
CRITICAL REVIEWS

The Ontogeny of Skin

Marty Visscher1,2,* and Vivek Narendran3,4

1Skin Sciences Program, Division of Plastic Surgery; 3Perinatal Institute; Cincinnati Children’s Hospital Medical Center,

Cincinnati, Ohio.

Departments of 2Surgery and 4Pediatrics; College of Medicine, University of Cincinnati, Cincinnati, Ohio.

Significance: During gestation, fetal skin progresses from a single layer de-
rived from ectoderm to a complex, multi-layer tissue with the stratum cor-
neum (SC) as the outermost layer. Innate immunity is a conferred complex
process involving a balance of pro- and anti-inflammatory cytokines, struc-
tural proteins, and specific antigen-presenting cells. The SC is a part of the
innate immune system as an impermeable physical barrier containing anti-
microbial lipids and host defense proteins. Postnatally, the epidermis contin-
ually replenishes itself, provides a protective barrier, and repairs injuries.
Recent Advances: Vernix caseosa protects the fetus during gestation and fa-
cilitates development of the SC in the aqueous uterine environment. The anti-
infective, hydrating, acidification, and wound-healing properties post birth
provide insights for the development of strategies that facilitate SC matura-
tion and repair in the premature infant.
Critical Issues: Reduction of infant mortality is a global health priority. Pre-
mature infants have an incompetent skin barrier putting them at risk for
irritant exposure, skin compromise and life-threatening infections. Effective
interventions to accelerate skin barrier maturation are compelling.
Future Directions: Investigations to determine the ontogeny of barrier
maturation, that is, SC structure, composition, cohesiveness, permeability,
susceptibility to injury, and microflora, as a function of gestational age are
essential. Clinicians need to know when the premature skin barrier becomes
fully competent and comparable to healthy newborn skin. This will guide the
development of innovative strategies for optimizing skin barrier development.

SCOPE AND SIGNIFICANCE

During the third trimester of

pregnancy, a remarkable process of

epidermaldifferentiation culminates in

the formation of the stratum corneum

(SC), a sophisticated innate immune

interface. The full-term infant relies on

the protective skin barrier during

transition to a cold, dry, microbe-rich

extrauterine environment at birth.

Functions include (1) barrier to water

loss and irritants, (2) infection control

and immunosurveillance, (3) resilience

to mechanical trauma, (4) sensation

and tactile discrimination, (5) thermal

regulation, and (6) acid mantle forma-

tion (Table 1). They are conferred by an

exquisite,multi-layered epidermis that

overlays the dermis, a derivative of

mesoderm.This reviewemphasizes the

importance of the outermost layer, the

SC, the first line of defense. A wound

can be defined as a ‘‘breach of the in-

tegument, beginning at the SC’’ or any

change that disrupts the normal struc-

ture and homeostasis.

TRANSLATIONAL RELEVANCE

We review skin ontogeny in the

context of fetal development and
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Abbreviations

and Acronyms

BMP = bone morphogenic

protein

FAA = free amino acid

FGF = fibroblast growth factor

GA = gestational age

HBD = human beta defensins

hCAP18 = catelicidin (hCAP18)

IL1a= interleukin 1-alpha

IL1b= interleukin 1 beta

IL8 = interleukin 8

LC = Langerhans cell

LL-37 = human catelicidin

NICU = neonatal intensive care

unit

NMF = natural moisturizing

factor

SC = stratum corneum

TEWL = transepidermal water

loss
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birth. Skin barrier maturation in the premature

infant differs from that of the full-term baby. The

premature infant has a poorly formed, incompetent

skin barrier that is ill-equipped to handle envi-

ronmental stressors. A comprehensive under-

standing of skin barrier formation in both infant

groups is expected to guide the development of ef-

fective strategies to minimize the consequences of

an immature epidermis.

CLINICAL RELEVANCE

Reduction in infant mortality and morbidity is a

global health priority. Compared with term infants,

premature infants are at increased risk for infection

due to an incompetent epidermal barrier. Nosoco-

mial infection is a leading cause of premature mor-

tality. Implementation of evidence-based care

bundles for catheter insertion and maintenance

among very premature infants in 24 neonatal in-

tensive care units (NICUs) significantly reduced

catheter-related bloodstream infections, but the

decrease was much less than expected.1 Poor skin

integrity is now believed to be a major predisposing

factor for neonatal sepsis. Prevention and mitiga-

tion of premature skin compromise are essential.

