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Microplastics and human health

Lurnuence Levey

High confidence that these themes represent the major open questions, as they appear consistently
across numerous reviews that highlight methodological limitations, research gaps, and missing long-term
human data.
If you'd like, | can also generate:

« a conceptual diagram of research gaps,

* aprioritized research agenda,

« oramore detailed breakdown of gaps by exposure route, organ system, or particle type.

Show all 33 references | 3 Explore asatable 71 o B 52

Follow-up Suggestions
L3 What are the potential pathways through which microplastics may affect human health?
5 How da microplastics interact with the human immune system?

L What are the long-term health implications of microplastic exposure in humans?

Ask a follow-up question
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developing extraction techniques (solvent,
enzymatic, micrabial) but does not address

Summary table wastowater/process-water cultivation or biorefinery
approaches. Thus, while the general topic of
Domain Key mechanisms Evidence seaweed a3 an alternative protein source and
improved recoverabilityis aligned, parts of the claim
Protein suppiy T, are not directly supported.
.. Semmeed ca i R vt v et E
rotein.« Borefineries and impraved extraction increase protein Do you ind it useful? Ave D ne
recoverabilty.
Carboncapturs - Very high primary productivy draus down 61,0, Abstract  Excorpts
POC 0r RDOC becomes long-temm storage. %), 9, —_—
cultivated systems ar largs (depending o f = -
Astan region since ancient tf studies prove that this
Intagrated ki (.58 a high prot e,
eystems Bco- carboncapture « Wastewater baced culivation removes K while = s
benefits produciog proteiich biomass. ve deri i
28 CVID), besity, cancer, el A resull seawed become an
Ask a follow-up question Interesting commedity in the sgricultiura, food, snd health
Indstries, The growing market for seaweed increases the

‘problem of highy scarce agricultural land, as well as

\
Seaweed cultivation fo protein and carbon capture Reference details & ox
[ e e— o
Protein from seaweed aquaculiure
Copilotsteps >
Suryaningtyas. LT ; Jo. LY. : Pangestuti. B,
. . Sources, Processing, the
Seaweed cultivation for protein and carbon capture ovcamomy e -
) i  Eisavier » Other » 2023
How seaweed cultivation can boost global protein supply while capturing carbon
3 2citations 1348 FWE!
contribut &
mechanisms: View at publisher 7 View Scopus document A
1 pacially when natrients are optimized,
2 sith some red longterm as Nosral Tt
disselved organic carbon )
The reference discusses seaneed s high protein
3. h vockocad amisslons, and low content (up to 479% cry weight) and notes
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Summary Table: Top Experts by Domain

Domain

Seaweed Cultivation
& Aguaculture

Seaweed Proteins &
Technologies
Macroalgal Carbon

Capture & Blue
Carbon Modeling

Key Experts

Ni P.D. Kusuma, Pieter
Amalo, Rifgah Pratiwi, Adrian
K. Macleod

Diane Purcell, Jodo P. Trigo,
Kristoffer Stedt, Jayani
Samarathunga, Maria Hayes

Si Chen, Xiuting Feng, Ruimin
Zhang, Ellen Quld, Bin Li

Why They're Relevant

Work on Kappaphyeus and
Eucheuma cultivation, growth
optimization, and sustainable farm

design

Lead research on seaweed protein
extraction, functional foods,
biochemical profiling

Produce high-impact work on
DOC/POC pathways, carbon
accounting frameworks, and
macroalgal carbon fate

1. Experts in Seaweed Cultivation and Applied Aquaculture

NiP.D. Kusuma

Citations

48 48

= 8

Focus on Kappaphyeus and Sargassum cultivation performance, biochemical composition, and

bioactivity 4s .

Pieter Amalo

Ask a follow-up question

)

LeapSpace is powered by Scopus data and full-text content from Elsevier and other publishers. Al responses may vary in quality. Share feedback
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Seaweed cultivation for protein and carbon capture Author preview

Experts in Seaweed Cultivation and Marine Protein .
Adrian K. Macleod

Leading Experts on Seaweed Cultivation, Seaweed-Based Protein, and ga
Carbon Capture

Bolow is a structured synthesis of the most relevant experts identified from the retrioved author data.

