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Biofilm

The hidden fortress
on your skin

Why the most important communities on your body
are ones you cannot see — and what happens when
they tip out of balance.
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A NOTE BEFORE YOU READ

What this explainer

covers

A biofilm is not a smear of germs. It is a community — a structured, cooperative city of

microorganisms living inside a self-built shelter of slime. This chapter explains what a

biofilm is, what it is made of, how it forms, why it is so hard to remove, and why — on

healthy skin — it is mostly your ally.

(
INSIDE THIS CHAPTER
From plaque to follicle
> What a biofilm is — the everyday
explanation
> Inside the matrix —what it is made of
» The great transformation — free-swimmer
to fortress
> Why biofilms win — the science of
recalcitrance
» Biofilm on healthy skin — a normal part of
life
> When biofilm becomes the problem
\

THE SHORT VERSION

Biofilm is the default lifestyle of bacteria — and usually a good
thing.

HOW TO READ IT
Intelligent, not technical

Written for a curious, non-specialist reader.
Everyday analogies do the heavy lifting; every
claim is grounded in current peer-reviewed
science (2016-2026).

Key terms are bolded. Each visual makes one
idea land at a glance. The full reference list is
on the final page.

Most bacteria live in attached communities wrapped in a protective matrix, not aslone

swimmers. On healthy skin these communities defend the barrier and crowd out pathogens.
Trouble begins only when the balance tips — when a follicle is occluded, a barrier is

breached, or local chemistry shifts — and a cooperative community becomes a fortified, hard-

to-dislodge problem.
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INTRODUCTION

The invisible architecture

Most of us picture bacteria as solitary swimmers — lone cells

drifting through a droplet of water. That picture is the exception,

not the rule.

In nature, the vast majority of bacteria live in dense, organised

communities anchored to surfaces and wrapped in a protective

slime of their own making. We call them biofilms, and they are

everywhere: the slick film on a river stone, the slime inside a

drain, the plaque on your teeth.

What looks like grime is in fact a feat of microbial engineering —

thousands of cells coordinating their behaviour, sharing

resources, and sheltering behind a wall that keeps out antibiotics

and immune cells alike. The skin you are reading this with hosts

such communities right now — mostly to your benefit.

~90+

OF A BIOFILM IS SELF-
MADE MATRIX, NOT CELLS

ARROWBIOME

—~ Y ™~
10-: 1,000
MICROORGANISMS LIVING MORE ANTIBIOTIC-
ON HEALTHY HUMAN SKIN TOLERANT THAN FREE
SWIMMERS
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THE EVERYDAY EXPLANATION

What is a biofilm?

Start with dental plaque, a slippery river stone, and the slime in a drain. A
biofilm is a community of microbes that has built itself a shelter — and

then moved in.
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SECTION 1 - THE EVERYDAY EXPLANATION

A community inside
a self-made shelter

Run your tongue across your teeth a few hours after brushing and you will feel a faint fuzziness. That
film is a biofilm — dental plaque — the most accessible example most people will ever meet. The
same phenomenon makesriver stonesslippery and lines a neglected drain with stubborn slime.

A biofilm is a surface-associated community of microorganisms embedded
in a self-produced extracellular matrix.

Unpack that and three ideas emerge. First, it isa community — not one cell but many, often of
different species. Second, it is attached — stuck to a surface, or to each other. Third, and most
importantly, the community has built itself a shelter: a sticky, gel-like matrix it secretes and then
livesinside.

(
THE ANALOGY
A microbial city The default, not the exception
Free-floating bacteria are nomads on an open For most of the twentieth century,
plain. A biofilm is what happens when they microbiology studied bacteria as free
settle: they lay foundations, build shared swimmers in a test tube — because that is
plumbing that ferries nutrients in and waste how they are easiest to grow. But in the real
out, specialise by district, and raise a world (teeth, wounds, skin, pipes) the
protective wall around the whole settlement. community lifestyle is the default. A biofilm is
The cells are the citizens; the slime is the walls, not bacteria behaving badly; it is bacteria
roads and mortar at once. behaving normally, at a level of organisation

we rarely stop to notice.
\

REMEMBER THIS

A biofilm is a city, not a stain.