DISCUSSION

Fetal skin development

Human fetal skin is derived from ectoderm dur-

ing embryogenesis. The initial single layer under-

goes programmatic differentiation to form a highly

sophisticated stratified epithelium. By the time of

birth, human skin is capable of performing multiple

functions that are necessary for survival in a rela-

tively dry environment. Most importantly, the fully

formed epidermis is designed to continually re-

plenish itself, provide a protective barrier against

environmental insults, and repair tissue injuries.

Ectoderm becomes a single epithelial layer when

Wnt signaling blocks ectoderm from responding to

fibroblast growth factors (FGFs) but it responds to

bone morphogenic proteins (BMPs).2 Epidermal

cells express Wnts. The Wnt responsive cells are

influenced by mesenchymal cells and, via FGF and

BMP inhibition, produce the hair placode. The cells

that do not respond toWnts become epidermal cells

via BMP, FGF, and Notch signaling. By 4 weeks

post conceptual age, the skin consists of two layers,

the periderm and a basal layer.3 Eight stages of

epidermal differentiation occur from *5 to 26

weeks of gestation.4 The periderm protects the

developing epidermis from amniotic fluid and

manages glucose uptake. Melanocytes start ap-

pearing in the basal layer from 5 to 8 weeks ges-

tation.

By 8–11 weeks, three epidermal layers have

appeared. Proliferation and maturation of kerati-

nocytes from the basal layer generates the spinous

cell layer between the basal layer and the peri-

derm.5 The transcriptional regulator p63 and the

canonical Notch pathway signal basal cells to form

spinous cells in the stratification process.6 Hair

germination occurs from 9 to 14 weeks. From 12 to

16 weeks, periderm, spinous cells (two layers), ba-

sal cells, desmosomes, hair follicles, and mesen-

chymal cells of the hair bulb are found. From 14

to 17 weeks, the upper spinous cells are flattened

and there are 6–8 basal layers for each periderm

layer. By 16–23 weeks, there are 4–5 epidermal

layers. Keratin-containing squame regions ap-

pear within the interfollicular space along with a

discrete waxy material. The granular layer ap-

pears at the hair follicle but not within the inter-

follicular regions. About week 23, the periderm is

no longer present. Polygonal, keratinized cells are

seen along the hair follicle and the interfollicular

spaces. The terminally differentiated outermost

layer, the SC, occurs at 23 weeks but may be only a

few layers thick. The epidermis is fully keratinized

by 26 weeks with one basal layer, 2–3 spinous

layers, a granular layer (with keratohyalin gran-

ules), and 5–6 layers of SC (Figs. 1 and 2). The SC

forms around the fetal hair follicle at 18–19 weeks

and along the hair canal by week 21.7 This folli-

culocentric pattern of organized intrauterine epi-

dermal maturation supports an important role for

the hair follicle in the initiation of barrier forma-

tion. Cornification of the interfollicular epidermis

occurs in a programmatic fashion from head (ini-

tially, week 23) to toe and dorsal ventral (week 25,

abdomen) across the fetus.8

Epidermal Langerhans cells (LCs) are a part of

the innate immune system to protect against in-

fection. In the fetal mouse, LC precursors appear in

the dermis on day 14, the epidermis on day 18, and

differentiate to LCs.9 Epidermal keratinocytes

Table 1. Human skin structure and function

Function Skin Structure

Barrier

Physical (irritants) Stratum corneum and epidermis

Ultraviolet radiation Melanocytes (epidermis)

Immunological Langerhans cells (epidermis)

Resilient foundation Dermis

Sensation Sensory nerves (epidermis and dermis)

Tactile discrimination Stratum corneum and sensory nerves

Thermal regulation Eccrine sweat glands (dermis)

Blood supply (dermis)

Adipose fat below dermis

Acid mantle formation Stratum corneum and epidermis
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signal LC proliferation.9 Between postnatal days 4

and 7, rapid LC proliferation occurs (density of

1,000/mm2) to establish a network within the skin.

