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Abstract

Skin and wound blotting are non-invasive techniques used to sample the skin and

wound surface chemistry, whereby a nitrocellulose membrane is applied to an intact

or broken cutaneous surface to detect biomarkers. However, there has been no com-

prehensive review of the evidence for the techniques used and data obtained to

date. The primary aim of this study was to review the utilities of surface blotting for

the diagnosis and prognosis of physiological, pre-disease, and pathological states.

The secondary aim was to summarise the procedural steps. A systematic literature

search was conducted on 9 July 2021 using Medline, Embase, and Google Scholar

databases. Investigators used McMaster's Critical Review Form for Quantitative

Studies to assess quality, then performed a narrative synthesis reporting according to

Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA)

guidelines. Twenty-five studies were reviewed. Eighteen studies were of good qual-

ity, and seven were of moderate quality. These studies conducted skin and wound

blotting on 176 animals and 1546 humans. Studies reported physiological and patho-

logical states for diagnosis and prediction of conditions, including skin tears, wound

healing, biofilm detection, and skin barrier function. The four steps for blotting are

surface preparation, blot preparation, application and removal of blot, and analysis.

This review demonstrates that blotting can determine the skin and wound surface

chemistry using a versatile and reproducible technique. However, future research is

needed to validate the technique and skin biomarkers identified.
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1 | INTRODUCTION

Skin is a multifunctional organ that is responsive to the external

environment and the internal systemic condition of the individual.1

There is mounting evidence that the chemistry of the skin's surface

can be correlated with underlying conditions and potentially with

systemic changes.2,3 Sampling the skin and wound surface for micro-

biological analysis is standard practise. A non-invasive sampling

technique for biomarker analysis is anticipated to be of interest for

diagnosing and monitoring both skin pathology and systemic

conditions.

Biomarkers are objectively quantifiable and measurable character-

istics resulting from biological processes.4 Examples of skin bio-

markers include testing of local (e.g., a swab to detect skin microbiota)

or systemic status (e.g., biopsy to determine the level of myxovirus

resistance protein A in cutaneous lupus).5,6 Invasive tests, such as

biopsy, remain a gold standard for comprehensive, full-thickness anal-

ysis. However, a biopsy requires a skilled practitioner and has associ-

ated complications.

A broad definition of blotting is the transfer of biological sub-

stances from one medium to another.7 Blotting the skin to harvest

material for surface chemistry analysis involves a nitrocellulose mem-

brane applied to intact or broken skin for a period of 10 s to

10 min.8,9 The blotting material is processed to identify the presence

of biomarkers.

There has been no synthesis of the literature with respect to

either skin or wound blotting. The primary objective of this study was

to conduct a systematic review with narrative synthesis on blotting's

applications for diagnosis and prognosis purposes. The secondary

objectives were to present the typical blotting method with signifi-

cance, variations, validity, and reliability to facilitate replication and

guide future research. These results are anticipated to be helpful for

wound care specialists, dermatologists and plastic surgeons working

in clinical research.

1.1 | Blotting related to skin physiology

The skin is an effective barrier against irritants, pathogens and trans-

epidermal water loss due to the presence of sebum, intercellular lipids,

and keratinocyte tight junctions.10 Under normal circumstances, only

molecules <500 Daltons may penetrate the dermis.11 Minematsu

et al. demonstrated that large water-soluble molecules permeate in or

out when the skin is over-hydrated.9 Molecules within the deep der-

mis and subcutaneous tissue leak via the trans-follicular route,

whereas those in the more superficial layer of the dermis and epider-

mis permeate via the trans-epidermal route. Minematsu et al. built on

this concept proposed by Tanaka et al. to develop two blotting tech-

niques.12 In the case of skin wounds, a fluid-rich sub-surface replete

with cellular agents, messengers and pathogens is exposed.13 Both

techniques use nitrocellulose membranes, commonly used to fix pro-

teins in Western blotting. These attract polar molecules and absorb

proteins.9 (see Figure 1). The commonly used steps are reported in

Section 3.2.

2 | MATERIALS AND METHODS

Investigators designed a protocol for a systematic review through the

Centre for Open Science Framework before conducting data extrac-

tion – see https://doi.org/10.17605/osf.io/bynxq. This review com-

plies with the PRISMA guidelines.14

F IGURE 1 A diagram of microscopic skin physiology related to wound and skin blotting, showing the routes of molecules through the skin
barrier.(A) Transfer of biomarkers. (B) Wound blotting. (C) Skin blotting [Color figure can be viewed at wileyonlinelibrary.com]
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2.1 | Search strategy

Following PRISMA-S guidance, a research librarian (CH) designed a sys-

tematic search strategy with investigators (see Appendix A).15 Searches

were conducted on the Ovid Medline, Embase, and Google Scholar

databases on 9 July 2021. Citation tracking was used for known active

authors. Forward and backward tracking identified key papers that the

PubMed and Google Scholar algorithms assessed as similar. Citations

related to skin and wound surface chemistry sampling were included

for background information. Search results were aggregated in EndNote

software, deduplicated and shared with team members for screening.16

Through peer review and further citation searching, investigators found

one eligible study and updated the synthesis to include this.17 There

were no other deviations from the protocol.