Whenever you see the word, picture a built environment with infrastructure and walls—a
cooperative settlement — rather than a passive layer of dirt. Everything that follows flows from
that single shiftin view.
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WHAT A BIOFILM IS MADE OF

Inside the matrix

The matrix is where most of a biofilm's power lives. It is mostly water —
but the molecules suspended in it build a three-dimensional fortress.
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SECTION 2 INSIDE THE MATRIX

Mostly water — and a
sophisticated scaffold

Scientists call the shelter the extracellular polymeric substance, or EPS: ‘extracellular because it

sits outside the cells, ‘polymeric’ because it is built from long-chain molecules. Remarkably, in a

mature biofilm the matrix can be over 90% of the dry mass — the bacterial cells are a small
minority of the structure. The matrix is also up to 97% water, which keeps the community hydrated

and lets nutrients flow.

COMPOSITION OF A MATURE BIOFILM

The matrix is up to 97% water

90%

EPS MATRIX

of biofilm dry mass

B Self-made matrix

@ Bacterial cells (~10%)

A TRUE 3-D STRUCTURE
Towers, voids and channels

A mature biofilm is not a flat smear but a
landscape of mushroom-shaped
microcolonies separated by open water
channels that act as a circulatory system —
creating distinct neighbourhoods inside one
community.

\

THE FOUR BUILDING BLOCKS
POLYSACCHARIDES

Structural scaffold — the ‘cement’

PROTEINS

Connectors & amyloid reinforcement

EXTRACELLULAR DNA

Load-bearing cabling

LIPIDS

Water-repelling, adhesive surface

BUILT-IN DIVERSITY

Different depths, different
lives

Cells near the surface bask in oxygen and
nutrients; cells buried deep live in a starved,
oxygen-poor microenvironment. As Section 4
shows, that internal diversity is a key to the
biofilm's resilience.

\

Source: Sharma et al. 2023, Microorganisms, Campoccia et al. 2021, Int. J. Mol. Sci,, Foster 2020, Front. Microbiol.
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FREE-SWIMMER TO FORTRESS DWELLER

The great transformation

Joining a biofilm is not just sticking down. The same cell rewrites its

genes, slows its metabolism and rebuilds its structure — behaving almost

like a different organism.
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SECTION 3

THE GREAT TRANSFORMATION

A change in identity,
not just address

When a bacterium joins a biofilm it undergoes a wholesale transformation. Microbiologists call the

two states planktonic (free-swimming) and sessile (biofiim-embedded), and the switch follows a
recognised life cycle — coordinated by chemical signalling, not mere stickiness.

\

THE BIOFILM LIFE CYCLE

MATRIX & COMMITMENT RISES WITH EACH STAGE

Reversible Irreversible
attachment attachment

GENETICALLY
Re-programmed

It powers down the
machinery of swimming
and powers up matrix-
making genes —
orchestrated by quorum
sensing, a chemical
‘voting' system that senses
how many neighbours are
present.

PEAK FORTRESS

\

Microcolony
growth

METABOLICALLY
Slowed down

In a crowded, nutrient-
poor matrix the cell
reduces its growth rate;
some enter near-
dormancy. A deliberate,
energy-conserving
adaptation — with big

consequences for survival.

Maturation Dispersal
(3-D fortress)

\

Source: Zhao et al. 2023, Front. Cell. Infect. Microbiol; Sharma et al. 2023, Microorganisms

ARROWBIOME

STRUCTURALLY
Committed

It produces anchors,
secretes shared matrix, and
takes its place in the 3-D
scaffold. The nomad is now
a permanent resident of a
fortified settlement.
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THE SCIENCE OF RECALCITRANCE

Why biofilms win

Biofilm bacteria can be up to a thousand times more antibiotic-tolerant

than free swimmers — because their defence is layered, not single. A
fortress with many walls.
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SECTION 4 - THE SCIENCE OF RECALCITRANCE

A fortress with many
walls

Thisis why biofilm-associated problems so often resist treatment that should, on paper, work. The
crucial insight frorn modern research isthat the resistance is not caused by any single mechanism
— itisa layered defence, which isexactly why it is so hard to overcome.