In humans, LCs appear and express antigens by

6 weeks of gestation.10 The regulatory cytokine

transforming growth factor beta 1 plays a role in

LC development11 and is detected in the spinous

layers at 9 weeks of gestation.12 LC precursors

emerge after gestational weeks 11 and 13, as in-

dicated by the presence of specific trans-membrane

cell receptors Langerin and CD1c, respectively.12

The cell density is consistent during early devel-

Figure 1. Electron micrographs of skin samples from a premature infant at 26 weeks of gestation.4 (A) The image shows the basal, spinous, and granular

layers and a few layers of SC. The keratohyalin granules in the upper granular layer can be seen. (B) The stratum corneum is five layers thick at this time. Used

with permission from Holbrook and Odland.4 SC, stratum corneum.

Figure 2. Skin structure and function. The human epidermis evolves during gestation to form a well-designed, structurally sophisticated, integrated, cohesive,

and protective tissue composed of four major layers, that is, basal, spinous, granular, and SC (cornified). Within the spinous and granular layers, the cells are

attached to each other via desmosomes, protein-based structures that interconnect the layers of the epidermal barrier. A wound can be defined as a ‘‘breach

of the integument, beginning at the SC’’ and/or any change that disrupts the normal structure and homeostasis. To see this illustration in color, the reader is

referred to the web version of this article at www.liebertpub.com/wound
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opment but increases in activity by 12 weeks. Mast

cells are observed only after 11 weeks of gestation

and then increase in the second trimester.13 Cur-

rently, the impact of premature birth, that is, when

the epidermis is not fully formed, on LC prolifera-

tion is unknown but of clinical importance in late-

onset sepsis.

The dermis is beneath the epidermis and derived

from the mesoderm. It provides mechanical struc-

ture via a network of connective tissue, which in-

cludes the proteins collagen and elastin. Hair

follicles, sebaceous glands, sensory nerves, and

vasculature are within the dermis. Collagen is a

major structural protein. Just below the epidermis

is the basal lamina, composed of extracellular ma-

trix proteins including integrin and laminin.

Epidermal structure and function

Proteins. The integrity of the stratified epider-

mis is conferred by specific keratinocyte proteins.

The keratins are fibrous intermediate filament

proteins. They can be acidic or basic and are ag-

gregated into microfibrils. Keratins 5 and 14 are

found in the proliferating basal layer. Keratins 1, 2,

9, and 10 are in the suprabasal differentiating lay-

ers (i.e., spinous, granular; Figs. 2 and 3).14 Within

the spinous and granular layers, the cells are at-

tached to each other via desmosomes containing the

proteins desmogleins and desmoplakin. The des-

mosomes interconnect the layers of the epidermal

barrier to provide structural integrity (Fig. 2). In-

volucrin is a precursor of the SC envelope and oc-

curs in the spinous, granular, and SC layers.

Transglutaminases, positioned in the spinous and

granular layers, are calcium-dependent enzymes

that cross-link proteins during the initial phases of

SC cell envelope formation. Epidermal basal, spi-

nous, and granular cells have phospholipid mem-

branes. The envelopes of SC cells are insoluble,

highly cross-linked structures of 5–20nm thickness

that enhance the mechanical resilience. The enve-

lope is composed of a ceramide-containing bilayer

that is covalently attached to involucrin, en-

voplankin, and periplankin on the cell surface.

Loricrin is a major protein component and it com-

bines with small proline-rich proteins to produce a

scaffold onto which other structural proteins, for

example, keratin filaments, can attach.14 Filaggrin

is derived from profilaggrin in the keratohyalin

granules (granular layer) and aggregates the SC

keratin filaments. It later undergoes proteolysis to

form amixture of smallmolecules knownas natural

moisturizing factor (NMF). NMF is responsible for

keeping water associated with the SC, thereby fa-

cilitating skin hydration, plasticity (flexibility), and

normal cell loss from the surface after apoptosis.