2.2 | Screening, data extraction and statistics

Investigators paired up to independently screen abstracts and full-texts

according to eligibility criteria – then extract data using a template (see

Appendix B). In the case of unresolved disagreement, pairs reached a

consensus through discussion. Descriptive statistics show population

distributions with percentage frequencies, measures of central ten-

dency and spread. No statistical testing was performed.

2.3 | Eligibility criteria

Including:

• Publications in peer-reviewed journals.

• Using skin or wound blotting defined by Minematsu et al.8,9

• Participant species are animals or humans.

• Articles in any language.

Excluding: Conference abstracts, review papers.

2.4 | Study quality

Using McMaster's Critical Review Form for Quantitative Studies,

investigators independently assessed quality in pairs. This instrument

determines the methodological quality of studies.18 Where there was

disagreement, pairs reached a consensus by discussion. The assess-

ment covers the domains of purpose, literature, design, outcome,

intervention, results, dropouts, and conclusions. Each study was

assigned an overall score out of 15. Based on the previous reviews,

7–10 was moderate quality and >10 was good quality.19

2.5 | Reporting of biomarkers

Organic compound types can categorise biomarkers: proteins, carbo-

hydrates, lipids, and nucleic acids. They are further sub-categorised if

there is a known association with a ‘pro’ or ‘anti’ effect in a

recognised stage of wound healing. During processing, blots are sta-

ined or labelled to highlight biomarkers. Conventional histochemical

dyes, such as Alcian blue, identify mucopolysaccharides, while immu-

nostains recognise proteins such as tumour necrosis factor (TNF).

Visualisation is facilitated by traditional light microscopy, chemical

luminesce, or immunostaining. A computer can count and calculate

the relative number of stained/labelled pixels. The reported results

determine whether a biomarker is present, the spatial distribution of

that biomarker on the blot, the measured area of the blot, and the

quantity of the biomarker using immunoreactivity intensity.

2.6 | Data synthesis

Some studies had two arms, a preliminary animal model and a human

validation test. Both arms are reported in the text and tables. A sum-

mary of the skin and wound blotting steps is first presented, highlight-

ing technique variations, validity, and reliability. This is followed by

the role of blotting in associated skin physiology and disease, which

has been categorised into skin or wound blotting.

3 | RESULTS

Seventy-three citations were screened. There were 25 studies cat-

egorised by skin (n = 14) or wound blotting (n = 11), undertaken in

Japan (n = 22), Australia (n = 1), Indonesia (n = 1), and Taiwan (n = 1)

between 2013 and 2021 (see Figure 2). Skin blotting was conducted

on 101 animals and 1194 humans. Wound blotting was conducted on

75 animals and 352 humans (see Table 1).

3.1 | Quality assessment

The 25 included studies were assessed across nine domains.18 In their

overall score, 18 studies were deemed good quality, and 7 studies

were of moderate quality.

3.2 | Blotting technique

The blotting technique can be divided into four interventions: (1) sur-

face preparation, (2) blot preparation, (3) blot application and removal,

and (4) analysis shown in Table 2. Technique variation and biomarkers

studies are shown in Table 3.

3.2.1 | Significance and variations

Surface preparation: The anatomical location varied if a localised

pathology necessitated blotting at its site of occurrence, for example,

a pressure ulcer. In studies testing the skin in unlocalised pathology,

the upper and lower limbs were frequently tested (8/14 or 57% of
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human studies). Koyano et al. verified no difference in the bilateral

protein secretion on the intact skin of extremities for type IV collagen

(COL-4), matrix metalloproteinase–2 (MMP-2), and tumour necrosis

factor-alpha (TNF-α).28 The paper demonstrated that systemic

(e.g., age) and local factors (e.g. environmental exposures) influenced

the intensity levels of COL4 and MMP-2 on the extremities while sys-

temic factors influenced abdominal COL4 and MMP-2 (but not TNF-

α). Three skin blotting studies report controlling for cleaning or topical

skincare agents, but this was not formally compared. Koyano et al. dis-

allowed ointments or bathing the day before sampling to avoid dis-

turbing protein balance.28 Higuchi et al. allowed daily bathing but did

not permit moisturisers.29 Sari et al. reported blotting at least 30 min

after ablutions or 1 h after bathing, and participants were asked to

avoid skincare product applications.41 There were 9/11 (82%) studies

that described a protocol for cleansing wounds before blotting. This

was performed with normal saline or chlorhexidine solutions, except

for three studies that did not specify a cleansing agent.

Blot preparation

Hydration: Pre-wetting the membrane was conducted in all skin blot-

ting studies; however, the volumes and solutions used varied or were

not specified. Wetting the blot membrane (and thus over-hydration of

the skin) facilitates the passage of soluble molecules through the skin

barrier.9 3/9 (33%) wound blotting studies in humans wetted the

membrane before application.

