with 

conditioned media combined with array buffer. Membranes were washed, incubated with 

antibody cocktail for 1 h at RT, washed, and incubated with streptavidin-HRP for 30 min. 

After treatment with a chemiluminescent reagent, membranes were imaged under Azure 

biosystems.

Enzyme-linked immunosorbent assay (ELISA).

The macrophages conditioned media was collected after exposing them for seven days 

either with hExoκ or diaexosomes. The levels of IL-18 (R&D Biosystems, DY8936–05), 

CXCL5 (R&D Biosystems, DY254–05), TIM-3 (R&D Biosystems, DY2365), VEGF (R&D 

Biosystems, DY293B-05) were measured using the ELISA kits as per manufacturer’s 

instructions.

Monocytes derived macrophages chemotaxis assay.

Cytoselect cell migration assay was performed according to the manufacturer instructions 

(cell biolabs, #CBA-105). Briefly, in feeder tray, 150Ul of conditioned media from MDM 

cells treated with keratinocytes-originated exosomes were added and 40,000 MDM cells 

were seeded in 96 well plate membrane chamber in serum free RPMI media. Next day, 

migratory cells were dissociated from membrane with the help of cell detachment buffer to 

the lower chamber. Migratory cells were lysed and quantified using CyQuant fluorescent GR 

dye by noting down the fluorescence at 480 nm/520 nm.
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Statistical analysis.

GraphPad Prism (GraphPad Software) v8.0 was used for statistical analyses. No statistical 

methods were used to predetermine the sample size. The ΔΔCt value was used for statistical 

analysis of all RT-qPCR data. Statistical analysis between multiple groups was performed 

using a one-way analysis of variance with the post-hoc Bonferroni multiple comparison 

test. Statistical analysis between two groups was performed using unpaired Student’s two-

sided ttests. P < 0.05 was considered statistically significant. Significance levels and exact 

P values were indicated in all relevant figures. Data were checked for normality prior 

to analysis. Data for independent experiments were presented as means ± SEM unless 

otherwise stated.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS

3D Three Dimensional

AMPs Anti-Microbial Peptides

ANOVA Analysis of Variance

ANXA5 Annexin A5

AU Arbitrary units

BCA Bicinchoninic acid assay

CODI Collaborative Discovery

CXCL C-X-C Motif Chemokine Ligand

DAPI 4′,6-diamidino-2-phenylindole

DiD 1,1′-dioctadecyl-3,3,3′,3′- tetramethylindodicarbocyanine, 4-

chlorobenzenesulfonate salt

dSTORM Direct Stochastic Optical Reconstruction Microscopy

EpCAM Epithelial Cellular Adhesion Molecule

ESCRT-I Endosomal Sorting Complexes Required for Transport
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EVs Extracellular Vesicles

FCS Fluorescence Correlation Spectroscopy

FITC Fluorescein Isothiocyanate

HbA1C Hemoglobin A1C

hEVκ Human Extracellular Vesicles from Keratinocytes

hExoκ Human Keratinocyte-Originated Exosomes

hnRNPA2B1 Heterogeneous Nuclear RibonucleoproteinA2B1

IG-TEM Immunogold Transmission Electron Microscopy

IMS Immunomagnetic Separation

KRT Keratin

MCSF Macrophage Colony-Stimulating Factor

MDM Monocyte-Derived Macrophages

MVB Multivesicular Bodies

mϕ Macrophages

NPWT Negative Pressure Wound Therapy

NTA Nanoparticle Tracking Analysis

Ø Diameter

PCA Principal Component Analysis

PE Phycoerythrin

SEM Scanning Electron Microscopy

TEM Transmission Electron Microscopy

TIM3 T-cell Immunoglobulin Mucin-3

TSG101 Tumor Susceptibility Gene 101 Protein

VEGF Vascular Endothelial Growth Factor

VIP Variable Importance on Projection

ζ Zeta potentials

ρ Density
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Highlights

• The discarded negative pressure wound therapy sponge dressing are enriched 

in nanosized membrane-bound extracellular vesicles.

• Immunomagnetic two-step separation method using KRT14 and tetraspanins 

antibodies can successfully isolate exosomes of keratinocyte-origin in chronic 

wound fluid of non-diabetic and diabetic patients.

• Uptake of keratinocyte-originated exosomes by macrophages was low for 

diabetics versus non-diabetics leading to compromised cell-cell crosstalk 

between wound-edge keratinocytes and macrophages.