Figure 3. Forms of epidermal innate immunity. The skin provides innate immunity via several mechanisms. Structural proteins throughout the skin (C) form the

highly structured physical barrier and include collagen in the dermis (1), integrin (2), transglutaminases (3), desmoplankin (4), keratin 1,10 (5), involucrin (6),

filaggrin (7), and loricrin (8). Sebum, sweat, and fatty acids on the skin surface (A) provide antimicrobials. The SC (B) contributes structural integrity via barrier

lipids, corneodesomosones, and the antimicrobials lysozyme and lactoferrin. Lipids in the lamellar bodies (D) produce SC lipids. Antimicrobial and wound repair

properties are conferred by the cytokines and proteins of the differentiating keratinocytes (E). Langerhans cells (LCs) (F) defend the organism if the SC barrier

is breached. To see this illustration in color, the reader is referred to the web version of this article at www.liebertpub.com/wound
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Lipids. Lipids are synthesized in the nucleated

epidermal cells and stored in lamellar bodies in the

granular layer (Fig. 4). Lamellar bodies have polar

lipids, glycospingolipids, free sterols (cholesterol),

phospholipids, enzymes, and human b-defensin.

Between 16 and 22 weeks, membranes of the la-

mellar bodies fuse with the plasma membrane and

release the lipids into the space between the cells at

the interface between the granular layer and the

SC.15 Under the action of the lamellar body en-

zymes (lipases, proteases, and glycosidases), the

polar lipids are converted to nonpolar lipids,

phospholipidases hydrolyze phospholipids to fatty

acids and glycerin, and glycospingolipids (gluco-

sylceramide, sphingomyelin) are degraded to form

ceramides. The result is a regular array of lipid

bilayers alternating with water between the cor-

neocytes. The lipid bilayers constitute the major

barrier to water loss. The composition is relatively

constant from weeks 8 to 16.16 By week 19, the

fraction of sterol esters/wax esters is substantially

higher, and triglyceride levels increase. The sterol

ester/wax esters and ceramides increase between

14–17 and 20–28 weeks and fatty acids decrease

(Fig. 5).17 Cholesterol levels are higher in fetal and

infant epidermis compared with adults.

SC architecture. The SC consists of *16 cell

(corneocyte) layers embedded in the lipid ma-

trix and a thickness of 10–40 lm, varying with

anatomical location. The corneocytes are inter-

connected within and between layers via corneo-

desmosomes (Fig. 4). SC enzymes degrade the

corneodesmosomes, enabling the cells to detach

(desquamate) from the skin surface. By design,

the SC is mechanically tough and difficult to

penetrate. It is the barrier to water loss but si-

multaneously allows normal water vapor, that is,

transepidermal water, to pass. Transpeidermal

water loss (TEWL) is measured experimentally as

a rate as g/m2/h, and values are 4–8 g/m2/h in

healthy, intact full-term infant SC. Under normal

conditions, that is, homeostasis, basal keratino-

cyte proliferation occurs at the same rate as loss of

SC cells from the surface. Epidermal self-renewal

is facilitated by stem cells in the interfollicular

epidermis, hair follicles, and sebaceous glands.18

Epidermal innate immunity

The skin provides innate immunity via a

complex balance of pro- and anti-inflammatory

cytokines, structural proteins, lipids, specific anti-

gen-presenting cells, and a direct, impermeable

physical barrier (SC; Fig. 3). After puberty, the

sebaceous glands secrete a lipid mixture (sebum)

that is composed of squalene, triglycerides, and wax

monoesters onto the skin surface. The triglycerides

are hydrolyzed to form sapienic and lauric fatty ac-

ids, and both have antibacterial properties.19 The

antimicrobial peptide dermicidin, produced in the

eccrine glands, is consistently found at high levels

on the skin with sweating.20 Dermicidin causes

keratinocytes to secrete cytokines and chemokines,

presumably to activate an immune response.21

Keratinocytes undergoing differentiation make two

classes of antimicrobial peptides, human beta de-

fensins (HBD) and cathelicidins.19 Their levels in-

crease markedly with epidermal damage

(wounding) or infection. HBD2 and LL-37 (human

catelicidin), a degradation product of catelicidin

(hCAP18), are associated with the lamellar body

lipids in the granular layer.22 The antimicrobial

proteins lysozyme and lactoferrin are present in

newborn SC at levels that are five times higher

than in adults.23 The acid SC is a part of the in-

nate immune system as it facilitates bacterial

homeostasis, skin colonization and inhibits patho-

genic bacteria.24

Full-term neonatal skin

Full-term neonatal skin is well developed and

functional at birth, despite being exposed to wa-

ter and amniotic fluid for 9 months. The epider-

mis is thick, and the SC layers are well formed.