Matching documents h-index Citations

12 n 872

seaweed cultivation, marine protein, macroalgal carbon sequestration, or carbon-cycle modeling,
View profile 7

Summary Table: Top Experts by Domain
Matching documents

Domain Key Experts Wy They re Relevan Ciations
Production of acetone, butanol, and ethanol by
Semweed Cultivation NP, Kusurma, leter Work on Kappaphyeus and P ulivation,
& Aquacuture Armalo, Rifosh Prat, Addfan Eucheurma culthation, growth B enzymatic hydirolysis inhibitor removal, and
K Mackeod optimization, and sustainabie farm fermentation
design
Schultze.lens. A ; Yoo, BG, ; Macieod, AKA, |
‘Scawced Proteins & Diane: Purcell, Jodo P. Trigo, Lead research on seaweed protein = 5 Lowm Sonteras AM B,
Extraction Krstofer Stec atraction, functional foods, g gt s n 4 soiarad + 2002
Technologies Samarathungs, bloshemical profling
L 32 citations.
Cabon  5iChen, Xivtng Feng, Ruirin  Produce hghvimpact work on .

Capture & Blve Zhang, Ellen Ould, Bin Li DOC/POC pathways, carbon —— Ensiling of sugar kelp biomass for biorefining

Carbon Modeling accounting frameworks, and = Larsen. S Ma, N o X, Bak UG, ; Berre, AR,
macrosigal carban fate
Biomazs and Bioenergy 7 + Journal + 2
T ciations
—_— Is social license to operate relevant for seaweed
1. Experts in Seaweed Cultivation and Applied Aquaculture z X
cultivationin Europe?
NiP.D. Kusuma Biling. ScL. | Bostan, A ; Tett B, ; Macleod, A,
Focus on d Sargas ivati bichemical tion, and Aquaculture 3 + Journal « 20
bioactivity e
Bister Amale
Ask a follow-up question 2 lection on
the production and quality of sugar kelp, Saccharina
/ latissima: A Danish case study
@ 0
Boderskov, T, bislsen. MM, ; Basmussen, MB. ; Sloth, L.
e pin E ¥ pkan
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How can seaweed cultivation contribute to global protein supply while capturing carbon?
Copilot steps >

Seaweed cultivation for protein and carbon capture

How seaweed cultivation can boost global protein supply while capturing carbon

Seaweed cultivation contributes to protein production and carbon cap through well-d
mechanisms:

1. High-protei g i ially when nutrients are optimized.

2. Substantial carbon fixation during growth, with some portion stored long-term as particulate or
dissolved organic carbon.

3. Ecosystem and climate co-benefits such as nutrient removal, reduced emissions, and low
land/water requirements,

Summary table

Domain Key mechanisms Evidence

Protein supply -l f b Itivation boosts proteln content and 1],.(2],(3],
yields, « Seaweed can reach high protein levels and serve as altemative 3,8
protein. « Biorefineries and improved extraction increase protein
recoverability,

Carbon capture = \ery high primary productivity draws down CO,. « Carbon exported as 8l,(7],(8],
POC or RDOC becomes long-term storage. « Carbon sink estimates for 8),%, %),
cultivated systems are large (depending on fate of biomass). -

Integrated «IMTA systems recycle nutrients and enhance both biomass and B, 3,W,

systems & co- «carbon capture. « Wastewater-based cultivation removes N/P while =

benefits producing protein-rich biomass.

What funding opportunities exist in the U.S. for this topic?
\ LeapSpace Is powered by Scopus d i content from El and other publishers. Al responses may vary in quality. Share feadback )
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. v Funding preview a x

Funding opportunities for seaweed cultivation and carbon capture E) Funding institutional _Funding opportunity

U.S. Funding Opportunities Relevant to Seaweed Cultivation, Marine Protein, and Measurement Science to