Blot material: Nitrocellulose membranes soak up soluble polar

molecules and absorb proteins.9 Such membranes were used in 24/25

(96%) studies, while Wu et al. used a positively charged nylon transfer

membrane (Biodyne B Nylon Membrane, PALL). This nylon transfer

membrane was selected for its blotting, detection, and binding charac-

teristics for all negatively charged molecules, making it ideal for the

adhesion of polysaccharides.39

Size: For human skin blotting, the membrane size varied from

50 to 264 mm2. For wound blotting, only two studies specifically

reported the size of the blotting membrane used (100 and

400 mm2).8,40 Minematsu et al. and Koyano et al. used circular-

shaped skin blots, with the former justifying this as minimising the

effect of tape (adhesive) removal on human skin.9,22 All other studies

reported square or rectangular blot dimensions or did not specify

shape.

Blot application and removal

Duration: Most human skin blotting studies (12/13; 92%) applied the

blot for 10 min versus 10 s for (10/11; 91%) wound studies.

Minematsu et al. was the first study to describe skin blotting and blot-

ted the backs of mice for 1, 5, and 10 min.9 The study found that

immunostaining signals increased with increasing duration.

Adhesion: The method of using an adhesive backing to secure

membrane adhesion to a surface was reported by 6/14 (43%) skin

blotting studies. The use of adhesive backing ‘tape’ was most

commonly used.9,21,22,28,33,41 Adhesion was not reported by

wound blotting studies. Hence, the surface influences the use of

an adhesive agent. In skin blotting, the detachment of adhesive

tape creates a risk of skin tears. In wound blotting, the wound
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size, edge and shape may not provide a surface for adhesion to be

applied.

Processing

Storage: Following the application of nitrocellulose membranes to

wounds, 13/25 (52%) studies described storing the membranes at 4�C

after blotting but before analysis.

Analysis: The blotting investigators used immunostaining or histo-

chemical dye staining on the nitrocellulose membrane. The chemical

agents and specific techniques varied per paper depending on the tar-

get biomarker. For Immunostaining, blocking solutions, single or dou-

ble staining and chemiluminescent substrates were used to determine

immunoreactivity. Seven studies used Ruthenium red or Alcian blue

dyes for biofilm carbohydrate detection. Alcian blue dye was intro-

duced by Wu et al. to replace Ruthenium red for a faster, cheaper,

and more practical stain.39 Wu et al. and subsequently Astrada et al.

confirmed the concurrent validity of wound blotting for biofilm visual-

isation and the usability of Alcian blue as a substitute for Ruthenium

red.39,40 Image processing software was used to evaluate densitome-

try. Twenty biomarkers were evaluated by skin (n = 14) and wound

(n = 11) blotting studies (see Figure 3).T
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TABLE 2 The commonly reported steps for blotting

Wound Skin Wound

1. Surface

preparation

Anatomical

location

Upper and lower limbsa Wound surfacea

Skincare Avoiding ointments

and skincarea
Debridementa

2. Blot

preparation

Hydration Blot pre-wet with

saline

Blot not pre-wet

Blot material Nitrocellulose

membrane

Nitrocellulose

membrane

Size 50–264 mm2 100–400 mm2

3. Blot

application

and removal

Duration 5–10 min 10 s to 1 min

Adhesion Adhesive tape or

similar

None

4. Analysis

Storage 4�C 4�C

Processing Immunostaining Histochemical dye or

immunostaining.

Reporting Quantification of level;

topographic

distribution;

functional analysis

Quantification of level;

topographic

distribution;

functional analysis

aVariation on a per study basis.
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TABLE 3 A summary of blotting studies with their arms to demonstrate the techniques used

Paper Species

Wet

(volume) Duration

Size

(mm2) Analysis Anatomy for blotting Biomarkers

Skin blotting

Minematsu (2014)9 M 2 μl 1,5,10 min 100 Immuno Dorsum F-DEX, TNF-α

H 5 μl 50a Immuno Posterior thigh TNF-α

Ogai (2015)21 H 10 μl 10 min 100 Immuno 2 cm to the left of the umbilicus TNF-α, Total Protein

Koyano (2016)22 H 2 μl 10 min 50a Immuno Dorsal forearm COL-4, Fibronectin,

MMP-2, TNF-α

Ogai (2016)23 H 50 μl 10 min 100 Immuno Abdomen & thigh TNF-α, total protein

Tamai (2017)26 H ‘drop’ NS Immuno Forearm Alb

M ‘drop’ 10 min 100 Immuno Dorsum Alb

Koyano (2017)24 H 20 μl 10 min NS Immuno Posterior forearm COL-4, MMP-2, TNF-α

Koyano (2018)28 H 20 μl 264 Immuno forearms j abdomen jlower legs COL-4, MMP-2, TNF-α

Rayner (2019)17 H NS NS Immuno Upper &and lower extremity COL-4, MMP-2, TNF-α

Higuchi (2019)29 H 1 drop 10 min 100 Immuno ankles j wrists j forehead j buttocks j chest j
neck