THE LAYERED DEFENCES OF A BIOFILM

ANTIBIOTICS

Diffusion barrier
Matrix traps & slows drugs, antibodies and immune cells

() slowed metabolism
Nutrient-poor interior — few active targets for drugs.

@ Eiflux & gene transfer

Pumps expel toxins; resistance genes spread cell-to-cell

DORMANT
CORE

@ Persister cells
Dormant survivors reawaken and rebuild after treatment

1,000x

more antibiotic-tolerant than free-swimming cells

THE PERSISTER PARADOX

Survivors that aren't even resistant.

Atiny subpopulation of persister cells sits in deep dormancy. Most antibiotics attack active
processes, so a dormant cell offers nothing to act on — it is metabolically untouchable, not
genetically resistant. When treatment ends, these survivors reawaken and rebuild the
population. No single layer isimpregnable; together they make the fortress.
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A NORMAL PART OF LIFE

Biofilm on healthy skin

The most important shift in this chapter: biofilm is not a synonym for
infection. On healthy skin, these communities are a normal, beneficial,
protective part of who we are.
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SECTION 5 - A NORMAL PART OF LIFE

Your skin’s frontline
allies

Human skin is far from sterile — it isa living landscape home to roughly a trillion microorganisms,
with distinct niches (oily, dry, moist, hidden), each with characteristic residents. Major residents
include coagulase-negative staphylococci such as S. epidermidisand, in the oxygen-poor depths of
the hair follicle, C. aches— and they often live as biofilm aggregates, deployed for our benefit.

( ( i
DEFENDS COMPETES EDUCATES
Barrier integrity Colonisation Immune tone
Helps maintain the resistance Helps set an appropriate
physical and chemical By occupying the surface level of immune vigilance
barrier that keeps moisture and consuming local —alert to real threats
in and invaders out. resources, residents leave without overreacting to
little room for dangerous harmless ones.
newcomers.
\ \ \

A TEXTBOOK ALLY
Good bacteria, holding the line.

S. epidermidis actively suppresses its more dangerous relative S. aureus— secreting molecules
that block it from colonising and even dismantle its biofilms. The very same community
machinery that, in the wrong context, drives chronic infection is here doing essential
defensive work. The biofilm lifestyle is morally neutral: what matters is the balance, the

location, and the host.

Source: Severn & Horswill 2022, Nat. Rev. Microbiol,, Cavallo et al. 2024, Biology, Di Domenico et al. 2019, Microorganisms
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WHEN THE BALANCE BREAKS

When biofilm becomes
the problem

Pathology emerges not from the presence of a biofilm, but from a shift in
context — occlusion, barrier breach, or altered nutrients. The blocked
follicle is the skin-specific example.
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SECTION 6 - WHEN THE BALANCE BREAKS

From beneficial to
pathological

Ifresident biofilmsare normal and helpful, what goes wrong? The literature points to a clear
principle: a once-cooperative community turns harmful when its context shifts. The same
community sitson a spectrum — and three triggers push it toward the dangerous end.

THE COMMENSAL-TO-PATHOLOGICAL SPECTRUM

BENEFICIAL PATHOLOGICAL
Stable commensal community Dysbiotic, matrix-rich overgrowth

WHAT TIPS THE BALANCE

OCCLUSION BARRIER BREACH ALTERED NUTRIENTS
Follicle sealed off — Wound opens tissue to Local supply shifts — one
oxygen-poor, nutrient-trapped persistent biofilm species dominates
( [
WOUNDS THE PRINCIPLE
When the barrier breaks Balance, not presence
Persistent wound biofilms are strongly Persistence and pathology emerge from
associated with delayed healing, ongoing matrix biology, altered physiology, and host-
inflammmation, collagen breakdown, and microbe context working together — never
impaired tissue repair — bacteria reaching from any one factor alone. The danger lies in
tissue they would never normally touch. the broken balance, not the microbe itself.
\ \

Source: Brandwein et al. 2016, npj Biofilms Microbiomes, Uberoi et al. 2024, Nat. Rev. Microbiol; Almatroudi 2025, Biology
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SECTION 6 - THE SKIN-SPECIFIC EXAMPLE

The blocked follicle

Nowhere isthe principle clearer than in the hair follicle, the natural home of C. aches. Normally itisa
peaceable, dominant resident of the oxygen-poor, sebum-rich niche. But when a follicle becomes

occluded, the microenvironment changes — and the community can tip into dysbiosis.