Ocean-Based Carbon Capture Promote Water Quality and
Selowis y v Health in Aquaculture
work on seaweed aguaculture, blue carbon, marine biomass, sustainable marine protein, or enabling
technologies for carbon removal and aquaculture systems. Mational Institute of Standards and Technology 7 USA
it i mary bedner@nist gov
Summary Table: Most Relevant Opportunities
et Tioe
Opportuaty Funder Aot Wy s Relevant Crations S8ST64USD  Inaivicual felowships
Venturewel Ocean Venturll SO0 Swpporsccasndiatachand (39
Enterprise Accelerator innovations; strong it for MRY, 5
carbon accaunting. seaweed fam Summary  Eligibility details
manitonng —

NIST, in collaboration with the Institute of Marine and

T W Qa8 5T WM Omcyuppuscmcive @ » Enviconmental Technology (MET), i seking a pos-
Heaith in Aquaculture RBD including nutrient dynamics. P -
gtk tosenmeed st MTA

US. The research will be
through the complementary capabilities or both

"NOAA: Population Noan Hotlited  Supparts ecclogical modeliogor 34 iytical capasil
‘aquaculture, relevant for NIST (¢.g, LC-HRMS and LC-MS/MS, GC-MS) and 3 state-of-
for Marine Aquacultire emaweed-ecosysiem interactions the art aquaculture resesrch center 3t IMET. Potential
h . - ot
a for
BARD Aguaculture & BARD (US- $600,000 Funds algae, seatocd, and - a
Dssart Farming iy ‘mondaing peotilisudasely contaminants, such as hormenes, mietabaltes, and feed by-
Program recuires US-dsrael partnership
‘evaluation of passive sampling devices for mimicking the
Ras;
NRL SeawaterCarbion LS. Havsl SI04401  Strong thamatic ik to ocean ™ study of antibiotics used as food supplements in
Capture & Hydrogen Research Lob carbon pathays; enabling aquaculture, particularty transport through the water,
Production carbon-capture tech metabalic by-products, and develspment of novel
treatment approaches; development of analytical
R . ST P R — - capabilities for off-avor detection in water and fish tissue.
including the development and evaluation of novel

technol flavor removal; hes
Who are the experts on this tapic? logy E

o .
aquaculture animals and water.
e toetach - Meywords: N

02 EEZFERE: BRAIUBIZMRMAEER
BRIRRTIR,
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Experts in Seaweed Cultivation and Marine Protein

Leading Experts on Seaweed Cultivation, Seaweed-Based Protein, and Macroalgal
Carbon Capture

Below is a structured synthesis of the most relevant experts identified from the retrieved author data.
These individuals have suk ial publication output, citation impact, or specialized expertise in
seaweed cultivation, marine prm:em, macroalgal carbon sequestration, or carbon-cycle modeling.

Summary Table: Top Experts by Domain

Domain Key Experts ‘Why They're Relevant Cltations
‘Seaweed Cultivation Ni P.D. Kusuma, Pieter Work on Kappaphycus and 48 (48
& Aquaculture Amalo, Rifgah Pratiwi, Adrian Eucheuma cultivation, growth £ -]
K. Macleod optimization, and sustainable farm
design
Seaweed Proteins & Diane Purcell, Jodo P. Trigo, Lead research on seaweed protein 52 53
Extraction Kristoffer Stedt, Jayanl extraction, functional foods, 4 (58
hnol } Maria Hayes biochemical profiling -
Macroalgal Carbon Si Chen, Xiuting Feng, Ruimin Produce high-Impact work on 57|58
Capture & Blue Zhang, Ellen Ould, Bin Li DOC/POC pathways, carbon (8!
Carbon Modeling accounting frameworks, and -
macroalgal carbon fate

1. Experts in Seaweed Cultivation and Applied Aquaculture

Ni P.D. Kusuma

Focus on and ivation per , bi i ition, and

bioactivity 8.
Pietar Amala

Can you make a short report for my team about this and include diagrams?