Alb, IL-1α, IL-6, TNF-α

Nakai (2019)33 H 2 μl NS 100 Immuno spinal column j rib j iliac crest j greater
trochanter j upper rear iliac spine j sacrum j
medial condyle j malleolus j fifth metatarsal

head

Alb, HSP90-α, IL-1α,
PAI-1, VEGF-C

Tamai (2020)38 H 50 μl 10 min NS Immuno Ischium CK-M, IL-6

Arisandi (2020)34 H Pre-wet 10 min 100 Immuno (sacrum j coccyx j trochanter j scapula) &
normal skinb

TNF-α

Sari (2021)41 H 50 μl 10 min 100 Immuno left forearm &j right forearm Alb, IL-2, NGF-β, TSLP

Kimura (2020)35 M 50 μl 10 min 100 Immuno dorsum IL-1α, HSP90-α, PAI-1,
VEGF-C,

Wound blotting

Minematsu (2013)8 M None 1 min 100 Immuno dorsum ALP, COL-4, PO, TNF-α

Kitamura (2015)20 H None 10 s NS Immuno sacral ALP, MMP-2, PO, TNF-α

Nakagami (2017)25 H None 10 s NS Red sacrum jcoccyx j ischial tuberosity j others Mucopolysaccharides

Kitamura (2018)27 R None 10 s NS Immuno dorsum ALP, PO

Kitamura 201930 R None NS Lumi Dorsum PO

H None 10 s NS Lumi and

TPS

Sacrum j coccyx j greater trochanter j lateral
malleolus j heel j shin j head j back j chest j
knee

PO, Total protein

Mori (2019)32 H Pre-wet 10 s NS Blue sacrum j coccyx j greater trochanter j others Mucopolysaccharides

Kunimitsu (2019)31 H None 10 s NS Red j blue sacrum j coccyx j greater trochanter j others Polysaccharide

Nakagami (2020)37 H Pre-wet NS Red j blue Sacrum j others Mucopolysaccharides

Koyanagi 202036 H None 10 s NS Red trunk j limb Exopolysaccharides

Wu (2020)39 H None 10 s NS Blue leg j foot j thigh j shoulder j hand j hip j
sacrum j inguinal region

Polysaccharides

Astrada (2021)40 H Pre-wet NS Red j blue trochanter j coccyx j leg j others Exopolysaccharides

M None 10 s 400 Red j blue Dorsum

Abbreviations: Pre-wet, blot wet but volume not specified; Wet, the volume of saline. Species: H, human; M, mice; R, rats. Analysis: Immuno,

immunostaining; Lumi, chemiluminescence – staining to allow fluorescence; TPS, total protein staining; Red, ruthenium red, a stain for direct visualisation

of saccharides; Blue, Alcian blue, a stain for direct visualisation of saccharides; NS, not specified. j, logical ‘or’. &, logical ‘and’.
aSize of blot: circular.
bAnatomy: ‘normal’ skin defined as contralateral or 5 cm superior and unaffected by pathology.
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3.2.2 | Validity and reliability

Animal and in vitro models

Five studies used models to generate hypotheses before validating

them with human samples. Minematsu et al. demonstrated that a

mouse model was valid for skin and wound blotting for TNF-α.8,9

Tamai et al. validated the correlation of skin blotted albumin (Alb) with

TEWL in rats before humans.26 Kitamura et al. used rat skin to dem-

onstrate the validity of measuring peroxidase (PO) distribution as a

marker of sub-clinical inflammation in human wounds.30 Wu et al.

used an in vitro model to detect biofilm on human specimens of Pseu-

domonas aeruginosa and Staphylococcus aureus before validating

in vivo.39

Adjunct tests

Studies collected variables using clinical observations and measure-

ment devices. These were used to confirm and validate clinical conclu-

sions from blotting or compare blotting measurements.

For clinical observations, wound blot measurements were most

commonly associated with pressure injury severity using the

DESIGN-R score.25,30–34,36 Koyano et al. and Tamai et al. used ultra-

sound, while Kunimitsu et al. used thermography to confirm tissue

damage or clinical measurement.22,24,31,38 Two studies used bacteria

metres to associate blotted biofilm markers with a microbial

count.31,32 Four studies measured TEWL, although not all measured

its direct association with blotted variables and three studies mea-

sured subcutaneous (SC) hydration and pH.17,22,26,29,41

Six studies used histological samples to improve criterion-

related validity from blotting. Minematsu et al. used tissue sections

to confirm the passage of Fluorescein-conjugated dextran (F-DEX)

and TNF via the trans-follicular and trans-epidermal routes.9

Kitamura et al. confirmed that the source of blotted PO was

myeloperoxidase by observing extracellular deviation and secretion

in tissue sections.27,30 Kimura et al. used immunohistochemistry and

haematoxylin and eosin-stained tissue sections to reveal the tissue

injury source of biomarkers in a rat model of pressure injury devel-

opment.35 Astrada et al. demonstrated concurrent validity, identify-

ing and quantifying biofilm on wounds compared with native

polyacrylamide gel electrophoresis (PAGE) or ‘histological analysis
by in vitro, in vivo and clinical investigations’.40

