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<8& SUMMARY>

Purpose

The discharge of various pollutants from human activities in the polar ecosystems poses
a high potential for causing imbalances due to their high sensitivity to environmental
contaminants. The purpose of the research is to address the applicability of mineral
detergents, antibacterial materials, and soluble glass being developed by LG

Electronics' HS Functional Materials Business Division in the polar environment.

Contents

The polar regions, which are considered untouched areas, are facing a rise in pollution
levels as a result of tourism, human activity, and the long-distance transportation of
pollutants. In particular, the discharge of domestic water around polar research stations
serves as a significant contributor to contamination in polar ecosystems. These pollutants
pose a grave threat to organisms in these regions that are sensitive to abiotic factors. This
research aims to reduce pollutant emissions and investigate the feasibility of using
functional materials developed by LG Electronics' HS Functional Materials Business
Division.

<Mineral Detergent>

Instead of traditional detergents, the mineral detergent is a functional product designed
for repeated use. It's expected to reduce the use of surfactants and carbonates, which are
the main components of conventional detergents. The initial investigation involves
studying indicator species that can monitor ecosystem changes or hazardous situations

caused by pollutants. Afterward, an assessment will be conducted to compare the effects

of conventional detergents and mineral detergents on these indicator species.

<Antibacterial Material>

Microbial clusters, including pathogenic bacteria, can be prevented by using antibacterial
materials. The Functional Materials Business Division has developed materials with|
antibacterial properties that will be tested on polar microorganisms. After analyzing the

results, the possibility of using antibacterial materials in polar biology laboratories will
be explored.

<Soluble Glass>

The soluble glass can transform into inorganic ions when it dissolves in water, potentially
providing nutrients for organisms. To test its applicability in polar environments, a

preliminary study will be conducted analyzing seawater components. Furthermore,
experiments will be conducted to ensure its safety and understand the impact on water

crystallization for environmental adaptation.

Expected

Contribution
(58%of 1
4819 23

- Reducing emissions of domestic pollutants from polar research stations

- Establishing a growth condition and a mass production platform for polar-derived
valuables using soluble glass

- Promoting diverse applications of the functional materials

Keywords

Mineral Detergent Antibacterial Material Soluble Glass

Polar Microorganism Environmental Pollutant
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1| A 25
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Figure 1. Comparative effects of detergents on chlorophyll-based growth of polar microalga
KSF0090. Detergent solutions at concentrations of 0.5, 1, 2, 5, and 10 mg/mL were
individually added to separate T-flasks containing BBM medium and microalgae. The
cultures were incubated at 4 °C under continuous light. Samples were collected on days 1,
3, 10, and 20. Chlorophyll was extracted using DMF, and absorbance was measured at
specific 664.5 nm, 647 nm, and 750 nm wavelengths using a microplate reader. The data
were analyzed using equation (Catarina Osorio, 2020) and visualized with Prism
software. Each measurement was performed in triplicate. (A) Chlorophyll a concentration

(ug/mL), (B) Chlorophyll b concentration (ug/mL), (C) Total chlorophyll concentration
(ng/mL)
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Control Mineral wash BIT TECH

L ® o

30 uM

Figure 2. Microscopic images of microalgae. Microscopic view of microalgae cultured with

5 mg/mL detergent. The Control sample was maintained without any treatment. A 10 pL
aliquot of microalgal culture (collected from T-flasks) was mounted on a DHC-NO1 C-Chip
disposable hemacytometer for microscopic observation using an Olympus BX53
microscope with an SLMPlan N 50x/0.35 objective. Images were acquired using an
Olympus DP71 digital camera and processed with DP Controller software. The red circle
indicates non-viable or lysed cells. (A) Microalgae after 10 days of cultivation, (B)

Microalgae after 20 days of cultivation.
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Polar microalga KSF0090

Control _I—' Control l_e
B Mineral wash (0,5-1-2-5-10 mg/mL) TECH (0.5-1,0-2.0-5.0-10.0 mg/mL)
an v'xd L AT
| =1 !
|

Control

Mineral wash (0.5-1-2-5-10 mg/mL) BIT (0.5-1.0-2,0-5,0-10.0 mg/mL) TECH (0.5-1.0-2.0-5.0-10.0 mg/mL)

Figure 3. Microalgae KSF0090 cultured in T-flasks with different detergents at various
concentrations from 1 to 20 days. Visual images of microalgae under the effect of
detergents on day 3, day 10, and day 20. (A) Culture image of microalgae on day 3 of
cultivation. (B) Culture image of microalgae on day 10 of cultivation. (C) Culture image of

microalgae on day 20 of cultivation.
<=FA] HlMZF Micractinium simplicissimum KSF0100>
O Mineral wash, BIT, TECHE =% A W|AZF Micractinium simplicissimum
KSFOT008] o] 2R JFe vFon, ol we Zzd H4ol
A FAFE S BHYS. Mineral wash AZ 0.5 mg/ml =58 FEEd