HEALTHY VS OCCLUDED PILOSEBACEOUS UNIT

Healthy follicle Occluded follicle
SKIN SURFACE SKIN SURFACE
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sebaceous gland - sebum-rich sebaceous gland - sebum-rich

A CAREFUL, HONEST NUANCE

A contributor — not a single universal cause.

Research on acne lesions points not to the simple presence of C. acnes (nearly everyone carries
it) but to site-specific dysbiosis: overrepresentation of particular strains, stronger early
adhesion and biomass, and increased antibiotic tolerance in lesional bacteria. Acne is
multifactorial — biofilm biology is one powerful piece of a larger picture, which is exactly why
understanding it matters.

Source: Cavallo et al. 2022, Scientific Reports, Mayslich et al. 2021, Microorganisms, Cavallo et al. 2024, Biology
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IN A NUTSHELL

Seven things
to remember

01 - A community, not a stain

The default lifestyle of bacteria — a cooperative settlement
inside a self-built matrix.

03 - Joining is a transformation

Cells switch genes, slow metabolism and rebuild —
coordinated by quorum sensing.

05 - On healthy skin, an ally
Resident communities defend the barrier, crowd out
pathogens and tune immunity.

07 - Balance, not eradication

Pathology arises from broken balance and host context —
not from microbes alone.

02 - The matrix is the masterpiece
Over 90% of a biofilm — polysaccharides, proteins, e DNA,
lipids — in a true 3-D architecture.

04 - Recalcitrance is layered

Barriers, persisters, slowed metabolism, efflux and
immune evasion combine — up to 1,000 tolerance.

06 - Context decides everything
Occlusion, breach or altered nutrients tip a good
community into a harmful one.

“The biofilm is not the enemy. The broken balance is.”
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Biofilm: The Hidden Fortress on Your Skin

A public science explainer for a curious, non-specialist reader. Grounded in a synthesis

of peer-reviewed literature (2016-2026) on bacterial biofilm biology and the skin

microbiome. Free to read and share.

SELECTED REFERENCES

Zhao A, Sun J, Liu Y. Understanding bacterial biofilms. Front.
Cell. Infect. Microbiol. 2023;13.

Sharma S, et al. Microbial Biofilm: Formation, Infection,
Resistance & Treatment. Microorganisms 2023;11.

Versey Z, et al. Biofilm-Innate Immune Interface. Front.
Immunol. 202112,

Almatroudi A. Biofilm Resilience. Biology 2025;14.

Campoccia D, et al. Extracellular DNA in biofilm architecture.

Int. J. Mol. Sci. 2021,22.

Foster TJ. Surface Proteins of S. epidermidis. Front. Microbiol.
2020;11.

Thi MTT, et al. Pseudomonas aeruginosa Biofilms. Int. J. Mol.
Sci. 2020;21.

Sharma D, et al. Antibiotics versus biofilm. Antimicrob. Resist.

Infect. Control 2019:8.

(. PUBLIC EDITION - FREE TO SHARE)

arrowbiome.com - Singapore - Brussels

Severn MM, Horswill AR. S. epidermidis dual lifestyle. Nat. Rev.
Microbiol. 2022;21.

Cavallo |, et al. Bacterial Biofilm in Chronic Wounds. Biology
202413,

Cavallo I, et al. Skin dysbiosis & C. acnes biofilm in acne. Sci.
Rep. 202212.

Di Domenico EG, et al. S. aureus & cutaneous biofilms in AD.
Microorganisms 2019;7.

Brandwein M, et al. Microbial biofilms & the skin
microbiome. npj Biofilms Microbiomes 2016;2.

Uberoi A, et al. The wound microbiota. Nat. Rev. Microbiol.
2024:22.

Le KY, Park MD, Otto M. Immune Evasion in S. epidermidis
Biofilm. Front. Microbiol. 2018;9.

Mayslich C, et al. C. acnes as Opportunistic Pathogen.
Microorganisms 2021;9.

ArrowBiome Knowledge Hub
Acne Science Series - Chapter 2 - 2026