Accounting for individual differences

Koyano et al. demonstrated the reliability of blotting measurements

between right and left, forearms and lower legs, for COL-4, MMP-2,

and TNF-α proteins, suggesting these are reliable sites for skin blot-

ting.28 The individual skin variations seen with sex, age, race and body

regions were accounted for by Ogai et al., who used total protein

count curves to normalise the level of TNF-α, allowing comparison

between populations.21,42

3.3 | Skin blotting (intact skin)

3.3.1 | Skin tear prediction

Four papers explored the associations of COL-4, MMP-2, fibronectin and

TNF-α levels present in populations at risk of developing skin tears.17,22–

24 Koyano et al. and Ogai et al. found a significant association between

raised TNF-α levels in individuals over 65 years and obese males, respec-

tively.22,23 Koyano et al. later found no difference in TNF-α levels nor sig-

nificant changes of any blotted variables COL-4 and MMP-2 for skin

tears using a multivariate model.24 Koyano et al. reported a significant

decrease in COL-4 and MMP-2 (p = 0.042 and p = 0.028, respectively),

while no association was found by Koyano et al.22,24 Rayner et al. found

no association between the blotted biomarkers tested and skin tears in a

population of aged care residents in Australia.17

F IGURE 3 A stacked bar chart showing the distribution of reported biomarkers from blotting the skin and wounds of humans
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3.3.2 | Pressure injury prediction

Three studies evaluated the risk of pressure injuries (PI) using a per-

mutation and combination of PAI-1, IL-1α, VEGF-C, HSP90-α and

TNF.33–35

Development: Kimura et al. used a mouse model to predict the

development of PI.35 Increased levels of IL-1α, vascular endothelial

growth factor – C (VEGF-C), and heat-shock protein 90 – alpha

(HSP90-α) were found to predict PI formation in a mouse model

(p < 0.05). Tamai et al. 2020 tested pressure-induced deep tissue

injury amongst elite Japanese wheelchair basketball players using

ultrasound and skin blotting instead of biopsy.38 A statistically signifi-

cant association was found between deep tissue injury measured in

post-activity ultrasound images showing fat infiltration or low-echoic/

anechoic lesions with low levels of creatinine kinase – M (CK-M) and

high levels of IL-6.

Progression: Nakai et al. found that the combination of VEGF-C and

HSP90-α, detected over the nearby bony prominence from a PI, was a

possible candidate biomarker to predict the progression of stage I to stage

II PUs. However, this did not reach statistical significance (p = 0.061).33

Recurrence: Arisandi et al. found no significant difference between

the TNF-α levels of patients with recurrent PI and non-recurrent PI in

healed PI skin or normal skin (p = 0.963 and p = 0.246, respectively).34

3.3.3 | Newborn rash

Higuchi et al. measured Alb, IL-1α, IL-6 and TNF-α levels in five-day-

old baby skin with rash vs non-rash skin. Raised IL-6 and TNF-α levels

were significantly associated with rash-presenting skin (p < 0.05). The

detection sensitivity was 0.86, specificity 1, and an area under the

curve of 0.92.29

3.3.4 | Skin barrier function

Skin barrier function, as measured by trans-epidermal water loss

(TEWL), was significantly correlated with the intensity level of Alb

detected in the skin of older adults (p < 0.01) but not for 5-day-old

newborns.26,29 This suggests that Alb detected by blotting is a valid

measure of skin barrier function. When evaluating subcutaneous

(SC) hydration and pH, Sari et al. found that higher SC hydration was

significantly associated with a lower intensity level of NGF-β and

TSLP (p = 0.005 and 0.003, respectively). The lower quantile of mea-

sured skin pH (indicating less disrupted barrier function) was signifi-

cantly associated with lower levels of Alb, NGF-β, and TSLP

(p = 0.048, 0.035, and <0.001, respectively).41

3.3.5 | Pruritus

Sari et al. found that the signal levels of blotted Alb and NGF-β were sig-

nificantly higher in the cohort with itching than those without (p ≤ 0.001

and p < 0.001, respectively) and proposed that blotting for these two bio-

markers may be candidates for the non-invasive measurement of itch.41

3.3.6 | Obesity

Three studies evaluated skin fragility associated with obesity and surface

TNF-α level, suggesting this represents a possible test of skin's mechanical

vulnerability in obese patients. Minematsu et al. found an association

between TNF-α levels in healthy male and female volunteers (p < 0.01).9

Ogai et al. conducted two studies using normalised TNF-α values in

healthy Japanese male skin. There was a significant association of mea-

sured TNF-α levels with the severity of obesity measured by BMI, visceral

fat rating, waist circumference, and body fat weight (p < 0.05).21,23

3.4 | Wound blotting (non-intact skin)

Eleven studies used blotting for wounds. Seven studies examined bio-

film detection, while the remaining four explored the detection of

inflammatory biomarkers in wounds.

3.4.1 | Healing

Minematsu et al. reported the feasibility of blotting to detect TNF-α,

Alkaline Phosphatase (ALP) and COL-4 in a mouse model followed by

human pressure ulcers.8 TNF-α distribution was categorised as ‘not
present’, in the ‘edge’ of the wound, or the ‘bed’ of the wound. Cate-

gories suggested a potential association with healing but did not reach

a significant conclusion.