U]

\ LeapSpace Is powened by Scopus data and full-text content from Elsevier and other publishars. Al responises may vary in quality. Shars feedback
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Seaweed cultivation for protein and carbon capture i
Matching documents

3. Diagram: Protein & Carbon Pathways in Seaweed Cultivation Production of acetone, butanol, and ethanol by
fermentation of Saccharina latissima: Cultivation,

enzymatic yerolysis, inhibitor removal, and

fermentation
schultze-Jens, A, ; Vroon, RC. ; Macleod, AKA,
l Lpsz-Contreras, AM, ; Boon, MA,
Algal Research 7 » Journal + 2022
Growth
. 32citations
Ensiling of sugar kelp biomass for biorefining
Biomass.
Larsen, SU.; Mo, N, Hou, X Bak, UG, ; Bers, A8,
- -~
P N ‘Blomass and Bloenergy A + Journal » 2021
L] L4 T citations
Protein Carbon fixation
e " Is social license to.operate relevant for seaweed
i Y cultivation in Europe?
POC export ROOC formation Biling. .. ; Bosian, . Tt P Macleod, A,
T T Aquaculture 7 + Journal + 2021
N
- ot 2 ciations
Long term storage

Effects of seeding method, timing and site selection on

the production and quality of suga kelp, Saccharina
Tatissima: A Danish case study

Boderskoy, T, ; Nislsen, MM, ; Rasmussen, M8, ; Sloth, Jul. ;

Arhn. A,

Figure 1: , protein yield, and carbon pathways 1 3

70 @
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Discover deeper insights

Based on peer-reviewed abstracts and full text

Which seaweed species exhibit the highest protein yield under varying nutrient and light conditions, a
nd what physiological or biochemical mechanisms regulate their carbon capture efficiency and amino
acid synthesis?

0 |@Deep rrrrrrr h x o

5] Explore topics 28R Find experts 181 Find funding
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Protein Yield, Carbon Capture, and Amino Acid Synthesis in High-
Protein Seaweeds: Species Comparisons and Environmental
Regulation

Quick Reference

Ubva fasciata

Utva prolifera

Porphyra/Pyropia  30-47
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Giobal food systems face mounting pressure to deliver adequate protein to a
projected population of 8.7 bilion by 2050, while simultaneously reducing

emissians. 2 i 2 nitributes roughly
Qualify projection: add support
Global food systems face mounting pressure 1o provide adequate protein for a
Jlation by 2050 emissions

Godiray ol al 2010 , [ Springmann et al 2018, Foley et al 2011
v Keep X Reject

PSSt
To examine what Supports, we.

search covering peer-feviewed
literature from 2000 to 2024, supplemented by FAO and IPCC reports. After
soreening, 94 studies were included. Given substantial heterogeneity in
measurement methods — particularly In how protein content was calcutated
across studies — we used a namative synthesis rather than meta-analysis.

Reported prolein content ranges from 8% to 47% dry weight depending on
species and growing conditions, and some brown aigae contain fodine levels and

- that ng partially
address this, but adds cast and complexity. Seaweed's protein contribution is
most credible as a o existing ther than a

The carbon picture is similarly nuanced. Seaweed absorbs CO: while growing, but
most of that carbon is released when biomass is harvested, consumed, or
decomposed. Lasting sequestration depends on biomass sinking to deep ocean
sediment — a pathway that remains poorly quantified at scale, Curment estimates
suggest seaweed cultivation could offset 0.5-1.5 Gt CO: per year by 2050,
meaningful but inst the 40 Gt required under 1.5°C
scenarios.

The sirongest case for seaweed is not that it solves either problem alone, but that
It represents a genuinely low-impact production system with real co-benefits
across food security, coastal ivelinoods, and ecosystem sefvices — including
waler uality and marine p g — that are difficult to
monetize but substantively real.

Claim radar

a

Assistant x

Flag sentence level edits in my draft and
include references

Copilot steps >

ges make the draft
aligning the strength of each claim with what me
literature actually supports, especially where the

‘evidence is variable or uncertain. That matters
because readers notice when pracise numbers or
climate claims sound firmer than the sources
justify, and that can weaken trustin the whole
argument. They alsa sharpen the distinction
between seaweed’s promise a3 3 protein source
and the much less settled case for durable
carbon removal. The main thing to double-check
s that each citation backs the exact wording and
level of certainty you use, not just the general
topic.