• Keratinocyte-originated exosomes in diabetic patients caused sustained 

expression of inflammatory chemokines known to recruit macrophages
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Figure 1: Identification of keratinocyte-derived exosomes in human wound fluid.
A, Schematic diagram showing enrichment of EVs in human chronic wound fluid isolated 

from the dressings of patients undergoing NPWT by using differential ultracentrifugation. 

B, Representative SEM image of EVs. Scale, 200nm. C, Representative size distribution of 

EVs. (n=10). The inset shows a representative zoomed TEM image of EVs. Scale, 100nm. 

D, Schematic diagram showing the four density (ρ) ranges of the EVs. E, Normalized 

Raman spectra of the EVs in the four different fractions (F). F, Schematic diagram 

showing the proportions of exosomal proteins to total proteins identified by LC-MS from 
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all the four fractions. G, Heat map showing the abundance of keratin proteins identified 

from four different ρ ranges of EVs. (n=4). H, Representative super-resolution dSTORM 

immunofluorescence images of EVs showing localization of tetraspanins markers (CD9, 

CD63, CD81) on exosome (cyan) and keratin markers KRT14 (green) and KRT5 (red). 

Scale, 5um. Zoomed images of EV showing the abundance of single, double, and triple 

markers. Scales, 50nm. I, Localization of tetraspanins and keratins on EVs were analyzed 

using CODI online analysis platform and plotted graphically. Each grey dot corresponds 

to one ROI, the red dots correspond to the mean of each biological replicate. At least 6 

ROI per sample. (n=6). The box plot represent abundance of Keratinocyte-originated EVs 

(EVκ)(CD9-/CD63-/CD81-) and total exosomes (CD9+/CD63+/CD81+). Each dot represents 

an individual ROI taken from all six biological replicates. The pie chart represents the 

abundance of exosomes of keratinocytes (hExoκ) and non-keratinocyte-origin. Data in I 

were shown as mean ± SEM and were analyzed by one-way ANOVA with the post-hoc 
Bonferroni’s multiple comparison test. Figures 1A and D were created with BioRender.com.
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Figure 2: Intermediate filament protein keratin 14 are specific for vesicles of keratinocyte origin.
A, Schematic diagram showing enrichment of KRT14 expressing exosomes in primary 

human adult epidermal keratinocytes, primary human dermal microvascular endothelial 

cells, primary human adult dermal fibroblasts, and monocytes derived macrophages. B-C, 
Quantitative KRT14+ exosome abundance (B) and representative NTA images showing the 

size distribution of KRT14 expressing exosomes (C) in primary human adult epidermal 

keratinocytes, primary human dermal microvascular endothelial cells, primary human adult 

dermal fibroblasts, and monocytes derived mϕ (n=6). The orange dashed line shows 

the range of particles obtained from cell culture media (CCM) containing 10% exosome-

depleted serum. Data in B were shown as mean ± SEM and were analyzed by one-way 

ANOVA with the post-hoc Bonferroni’s multiple comparison test. Figure A was created with 

BioRender.com.
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Figure 3: Isolation and characterization of keratinocyte-originated exosome from human wound 
fluid.
A, Schematic diagram showing enrichment of hExok in human wound fluid isolated from 

the sponge dressings of patients undergoing NPWT by using differential ultracentrifugation. 

This method was reported in EV-track. (EV220090). B, Representative SEM image of 

hExoκ showing cup-shaped morphology. Scale, 200nm. Inset showing a zoomed morphology 

of hExoκ. Scale, 100nm. Representative immunogold TEM showing TSG101 on hExoκ

isolated from human chronic wound fluids. Scale, 100nm. C, Representative nanoparticle 

tracking analysis showing the size distribution of hExoκ isolated from human wound fluid. 

(n=10). D, Binding of TSG-101 PE with the human keratinocyte-originated exosome was 

tested by autocorrelation curves as determined by fluorescence correlation spectroscopy 

(FCS). τD shows the increase in diffusion time. E, Representative super-resolution dSTORM 

immunofluorescence images of keratinocyte originated exosome showing the abundance 

of tetraspanins markers (CD9, CD63, CD81) on exosome (red) and keratin markers 

KRT5 (cyan). Scale, 50nm. F, Quantification of KRT5- and KRT5+ hExoκ. Each dot 

corresponds to one quantified ROI, except the blue and red dots, which correspond to the 

mean of biological replicates. At least 6 ROI per sample. (n=4). G, The colocalization 

of exosome markers and KRT5 markers was analyzed using the Nanometrix software 

showing colocalized, polarized and mislabeled (ML) exosomes. Scale,100nm H, Pie 

diagram showing analysis of dSTORM image datasets using Nanometrix. ML, mislabeled. 