Figure 4. SC architecture. During the final trimester, a remarkable pro-

cess of epidermal differentiation culminates in formation of the SC. The SC

is in direct contact with the environment, making it the first line of defense

and consists of *16 corneocyte cell layers that are embedded in the lipid

matrix. Lipids are synthesized in the nucleated cells of the epidermis and

stored in lamellar bodies in the spinous layer. They are secreted from the

lamellar bodies into the intercellular spaces at the interface between the

granular layer and the SC. The thickness is 10–40 lm, varying with ana-

tomical location. The corneocytes are interconnected within and between

layers via corneodesmosomes. The protein filaggrin undergoes proteolysis

to form NMF, which is responsible for SC hydration, water-handling prop-

erties, and plasticity. By design, the SC structure is mechanically tough and

difficult to penetrate from the outside. NMF, natural moisturizing factor. To

see this illustration in color, the reader is referred to the web version of this

article at www.liebertpub.com/wound
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How does the full-term infant develop an excel-

lent barrier while in water? During epidermal

tissue development, for example in cell culture

systems, the SC does not form if the epidermis is

covered with water. Once the SC has formed,

continuous exposure to water usually causes

significant skin damage, including maceration,

disruption of the well-organized structure, and

injury to the epidermis. However, this does not

occur during fetal development. Vernix caseosa

plays a role.

Vernix caseosa and skin development

In utero. Vernix consists of sebaceous gland

secretions, lanugo and epithelial cells that cover

the fetal and newborn skin.25 It is a complex

mixture of 80%water, 10% protein, and 10% lipids

consisting of densely packed, flattened corneo-

cytes that are coated with an amorphous lipid

matrix.26 The cell envelopes are*1–2 lm thick,

lack distinct nuclei, and have lower keratin levels

than fully mature SC cells.26 There is no evidence

of corneodesmosomes or distinct cellular organi-

zation, and individual cells vary in the stage of

keratinization.27 The high water content is asso-

ciated with the cells.

Presumably, fetal epidermis has a high water

flux potential that is driven by osmotic gradients,

as cornification is incomplete. Epidermal cornifi-

cation occurs about the same time as the produc-

tion of vernix.7 Vernix coats the fetus from head to

toe and back to front, presumably under adrenal

Figure 5. Epidermal lipid composition during gestation. (A) The epidermal lipid composition is relatively constant from week 8 through week 16.16 By week 19,

the fraction of sterol esters/wax esters is substantially higher, and triglyceride levels increase. The sterol esters and wax esters increase between 14–17 and

20–28 weeks. (B) Sterol esters/wax esters and ceramides increase, and fatty acids decrease over the period.17
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hormonal control during the last trimester, and

facilitates SC formation in the wet uterine envi-

ronment.28Vernix lipids include types produced by

the sebaceous glands.29 The cornified cells in ver-

nix originate from the hair follicles. In this sce-

nario, vernix is extruded out through the hair shaft

and onto the interfollicular epidermis, eventually

spreading over the entire surface throughout ges-

tation (Fig. 6).8 The vernix coating protects the

epidermis from water exposure and creates a drier

condition under which the SC can develop. Vernix

may impose a semi-regulated barrier and/or phys-

iological gradient for transepidermal water and

nutrients in utero, facilitating cornification via in-

creased DNA and lipid synthesis. Neonates < 28

weeks of gestation lack significant vernix caseosa.

After birth. Vernix has multiple roles after

birth. It contains antimicrobial peptides such as

lysozyme and lactoferrin that are bioactive against

common fungal and bacterial pathogens.30,31Vernix

retention on the skin at birth yields increased hy-

dration 24h later28 compared with vernix removal.