Kitamura et al. evaluated progress towards healing measured by

one-week liquefaction of necrotic tissue (autolysis prior to granula-

tion) with the distribution of PO, ALP, TNF-α and MMP-2.20 Higher

PO activity levels and a non-heterogeneous pattern were associated

with liquefaction (p < 0.05).

3.4.2 | Biofilm

Biofilms were investigated in seven studies. Nakagami et al. prospec-

tively took 70 blots from 16 patients with 23 pressure injuries and

stained them for the presence of mucopolysaccharides, a biofilm com-

ponent.25 The areas of wound and slough were recorded on the day

of blotting and 1 week later. The odds ratio (OR) of the biofilm-

positive cases for an increased slough proportion, adjusted by the

baseline DESIGN-R total score, baseline percentage slough, and age,

were 9.37 (p = 0.001), suggesting that the changes in wound slough

formation can be predicted by blotting.

The relationship between bacterial count, biofilm presence and

wound inflammation, based on thermography, was investigated by

Kunimitsu et al.31 This cross-sectional study on 273 samples from

98 patients with stage II (or deeper) pressure injuries revealed a non-

520 STANLEY ET AL.



significant relationship between biofilm presence and wound inflam-

mation (p = 0.076). However, bacterial count and biofilm presence,

described as ‘bacterial bioburden’, was significantly associated with

increased wound inflammation.

Mori et al. sought to combine blotting with a clinical intervention

to produce a ‘biofilm-based wound care system’ (BWCS) to promote

wound healing.32 Chronic wounds, including pressure injuries, arterial

ulcers, venous ulcers and diabetic ulcers, were blotted for biofilm

presence. The biofilm-positive wounds underwent low-frequency

ultrasonic debridement and subsequent blotting. The median biofilm

removal proportion was 38.9% (interquartile range, 12.%–68%) for

pressure injuries treated with standard care and 65.2% (41.1%–

78.8%) for those treated with ultrasonic debridement (p = 0.009). The

proportion of wound healing within 90 days was significantly higher

in wounds treated with BWCS than in those treated with standard

care (p = 0.001).

In a similar vein, Nakagami et al. explored the effect of biofilm

elimination on the area of wound healing in pressure injuries 1-week

post sharp debridement.37 The percentage decrease in wound area

was significantly higher in the biofilm-eliminated group (median:

14.4%, interquartile range: 4.6%–20.1%) than in the biofilm-remaining

group (median: �14.5%, interquartile range: �25.3% to 9.6%;

p = 0.04). Koyanagi et al. investigated the effect of six different topi-

cal treatments on the area of biofilm on 34 pressure injuries after

1 week.36 The use of iodine ointment was associated with a statisti-

cally significant reduction in biofilm area (p = 0.02).

In 2020, Wu et al. aimed to modify the wound blotting tech-

nique to establish a fast and straightforward procedure that is more

clinically applicable.39 They employed Alcian blue rather than Ruthe-

nium red staining, while the nitrocellulose membrane was replaced

with a positively charged nylon transfer membrane. Biofilm presence

in wounds could then be detected within a few minutes and staining

results correlated well with microbiology culturing results (83.9%

consistency, 95.2% sensitivity, and 60% specificity). Amongst the

18 cases with positive wound biofilm staining, 15 wounds (83.3%)

were not healed at the 1-month follow-up visit (no statistical signifi-

cance). Astrada et al. conducted in vivo and in vitro studies to con-

firm the concurrent validity of wound blotting for biofilm

visualisation and the usability of Alcian blue as a substitute for

Ruthenium red.40 The staining sensitivity of Ruthenium red was

88.9% and 100% for Alcian blue, and both had a good correlation

with native PAGE analysis.

3.4.3 | Histopathological inflammation

Kitamura et al. used a rat model to look at the distribution of ALP and

PO activity in wounds alongside histological specimens. The PO distri-

bution on the wound edge but not on the wound bed (a ring signal)

indicated an association with non-visible inflammation. An association

with ALP was not found.27 A finding confirmed in a more extensive

2019 study by the same author used a rat model validated in full-

thickness pressure injuries in humans. This study showed a significant

association between DESIGN-R signs of ‘inflammation/infection’ and
ring signals (p = 0.016).30 Astrada et al. demonstrated that biofilm

detection with Alcian blue provides evidence of the concurrent valid-

ity of wound blotting in identifying and quantifying biofilm on wounds

compared with native PAGE or histological analysis by in vitro, in vivo,

and clinical investigations.

4 | DISCUSSION

This is the first synthesis of evidence on skin and wound blotting.

Twenty-five studies were systematically reviewed, demonstrating the

applications for diagnosis and prognosis. Studies sampled protein and

carbohydrate biomarkers in skin tears, pressure injuries, newborn

rashes, pruritus, and biofilms, with physiological measurements of

obesity, wound healing, and skin barrier function. Blotting is a valid

and reproducible sample collection method for a wide range of bio-

markers. It may have advantages over invasive tests for researchers

and patients. Furthermore, it has the potential to be a bedside test.