I, Antibody array of keratinocyte originated exosome from human wound fluid. PC, 

labeled positive control for HRP detection; GM130, cellular contamination marker. ALIX, 

TSG101, CD9, CD63, CD81, FLOT1, exosomal marker; EpCAM, epithelial cell adhesion 

molecule; ANXA5, Annexin 5. * Positive control for HRP detection derived from human 
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serum exosomes. J, Flow cytometric analysis of hExoκ conjugated with super magnetic 

dynabeads™ functionalized with CD63, CD9, and CD81 showing binding of HSP90-FITC 

(exosome marker) and Prohibitin1-PE (contaminants associated with exosome) antibodies. 

The histogram demonstrates the shift in FITC and PE fluorescence after binding with 

HSP90. The mean percentage of beads with exosomes showing FITC and PE fluorescence 

was mentioned over the marker bar. K, Raman fingerprint of hEVκ and hExoκ isolated from 

chronic wound fluid. L, PC2 vs PC1 2D-score plots for hEVκ and hExoκ isolated from chronic 

wound fluid constructed from principal component analysis of Raman spectra. (n=3) plot. 

Figure 3A was created with BioRender.com.
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Figure 4: Human chronic wound fluid of diabetic subject has a low abundance of Keratinocyte-
derived exosomes with compromised cargo loading:
A, Quantification of hExoκ from chronic non-diabetic and diabetic human wound fluid 

normalized with albumin. B, Regression analysis of the abundance of keratinocyte-

originated exosomes with HbA1C. C, Representative fluorescence images of human non-

diabetic and diabetic wound-edge epidermis showing immunofluorescence staining of 

hnRNPA2B1(red) and TSG101 (green) with DAPI counterstaining in. Scale, 50 μm. D, 
High-resolution automated electrophoresis of RNA in hExoκ isolated from human chronic 

wound fluid of non-diabetic and diabetic subjects shows more abundance of RNA in non-

diabetic human wound fluid compared to diabetic human wound fluid. E, Comparison of 

bioanalyzer generated electropherograms of RNA in hExoκ isolated from human chronic 

wound fluid of non-diabetic and diabetic subjects. F, Representative Raman spectra of hExoκ

isolated from non-diabetic and diabetic chronic wound fluid. G, 2D-score plot constructed 

from principal component analysis of Raman spectra. H, Ranked protein plot showing 

intensity of proteins in hExoκ isolated from human chronic wound fluid of non-diabetic 

and diabetic subjects. I, Volcano plot showing proteins with a p value <0.05 are above the 

threshold line. Note that only significant proteins with a p < 0.05 have a -log10(.05) > 1.3. 

J, Ranked plot of the proteins that were significantly different between t hExoκ isolated from 

human chronic wound fluid of nondiabetic and diabetic subjects. Data in A and C were 

shown as mean ± SEM and analyzed by Student’s t-test.
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Figure 5: Diaexosomes failed to mount the inflammatory response in mf required for timely 
resolution of inflammation.
A, Schematic diagram showing the isolation of blood monocyte derived mϕ using MCSF 

and priming them to pro-inflammatory state using LPS and INFγ. B, Schematic diagram 

showing the experimental design to test the significance of hExoκ and diaexosomes in human 

chronic wound fluid on mϕ. C, Live-cell confocal images showing compromised uptake of 

hExoκ and diaexosomes by day 6 mϕ mϕMCSF . Scale, 10 μm. hExoκ and diaexosomes were 

stained with DiD before imaging.  Indicate movies in the supplement. D, Zeta potentials 

of hExoκ and diaexosomes at physiological pH (pH-7.4). Each grey dot corresponds to one 

technical replicate, and the blue and red dots correspond to the mean of each biological 

replicates. (n=4). E, Representative immunofluorescence staining of F 4–80 (red) in mϕ 
(mϕMCSF/LPS/INFγ) with either iNOS (green, pro-inflammatory mϕ marker) or Arginase 