Skin acidity is lower with vernix retention, sug-

gesting that it assists in acidmantle development.28

Treatment with native vernix facilitates skin bar-

rier repair in superficial wounds relative to controls

in human, murine, and mini-pig models.32,33

Full-term neonatal skin adaptation
At birth, the skin barrier is highly effective, as

indicated by very low TEWL, equal to or lower than

adults.34 The skin acidity is relatively neutral, de-

creases significantly during the first 1–4 days, and

continues to drop during the first 3 months.35,36 An

acidic surface (acidmantle) is necessary for enzyme

function during SC formation, lipid metabolism,

lipid bilayer structure formation, ceramide syn-

thesis, and desquamation.37

The presence of water (hydration) at an opti-

mum level is required for proper SC function and

plasticity.38 Too much hydration causes macera-

tion, lipid disruption, desmosomal degradation,

corneocyte swelling, increased permeability, in-

flammation, irritation, and urticaria.39,40 Too little

hydration produces dryness/scaling, aberrant des-

quamation, cracking, and itching. Skin hydration

is measured non-invasively as capacitive reac-

tance. Transepidermal water moves through the

upper epidermis and accumulates under a sensor.

The rate of this moisture accumulation is a mea-

sure of skin hydration. Within minutes to hours

after birth, full-term skin hydration varies with

body site, environmental temperature, and the

presence of vernix.28 Hydration decreases rapidly

during the first day and then increases during the

first 2 weeks, in contrast to constant hydration

Figure 6. Vernix caseosa formation. Vernix lipids include types produced by the sebaceous glands.29 Vernix is extruded out through the hair shaft and onto

the interfollicular epidermis, eventually spreading over the entire surface throughout gestation.8 To see this illustration in color, the reader is referred to the

web version of this article at www.liebertpub.com/wound
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in maternal skin (Fig. 7). Water-binding ability

increases during the first 2 weeks, indicating ad-

aptation to the dry environment.36 The levels of

water-binding free amino acids (FAA, constitutes

40% of the NMF) are extremely low at birth, in-

crease over the first month in parallel with in-

creased hydration but remainmarkedly lower than

adult levels.41 FAAs are lower across 10 layers of

neonatal foreskin (1–2 days old), suggesting that

filaggrin proteolysis may not take place in utero

(100% humidity) but occurs once a water gradient

is established after birth.42

Premature neonatal skin

Status

The premature epidermis is thinner, not fully

formed, and has only a few cornified layers.43 Su-

perficial wounds such as abrasions and tape strip-

ping typically remove some or all of the cornified

layers. Premature infant skin is essentially

‘‘wounded’’ skin. As a result, the premature infant

is at risk for increased permeability to exogenous

materials, infection, additional skin compromise,

and delayed skin barrier maturation.44 The dermis

is deficient in structural proteins. The mechanical

properties are poor, and the skin is easily dam-

aged.45 Consequently, it is more easily wounded in

response to environmental effects and common

procedures, for example, tape removal. Accelera-

tion of skin maturation, that is, wound repair, is

critical for this population.

The extent of epidermal barrier maturation de-

pends on gestational age (GA) at birth. Very low-

birth-weight infants are at greatest risk for skin

damage. At 23 weeks, the SC is nearly absent with

TEWL of 75 g/m2/h, similar to what they would be

in an open wound (Fig. 8).46 By week 26, a few

cornified layers have formed (TEWL of *45 g/m2/

h). At 29 weeks, TEWL is 17 g/m2/h and markedly

higher than values of 5–6 g/m2/h observed in the

Figure 7. Full-term infant skin adaptation. (A) TEWL is very low at birth, equal to or lower than adults, indicating a highly effective skin barrier. (B) Hydration

decreases rapidly during the 1st day and then increases during the 1st 2 weeks, in contrast to constant hydration in maternal skin.36 (C) The water-binding free

amino acids (constitutes 40% of the NMF) are extremely low at birth, increase over the 1st month in parallel with increased hydration, but remain markedly

lower than adult levels.41 *Indicates significant differences among all three groups. TEWL, transepidermal water loss. To see this illustration in color, the reader

is referred to the web version of this article at www.liebertpub.com/wound
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full-term infant. Around weeks 34–35, the barrier

is relatively well formed, but the protective func-

tionality is currently unknown.

Ontogeny of barrier maturation

SC formation is accelerated with exposure to a

dry environment.47 However, even after 1 month,

TEWL remains significantly higher than normal

full-term infants.48 Skin hydration is significantly

higher for infants <30 weeks than infants > 30

weeks due to the high TEWL.47By day 5, hydration

is significantly lower for infants < 27 weeks GA,

indicating rapid barrier development postnatally.