However, presenting a compendium of techniques across settings and

physiology makes their reduction to a series of steps challenging. Blot-

ting is not yet standardised, and future investigators should be mind-

ful of adapting it to their needs.

Minematsu et al. cited the advantages of wound blotting as non-

invasiveness, repeatability without disturbing the wound, and sam-

pling of the epithelialisation phase of healing.8 Similar non-invasive

skin tests are well documented.42 While a comparison to non-invasive

tests is beyond the scope of this study, the techniques identified dur-

ing the literature search are summarised in Table 4. Further study is

justified to compare techniques.

4.1 | Standardisation

Variations of the blotting method exist for skin and wound blotting,

different pathologies and target biomarkers without apparent clinical

reasoning. For example, the blot application duration was 10 min in

92% of skin studies versus 10 s in 91% of wound studies. Biomarkers

in wound exudate pass to a blot membrane faster than through an

intact epithelium.8,48

The lack of blotting standardisation confers the advantage of the

constant evolution of the method with the disadvantage of barriers to

replicability. For example, Wu et al. tested and found nylon mem-

branes superior to the commonly used nitrocellulose in biofilm sam-

pling but reported the incomplete description of a cationic solution

for blocking and washing impeded replicability.39

Even when the technique remained consistent, for example, the

test–retest reliability of TNF-α, COL-4, and MMP-2 associated with

skin tear prediction was questionable. Koyano et al. found contradic-

tory results in repeated testing in healthy volunteers, while Rayner

et al. found no significant association in an older patient population,

despite using the same method.17,22,24 Rayner controlled for the sam-

pler, time of day, temperature and humidity, so population
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age/photoaging effects may account for some differences.48,49 Stand-

ardisation of the method for specific populations could make findings

more reliable.

Further variation between intact and broken epidermis can be

seen in the solution to ‘wet’ the membrane and skin preparation,

which varied across all studies without apparent reason. Addition-

ally, the repeated detachment of adhesive tapes creates a possible

risk of tearing in elderly skin.28 Our review highlights that more

than one standardised protocol will exist to account for different

clinical pictures and better clarify how the technique can affect

results.

4.2 | Skin blotting

TNF-α was the most commonly investigated biomarker for the skin's

fragility and inflammation amongst obese patients.21,23 Biomarkers

have been associated with conceptual models of pressure injury

development. However, further studies are warranted to investigate

the role of the candidate markers IL-1α, VEGF-C, HSP90-α, VEGF-C

and CK-M.35,38,50 The pathophysiological signatures of neonatal skin

are still being elucidated.51 While further studies to investigate the

predictive role of IL-6 and TNF-α levels are warranted, the non-

invasiveness of blotting is potentially of more benefit amongst neo-

nates, in whom biopsy is ethically problematic and upsetting for

patients and parents.29 Skin barrier failure is implicated in the

aetiology of dermatitis and pruritus.52,53 Its level of function is mea-

surable with specific tools, e.g. TEWL, SC hydration, pH. Blotted Alb,

NGF-β, and TSLP may provide suitable alternatives, but further stud-

ies are needed to validate the measurements.26,41

4.3 | Wound blotting

Chronic wound beds with mature bacterial biofilms may contain pro-

teins, glycoproteins, lipids, wound cell components, and DNA in an

exopolymeric matrix (EPM).54 Specific DNA components of the EPM,

including extracellular and neutrophil trapped bacterial DNA, can be

distinguished from the components above with a biofilm membrane

wound blot using commercially available nylon and cationic nitrocellu-

lose membranes. These membranes were originally developed and

used by molecular biology laboratory studies to do Southern blots to

detect specific DNA fragments (or Northern blots to detect RNA and

Western blots to detect protein).55 This adaptation of the technique

has allowed EPM detection in addition to the exopolysaccharides,

mucopolysaccharides, and polysaccharide biofilm molecules detected

by the cationic dyes (Ruthenium red and Alcian blue).

Healing progress has been investigated during the

epithelialisation phase of repair, but healing prognosis is not feasible

on biomarkers alone.8,20 The skin microbiota has an interplay with

healing demonstrated through wound biofilms.56 For this purpose,

blotting may be a candidate for a point-of-care bedside test. Mori

et al. and Nakagami et al. demonstrated that blotting could detect bio-

films at the bedside, while Kitamura et al. demonstrated that a blot

and chemical luminescence at the bedside could non-invasively show

subclinical inflammation in PIs.30,32,37 Wu et al. refined the latter

TABLE 4 A selective summary of biophysical tests for sampling
the skin's surface chemistry

Technique

(references) Description

Application:

example

FibroTx TAP

(Schaap 2021)43
Transdermal Analysis

Patch (TAP) is a

proprietary

nitrocellulose

membrane primed

with an array of

antigens to detect

proteins via

subsequent

immunostaining

Biomarkers in

inflammatory skin

disorders

Lavage of soluble

biomarkers

(Portugal-Cohen

2013)44

A well is attached on

the skin surface

using an adhesive

pad, filled with an

extraction buffer

for 30 min

incubation of

solubilised

biomarkers,

quantified using

enzyme-linked

immunosorbent

assay (ELISA)