(green pro-resolution mϕ marker) with DAPI counterstaining at day 7. Scale, 10 μm. F-G, 
Quantification of Arginase intensity (F) and the ratio of Arginase to iNOS intensity (G) in 

mϕMCSF/LPS/INFγ at day 7. H-K, Quantitative abundance of CXCL5 (H), IL-18 (I), VEGF 

(J), and TIM3 (K) in mϕ conditioned media exposed to either hExoκ or diaexosomes for 7 

days. L, Schematic diagram showing the experimental set up for mϕ recruitment assay. M, 
mϕ recruitment in response to the conditioned media exposed to either hExoκ or diaexosomes 

for 7 days. Data in D, F, G, H, I, J, K and M were shown as mean ± SEM and analyzed by 

Student’s t-test. Figure A and B were created with BioRender.com.
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Table 1:

Physical characteristics of keratinocytes originated exosomes

Characteristics Channel 1 Channel 2 Overlay Total

Exosome internal properties

Median localization/exosome 51 53 111 61

Density (loc/nm2) 0.02 0.01 0.01 0.02

Average distance from all localization 20.09 24.77 37.55 25.00

Morphology

Convex area (nm2) 2530.35 5688.21 8476.95 3690.16

Perimeter (nm) 209.46 300.42 370.31 251.96

Size (nm) 82.14 113.93 142.96 99.01

Circularity 0.52 0.58 0.53 0.52

Distribution

Median distance to closest exosomes (nm) 681.44 669.21 715.92 687.88

Colocalization

Overlapping channel 1 & channel 2 - - 62% 15%

Distance between channel 1 & channel 2 - - 47.40 -

Median channel 1 localization / exosome - - 82 -

Median channel 2 localization / exosome - - 16 -

Channel 1 photon intensity - - 1828.91 -

Channel 2 photon intensity - - 455.78

Polarized channel 1 & channel 2 - - 38% -
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Table 2:

Demographics and clinical characteristics of chronic wound patients

Characteristics Non-Diabetic (n=15) Diabetic (n=22)

Age § 41 (22–69) 57 (40–77)

Race †

White 10 18

African American 5 3

Others 1

Ethnicity †

Hispanic 0 0

Non-hispanic 15 22

Sex

Male 8 12

Female 7 10

Weight (lbs) § 212.96 (141.3 – 547.8) 237.435 (127.16 – 382.4)

Smoking

Former 1 6

Current 2 6

Never 12 10

HbA1c§ 5.3 (4.8 – 5.7) 7.3 (5.8 – 16.4)

Wound Etiology

Surgical 13 12

Non-Surgical 2 10

Wound Infection

Infected 13 20

Non-infected 2 2

Wound status

Healing 10 15

Non-healing 4 6

Unknown * 1 1

Wound fluid was collected from these patients undergoing NPWT

§
Data reported as median;

†
Race and ethnicity was reported by patients;

*
Patient didn’t show up for visit 2 for assessment of wound status
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Table 3:

Observed Raman peaks

Wavenumber (cm-1) hEVk hExok Non-diabetic exosomes Diabetic exosomes Origin

790 Yes Yes Yes No O-P-O stretching in nucleic acids

824 No Yes Yes Yes Phosphodiester

1003 Yes Yes Phenylalanine ring

1087 Yes Yes Phosphodioxy

1200–1300 No Yes Yes No Amide III

1450 No Yes Yes No Nucleic acids, proteins and lipids

1465 Yes No Lipids

1600–1700 No Yes Yes No Amide I

1615 Yes No Protein

1606 Phe, Tyr ring vibrations
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Table 4:

Proteomics output file for proteins enriched in diaexosomes (in black) and hExok (in italics)

S.No. Accession Description Enrichment* −log (P)