ZAo] w9 AsHo|ar, 1-2 mg/mloAE FE=

e,
i)

ao] Awk fEow
gagon, 5 nghl ol AAE A AEHA 2%, ol Mineral wash7h
ke FRIAE MAzRe] 43 B 5Ee A AANTL BolF,

O BIT= 0.5-1 mg/mLelAE thzate] Ak =590 3.3-3.6 pg/mle S==4

TAE BYom ) 2 mg/mLol A= 1.3 pg/ml= A48 oF 1/6 o= "o S,
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& TECH S5 mg/mL
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& TECH § mgimlL
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—+ TECH 5 mgimL
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Chlorophyll a {ug/mL)
Chlorophyll b (yg/mL)
Tatal Ghiorophyll (g/mL)

Figure 4. Effects of detergents on the chlorophyll-dependent growth of polar microalga
KSF0100. Individual amounts of detergent at concentrations of 0.5, 1, 2, 5, and 10 mg/mL
were added to separate T-flasks containing BBM medium and microalgae and cultured at
4 °C under light conditions. Samples were collected on days 1, 3, 10, and 20. Chlorophyll
was extracted from the samples using DMF, and absorbance was measured at 664.5 nm,
647 nm, and 750 nm wavelengths using a microplate reader. The data were then analyzed
using equation (Catarina Osorio, 2020) and plotted using Prism software. Each sample was
measured in triplicate. (A) Chlorophyll a concentration (ug/mL), (B) Chlorophyll b

concentration (ug/mL), (C) Total chlorophyll concentration (ug/mL)
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Polar microalga KSF0100

;.

4 o s

\/ L\"E.'\

{

Control T T
BIT (0.5-1.0-2.0-5.0-10,0 mg/mL) TECH (0,5-1.0-2,0-5.0-10,0 mg/mL)

Contral L Control L T Control! i i J
Mineral wash (0-5-1-J-5—10 mg/mL) BIT (0.5-1.0-2.0-5.0-10.0 mg/mL) TECH (0.5—1.0—2.0—5.L-1o.0 mg/mL)

Figure 5. Microalgae strain KSF0100 was cultured in T-flasks with different detergents at
various concentrations over 20 days. Visual observation of microalgae cultures under
detergent exposure at three time points: day 3, day 10, and day 20. (A) Culture image on
day 3 of cultivation, (B) Culture image on day 10 of cultivation, (C) Culture image on day

20 of cultivation.
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Figure 6. Initial set-up for toxicity testing of microorganisms from the polar ocean.

- 23 -



LGHAA HS 7154 &4l &9 3A (P124010)
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Figure 7. Time-course analysis of chlorophyll a concentration ([Chl a], pg/mL) in marine
microalgae under different concentrations of mineral wash (left) and general detergent (right)
over 10 days. The concentrations tested include 0 mg/mL (no chemical, black), 0.1 mg/mL
(red), 0.2 mg/mL (orange), 0.5 mg/mL (yellow), and 1 mg/mL (green). Data points represent
the chlorophyll a levels measured at 647 nm and 664 nm wavelengths, indicating the impact of

detergents on microalgal biomass.

O vulZ AAl(mineral wash)e} dut AMAE thZa*(No chemical)3} H] L3}
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0.077°14 5242 0.093, 10¥8}F 0.0802 Ao}, mulZ A4 0.1 mg/mL

Lo AE 192 0.077904 59 0.073, 1093 0.065%2 %7] AEHS

O sk dukAAle] A9 0.1 mg/mL FEAAE 192} 0.077914 592F 0.055,

T =2 v

1092F 0.0482 7FA3sgS. 0.2 mg/ml 183 0.5 mg/mlEEoA%E H|=3H

rr

27 4ol S7FHAT o3 1043kl

rr

AArS Hol. 1 mg/ml FEolA
0.009% W& AE5dS Y (17 8).

O mulz AAZE iz 31 Lyt Aol Ble] 2= sl whE ol ol

okt A adE YE.
Mineral wash LHbAH| —e—No chemical
0.1 —8—0.1mg/ml
—8—0.2mg/ml
0.08 0.5 mg/ml
q‘:é 0.06 —o— 1 mg/ml
o
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0.02
0 ) 0
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Days Days

Figure 8. Time-course analysis of bacterial biomass (OD A¢g) under different concentrations of
mineral wash (left) and general detergent (right) over 10 days. The concentrations tested include 0
mg/mL (no chemical, black), 0.1 mg/mL (red), 0.2 mg/mL (orange), 0.5 mg/mL (yellow), and 1
mg/mL (green). Data points represent the optical density (OD) at 600 nm, indicating bacterial

growth in response to detergent exposure.
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4-1-3. "|ZF AN A Mineral wash)7} A vHAZFA vXE 9% AT