Writing changes
Qualify projection; add support >
Hedge variable emissions claim >
Clarify carbon accounting boundary >
Strengthen uncertainty framing >
Remave unsupported numeric estimate >

 Revertall v Keepall

Review changes ta continue editing your text

How can | help you with your writing?
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not tirmly support. That matters because readers

#~ References in this writing ° caus: e
will trust the argument more when the level of

Remove reference e

Unlink reference
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Global food systems face mounting pressure to provide adequate protein for a
growing global population by 2050 g gas emissions

Godiray et al 2010, Springmann etal 2018 , [ Foley el al 2011 . Conventional animal
agriculture is widely cited as a major contributor to food-related emissions, but
precise estimates vary across studies; more broadly, food systems account for a
substantial share of global anthropogenic greenhouse gas emisslons, and shifts
away from animal-source foods can reduce those Impacts Poore & Nemacek 2018 ,

Tilman & Clark 2014 |, | Crippa etal 2021 , | Viermeulen etal 2012 |, | Zhao etal 2026
‘Seaweed has emerged as a compelling candidate: it requires no freshwater, no.
fertiizer, and no arable land, and some species contain 25-47% protein by ery
weight with amino acid profiles broadly comparable to soy. Large-scale offshore
cultivation has also been proposed as a mechanism for active carbon drawdown.
But the evidence supporting seaweed's dual-funclion potential ks more:
complicated than optimistic projections often suggest.

To examine what the evidence actually Supports, we conducted a systematic
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Assistant
not firmly support. That matters because readers
will trust the argument more when the level of
certainty matches the evidence, especially on
emissions shares, land use, and seaweed carbon
removal, where estimates vary across sources
They also help the paper present seaweed as a
promising but limited option rather than a
settled salution, which is closer to the current
review literature on protein potential, processing
constraints, and uncertain sequestration
pathways The main thing to double-check s that
every quantitative statement now has a source
that supports that exact figure, not just the
general idea

Flag sentence level edits in my draft and
include references.

search acress leading databa: PSR E—— Copilot steps >
Iiterature from 2000 to 2024, supplemented by FAQ and IPCG reports. After These changes make the draft more credible by

screening, 94 studies were included. Given substantial heterogeneity in
measurement methods — particularly in how protein content was calculated
across studies — we used a narrative synthesis rather than meta-analysis.
Reported protein content ranges from 8% fo 47% dry weight depending on

species and growing conditions, and some brown aigae contain iodine levels and
nti-nutritional that reduce bi i

can nartially

aligning the strength of each claim with what the
literature actually supports, especially where the
evidence is variable or uncertain, That matters
because readers notice when precise numbers or
climate claims sound firmer than the sources
justify, and that can weaken trust in the whole
argument. They alsa sharpen the distinction

x




7 N 4 ™

Claim Radar X < | Claim evidence Trust Cards| X
A
Select a claim to explore the evidence and Processing steps >
research connected to it. Some matches may be
imperfect.
Identified claim
Update claims Conventional animal agriculture
contributes roughly 14.5% of
“Conventional animal agriculture contributes anthropogenic emissions and occupies
roughly 14.5% of anthropogenic emizzions and nearly 80% of agricultural land.
occupies nearly 80% of agricultural land.”
46 related documents
“Seaweed generally requires little or no arable
land and freshwater relative to terrestrial protein @ Support e 31
crops.” B
) Mixed — 14
“some species reach high protein concentrations @ Contradict  « 1
on a dry-weight basis,”
4 key insights
“Reported protein content ranges from 8% to 47% * Provided abstracts mostly place animal
dry weight depending on species and growing agriculture near the claim’s emissions range
conditions.” and land-use dominance.
Show more
"Some species also present iodine burdens,
phenolic compounds, and digestibility constraints .
that can reduce usable protein, even when amino Do you find Claim Radar helpful?
acid profiles appear favorable® 2 Yes P No
Processing can pjmi:llly address this, but adds Jsupport Témixed 1 contradict
cost and complexity.”
Pre- and post-production processes increasingly
“Seaweed absorbs CO; while growing” dominate greenhouse gas emissions from agri-food
systems
“much of that carben is subsequently returned to Tublello, F.N. 71; Karl, K. 71; Flammini, A. 71;
the system when biomass is hnnre'red consumed, Confortl, P. A; Torero, M. A
N a b PR » ’ \ ’
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