1. H0YA55 Albumin 1.53 1.57

2 D6RHD5 Albumin 1.55 1.44

3. H7C0L5 Inter-alpha-trypsin inhibitor heavy chain 4 1.71 1.55

4. P0C0L5 Complement C4-B 1.93 1.72

5. A0A140TA44 Complement C4-A 1.93 1.72

6. A0A0G2JL54 Complement C4-B 1.93 1.72

7. F5GXS0 Complement C4-B 1.93 1.72

8. P0C0L4 Complement C4-A 1.96 1.72

9. O75083 WD repeat-containing protein 1 1.96 1.72

10. D6RD66 WD repeat domain 1 1.96 1.72

11. A0A140TA32 Complement C4-A 1.97 1.74

12. A0A140TA29 Complement C4-B 1.97 1.74

13. P04114 Apolipoprotein B-100 1.98 2.04

14. A0A0G2JPR0 Complement C4-A 2.10 1.74

15. A0A140TA49 Complement C4-A 2.10 1.74

16. D6RF20 Vitamin D-binding protein 2.13 1.84

17. Q14624 Inter-alpha-trypsin inhibitor heavy chain H 2.17 2.32

18. B7ZKJ8 ITIH4 protein 2.17 2.32

19. A0A3B3ISA6 Complement C4B 2.18 2.00

20. P14780 Matrix metalloproteinase-9 2.26 1.81

21 G3V5M4 Actinin alpha 1 2.32 1.36

22. G3V2E8 Actinin alpha 1 2.32 1.36

23. P06312 Immunoglobulin kappa variable 4–1 2.37 1.70

24. D6RBJ7 Vitamin D-binding protein 2.57 1.98

25. P17661 Desmin 2.59 1.31

26. G3V2N5 Actinin alpha 1 2.63 1.46

27. G3V2X9 Actinin alpha 1 2.63 1.46

28. A0A087WSZ2 Actinin alpha 3 2.63 1.46

29. Q08043 Alpha-actinin-3 2.63 1.46

30. M0R0Q9 Complement C3 2.73 2.33

31. P02760 Protein AMBP 2.94 1.94

32. A0A1W2PNV4 Actin-related protein 2/3 complex subunit 1A 2.99 1.54

33. C9JEY1 Actin-related protein 2/3 complex subunit 1B 2.99 1.54

34. C9K057 Actin-related protein 2/3 complex subunit 1B 2.99 1.54

35. O15143 Actin-related protein 2/3 complex subunit 1B 2.99 1.54

36. J3KS17 Apolipoprotein H 3.11 1.55

37. P02774 Vitamin D-binding protein 3.12 3.01

38. D6RF35 Vitamin D-binding protein 3.12 3.01

39. B0YJC5 Vimentin 3.21 1.52
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S.No. Accession Description Enrichment* −log (P)

40. B0YJC4 Vimentin 3.35 1.34

41. P08670 Vimentin 3.35 1.34

42. P00734 Prothrombin 4.41 1.73

43. C9JV37 Coagulation factor II, thrombin 4.41 1.73

44. E9PIT3 Prothrombin 4.41 1.73

45. P02749 Beta-2-glycoprotein 1 5.16 3.06

46. A0A087X232 Complement C1s subcomponent 5.55 1.61

47. P09871 Complement C1s subcomponent 5.55 1.61

48. H0Y5D1 Complement C1s 5.55 1.61

49. Q05639 Elongation factor 1-alpha 2 5.55 1.59

50. A0A2U3TZH3 Elongation factor 1-alpha 5.55 1.59

51. A096LPE2 SAA2-SAA4 readthrough 6.46 2.13

52. P35542 Serum amyloid A-4 protein 6.46 2.13

53. A0A0G2JH38 C3/C5 convertase 6.85 1.59

54. P19827 Inter-alpha-trypsin inhibitor heavy chain H1 10.10 1.34

55. C9JV77 Alpha-2-HS-glycoprotein 15.19 1.58

56. P02765 Alpha-2-HS-glycoprotein 15.19 1.58

57. V9GYE3 Apolipoprotein A-II 17.51 2.74

58. V9GYM3 Apolipoprotein A-II 17.51 2.74

59. P02652 Apolipoprotein A-II 17.51 2.74

60. V9GYG9 Apolipoprotein A-II 17.51 2.74

61. V9GYS1 Apolipoprotein A-II 35.86 2.88

62. V9GYC1 Apolipoprotein A-II 35.86 2.88

63. P07357 Complement component C8 alpha chain Keratin, type I cytoskeletal 17 (Fragment) 0.14 1.98

64. K7EPJ9 Neutrophil elastase
Keratin, type II cytoskeletal 73 (Fragment)

0.18 1.35

65. P08246 Azurocidin 0.26 1.40

66. H0YIC5 Hemoglobin subunit beta Immunoglobulin lambda variable 3–10 0.29 1.77

67. P20160 0.33 1.47

68. A0A2R8Y7R2 0.47 1.56

69. A0A075B6K4 0.64 1.88

*
enrichment = diabetic / healthy
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