NMF levels in premature skin are quite low under

the conditions of rapid skin development.42 The

immature SC of premature infants is functionally

compromised for several weeks with estimates of

full maturation time varying from 2 to 9 weeks

postnatal age49,50 and even longer (months) for

complete acid mantle formation.51 The effect of

epidermal maturation in the absence of vernix, as

seen in infants < 28 weeks, is unknown. Evidence

suggests that epidermal barrier formation in pre-

mature infants is a wound repair process.

Biomarkers: structural proteins. Specific bio-

markers are present on the skin surface of pre-

mature infants, full-term infants, and adults.52

Neonates £ 32 weeks GA have significantly

higher levels of involucrin and albumin than full-

term infants and adults (Fig. 9). Involucrin and

albumin levels are inversely related to GA, most

likely indicative of age effects on barrier matu-

ration. Early involucrin expression is linked with

barrier disruption and inflammation.53,54 Albu-

min is higher in lesional and uninvolved atopic

skin than non-atopic controls, positively corre-

lated with TEWL and negatively correlated to

skin hydration.55

Keratin 1,10,11 is significantly lower in both

infant groups than adults. Decreased keratin

1,10,11 has been associated with higher skin

dryness56 and chronic hyperproliferation.57 Full-

term infants have low SC hydration at birth.36

Figure 8. Premature infant skin and adaptation. (A) The extent of epidermal barrier maturation depends on GA at birth. At 23 weeks, the SC is nearly absent

with TEWL values that are similar to what they would be in an open wound.46 (B) The TEWL remains significantly higher for premature infants versus normal

full-term infants even 1 month after birth.48 (C) The immature SC of premature infants is functionally compromised for several weeks after birth with estimates

of full maturation time varying from 2 to 9 weeks of postnatal age.50 GA, gestational age. To see this illustration in color, the reader is referred to the web

version of this article at www.liebertpub.com/wound
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Premature infants frequently exhibit abnormal

desquamation, indicating SC hyperproliferation.47

Biomarkers: cytokines. The proinflammatory

cytokine interleukin 1-alpha (IL1a) is higher in

both infant groups than adults and higher in pre-

mature than full-term infants when adjusted for

GA. All infants transition rapidly from high to low

humidity at birth. IL1a is higher in the upper SC of

neonatal animals that are kept at low humidity

(< 10%), increases in neonatal rat skin at birth,

and increases the rate of barrier formation when

Figure 9. Biomarkers of innate immunity in premature infants, full-term infants, and adults. (A, B) Neonates £ 32 weeks of GA had higher levels of involucrin

and albumin than full-term infants and adults ( p < 0.05).52 * indicates significant difference from all, and ** from adults. (C) Keratin 1,10,11 was lower in both

infant groups than adults. *Indicates significant difference from all. (D) The proinflammatory cytokine IL1a was higher in both infant groups than adults and

higher in premature than full-term infants when adjusted for GA. #Indicates significant difference from adults, and * from full-term infants. (E) The premature

infants had higher levels of the proinflammatory cytokines interleukin 6, interleukin 8, interleukin 1 beta, and monocyte chemotactic protein-1 than full-term

infants and adults. #Indicates significant difference from full-term infants, and * from all.
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topically applied to fetal explants.58,59

The higher IL1a level in infants versus

adults suggests a similar function. Epi-

dermal keratinocytes secrete cytokines,

such as IL1, in response to SC damage

and coordinate the recovery processes.60

Premature infants also have higher levels

of the proinflammatory cytokines inter-

leukin 6, interleukin 8 (IL8), interleukin

1 beta (IL1b), and monocyte chemotactic

protein-1 than full-term infants (Fig. 9)

and higher IL1b and IL8 than adults.