Biomarkers in atopic

dermatoses

Smart Sticker™

(Ferris 2018)45
A proprietary

adhesive patch

applied to a

suspicious skin

lesion, analysed for

gene expression

associated with

malignant

melanoma

Melanoma Gene

Assay

Tape Stripping (He

2021)46
Adhesive tape

(proprietary D-

Squame® tape

discs or other) is

applied to strip

away layers to the

depth of the upper

granular layer of

the epidermis

Biomarkers in

psoriasis

DIUTHAME™

blotting (Kumata

2020)47

A proprietary

Desorption

Ionisation Using

Through Hole

Alumina Membrane

(DIUTHAME™)

applied to an

organic surface to

absorb biomarkers

for imaging mass

spectrometry

Imaging organic

surfaces
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process to a 2-min bedside test using Alcian blue staining nylon trans-

fer membranes with biofilm components.39

4.4 | Limitations of the method

McMaster's Quality Assessment Tool was selected for its standardised

evaluation of method, given the heterogeneity of study designs and

outcomes. The numeric thresholds for grading study quality as ‘mod-

erate’ or ‘good’ were not adjusted when accounting for ‘not applica-
ble’ results in assessed domains, which may have led to

underestimating study quality. The grey literature and university the-

ses databases were not searched, potentially missing contemporary

blotting studies. Citation tracking during the search necessitated man-

ual referencing, making search reproduction challenging. Meta-

analysis requires a narrow, measurable research question that was not

possible in this review, given the breadth of the topic.

4.5 | Limitations of included studies

Studies had a low level of evidence – the highest being level III.57 Only

seven were prospective, while the remainder were retrospective,

cross-sectional, and experimental studies. Although associations are

found, these are often novel and necessitate further testing. Addition-

ally, studies had small sample sizes from single-centres, predominantly

in single countries and older age groups. Clinicians should use caution

when applying the findings from these studies to other populations

and care settings.

4.6 | Implications of results for practice, policy,
and future research

Further studies are needed to optimise the steps and variables in the

blotting technique. The University of Tokyo research team, which

authored 23/25 peer-reviewed blotting studies, have routinely col-

lected blotting samples since 2012.37 We recommend collaboration

on future studies to expand to other research groups. While the

translation of the technique to clinical settings presents logistical

challenges, blotting has the advantage of being non-proprietary and

using commonly available resources. Future research topics might focus

on sampling surface chemistry in pathologies such as scars, detecting

lipid biomarkers, and using mass spectrometry for detection.

5 | CONCLUSION

Blotting is a versatile, non-invasive test of the skin and wound sur-

face chemistry, which is valid and reproducible. This narrative syn-

thesis systematically reviews its utility for diagnosing and making a

prognosis in pre-disease, pathological and physiological states. Skin

blotting biomarkers may predict skin tears, pressure injuries, new-

born skin problems, pruritis, and evaluating skin barrier function and

fragility associated with obesity. Wound blotting has been used for

predicting healing, biofilm presence and non-visible inflammation. The

steps for blotting are surface preparation, blot preparation, blot applica-

tion and removal and analysis. Clinicians should be mindful that the

blotting techniques have not been standardised across all settings. Fur-

ther studies are needed to assess the effect of variation in technique to

standardise the method, detect novel biomarkers, and appraise the

technique against non-invasive surface chemistry tests.
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APPENDIX A: SEARCH STRATEGY IN MEDLINE AND EMBASE

Ovid Medline ALL 1946 to 07 July 2021

(skin blot? Or skin blotting or wound blot? Or wound blotting).mp. 23

Embase 1974 to 07 July 2021 (skin blot? Or skin blotting or

wound blot? Or wound blotting).mp.35

The searches were run on 09 July 2021. No limits or filters were

applied to the search

When duplicates were removed, 22 unique citations were

included in the initial review set.

A.1. | Citation tracking

As this non-standardised technique, citation tracking was done for

key authors. Forward and backward tracking was done (to find papers

that cited key papers by known authors and papers that PubMed and

Google Scholar judged to be similar to key papers according to their

algorithms). References cited by key authors were also checked to

identify citations not otherwise found.

A.1.1. | Summary

Total citations provided to the team = 95.

Total unique citations found from a search in Medline and

Embase = 59.

Additional citations found from citation tracking = 36.

Total citations provided for screening = 73.

APPENDIX B: DATA EXTRACTION TEMPLATE

1. Publication details

• Author names

• Publication year

• Study title

• Study type

• Objective/Aim

• Journal

2. Wound or skin blotting?

3. Participants

• Number and description of study arms

• Study eligibility criteria

• Sample size (n)

• Species in the study arms

4. Participant Demographics

• Participant Setting

• Ethnicity

• Gender (% male)

• Age

• BMI

• Design R

• Other

5. Sample

• Control anatomical sample site

• Experimental anatomical sample site

• Patient skin prep <24 h before blotting

6. Technique of skin blotting

• Technique of the analysis

• Methodology

• Size of blot

• Biomarkers collected by blotting

• Other non-blotting variables

7. Conclusions/Findings

8. Limitations

9. Clinical Importance
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