However, secondary to a higher incidence

of chorioamnionitis in premature infants,

the significance of the increased cytokine

levels is currently unknown. Levels of IL8

and IL6 are higher in the amniotic fluid

with premature labor or preterm prema-

ture rupture of membranes.61 Specific

cytokines may indicate conditions that

are associated with local or systemic in-

flammation and/or genetic factors.62,63

FUTURE PERSPECTIVE

A worldwide initiative is underway to

substantially reduce the morbidity and

mortality associated with premature

birth. Research on application of emol-

lients to enhance newborn barrier integ-

rity is in progress. The application of

sunflower seed oil to the skin of prema-

ture infants <33 weeks GA reduced the

incidence of nosocomial blood infections

by 41% in developing countries.64 Topi-

cally applied lipids penetrate the SC to

the granular layer to alter the structure

of the lamellar bodies, that is, become a

part of the lamellar granule membrane

and co-extrude to form SC lamellae.65

The processes of granule formation and

lipid secretion are not fully developed in

the premature infant.66–68 Investigation of pre-

term epidermal response to topically applied lipids

is warranted. Efforts to address poor skin integrity

and iatrogenic skin compromise are underway as a

strategy to decrease portals of entry for infectious

agents.

The basic science research on premature skin

barrier maturation is limited. Clinical data de-

scribe the general skin condition and response to

topical agents, environmental effects, and routine

care procedures, for example, tape stripping from

adhesives. Clinical evaluations rely on visual in-

spection of the irritant response, that is, erythema

and scaling. Instrumentalmeasures of SC integrity

and function, including TEWL, skin hydration,

and acidity, have been published, but there are

no reports of the physiology and biological pro-

cesses underlying these measures. Investigations

to determine SC structure, composition, integrity,

permeability, cohesiveness as a function of GA at

birth, that is, ontogeny, and the skin microflora

versus GA, barrier maturation, and environmental

effects are warranted. Relevant questions include:

When does the SC become fully competent, that is,

comparable to full-term healthy newborn at 1–3

months of life? How would premature skin

TAKE-HOME MESSAGES

� During gestation, fetal skin progresses from a single layer derived from

the ectoderm to a complex, multi-layer tissue with the SC as the out-

ermost layer in contact with the environment. Specific proteins are re-

sponsible for the structural integrity.

� The fully developed epidermis is designed to continually replenish itself,

provide a protective barrier against environmental insults, and repair

tissue injuries. The skin is a highly competent ‘‘would healing agent’’ that

is equipped to repair itself from damage from environmental assaults.

� Vernix caseosa is a mixture of water, protein, and lipids consisting of

flattened cells coated with a lipid matrix. Produced by the hair follicles

and sebaceous glands, vernix spreads over the fetus, protects the epi-

dermis from water exposure, and enhances SC formation. Vernix has

antimicrobial, hydrating, and wound-healing properties.

� The skin provides innate immunity via a complex process involving a

balance of pro- and anti-inflammatory cytokines, structural proteins,

specific antigen-presenting cells, and a direct physical SC barrier.

� Full-term neonatal skin is well developed with excellent integrity (low

transepidermal water loss) despite being exposed to water and amniotic

fluid for 9 months. However, full-term skin is very dry at birth. It un-

dergoes marked changes, including increasing hydration, increasing

levels of water-binding NMFs, and decreases in acidity (acid mantle), for

6–12 months after birth as it adapts to the dry environment.

� Premature skin has a markedly thinner epidermis, a poorly formed SC,

and a deficiency of dermal structural proteins versus full-term skin.

Premature infant skin is essentially ‘‘wounded’’ skin. Poor SC integrity

puts the premature infant at risk for increased exposure to infectious

agents and irritants, increased permeability, and high water loss. Ac-

celeration of skin maturation, that is, wound repair, is critical for this

population.

� Premature skin is significantly compromised for weeks to months after

birth. Time to full maturation may be as long as 9 weeks of postnatal age

and longer for complete formation of the protective acid mantle.

� The key unanswered question is: When does premature infant skin be-

come functionally full-term skin? The scientific information on premature

skin maturation is sparse and lacks a sufficiently comprehensive un-

derstanding of the underlying physiological processes. Once this evi-

dence is obtained, the development of effective interventions will likely

occur.
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variability due to GA influence treatment strate-

gies? How can SC barrier maturation be effectively

accelerated to minimize the risk of infection?

Clinicians need to know when premature skin be-

comes fully competent and comparable to healthy

newborn skin. This information will guide treat-

ment selection and the development of innovations

for optimizing skin integrity.
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