GEEEEEEREED

HHe| 2] oF-8- primer
(16S V3-4)(5" - CCTACGGGNGGCWGCAG - 3)
(16S V3-4)(5" - GACTACHVGGGTATCTAATCC - 3)
A Al %78 primer.
TAReuk454FWD1 (5° -CCAGCA(G/C)C(C/T)GCGGTAATTCC- 3)
TAReukREV3 (5" —-ACTTTCGTTCTTGAT(C/T)(A/G)A-3" )

(Stoeck et al., 2010)

E 2. vpolA R wpol & AT AT AR 9 An

NEREES = TR

Meta Amplicon Seq &

G= A A E 1574
Anlaysis(16S)
Meta Amplicon Seq &
G S vAE 1570

Anlaysis(18S)

HS MEol& On tube
1 Day0, no chemical Nochem
2 Day0, no chemical, high Nochem, high
3 Day10 no chemical Day10, Nochem
4 Detergent 0.lmg/ml DE,0.1
5 Detergent 0.2mg/ml DE,0.2
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6 Detergent 0.5mg/ml DE,0.5
7 Detergent 1lmg/ml DE,1.0
8 Mineral 0.lmg/ml Mineral,0.1
9 Mineral 0.2mg/ml Mineral,0.2
10 Mineral 0.5mg/ml Mineral,0.5
11 Mineral Img/ml Mineral,1.0
12 Marine Glass 0.1mg/ml MG,0.1
13 Marine Glass 0.2mg/ml MG,0.2
14 Marine Glass 0.5mg/ml MG,0.5
15 Marine Glass lmg/ml Mineral,1.0
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Figure 9. Quality control (QC) report for DNA samples from marine microalgae treated

with mineral wash and general detergent, detailing order information (HN00240262,
2023-03-14), experiment date (2023-03-17), and QC results for 15 DNA samples

(Mineral 0.1 to DE_1.0, Nochem, etc.), all passing with concentrations of 0.101-0.126

pg/uL, additional volumes of 10 pL, total volumes of 20 pL., and amounts of 0.002—0.005

ug, tested by LYW.
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Figure 10. Quality control (QC) results of DNA and RNA libraries for NGS

sequencing. This table summarizes the QC outcomes for DNA and RNA libraries prepared

for next-generation sequencing (NGS), assessed between March 14, 2025, and September

19, 2025. (Top Table) Final QC Results of DNA Samples: Out of 30 DNA samples, 15

passed, 15 failed, and 0 were on hold. (Bottom Table) Library QC of DNA: Details for 30

libraries are provided, including library name, type (all Metagenome Amplicon),

concentration (ng/uL and nM), size (bp), and result. Libraries such as MG 0.2 1 (58.38

ng/ul, 591 bp) and MG 1.0 2 (46.41 ng/uL, 578 bp) passed, while others like Nochem 2

(3.54 ng/uL, 596 bp) failed due to low quantity to run or capture, and DE 0.1 2 (0 ng/uL,

0 bp) failed due to no product. Results indicate variability in library preparation success,

with passing libraries meeting the required concentration and size criteria for sequencing.
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Kriraek U
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No chemical (Day 0) No chemical (Day 10)

Figure 11. Comparative taxonomic distribution of bacterial communities under no
chemical treatment at Day 0 and Day 10. Circular diagrams illustrate the relative
abundance of bacterial taxa at the genus level in samples with no chemical exposure.
(Left) Day 0: The bacterial community prior to incubation was dominated by Collella
(47%), followed by Pseudomonas (8%) and Bacillus (5%). (Right) Day 10: After 10 days
of incubation, the community shifts, with Collella decreasing to 37%, while Pseudomonas
increases to 10%, and Bacillus remains at 5%. Other genera such as Thermosulfobacteria
(2.4%) and Actinomycetota (0.7%) emerge or change in abundance over time. The "NA"
category represents unclassified taxa, and "4 or more" indicates genera with less than 1%
abundance grouped together. Percentages next to each genus reflect their relative

abundance in the respective sample.
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W3l o™ (Cyanobacteriota 7F ¢F 1.28 A sPL. Axk AAdgA =
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Rigae=
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At FXF = (Relative Abundance, %)E X% . Pseudomonadota: °F 45%=
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ol MWHAE Cyanobacteriota® ©¢F 1292 =}x|3F. o]eldt ZAI}+= Mineral

Wash7} 22 5= B ARE 230 AukAlAl By =2 &g 2beejotel dis]

- Mineral Wash®] & B9 A= g2 2x=z 109 o wjgils o

ANE v)wstgS. Mineral Wash® 2% No chemical Z3¢} vjwalS uf, 0.

At MIA (1 mg/mL, Day 10) Mineral wash (1 mg/mL, Day 10)

Figure 12. Comparison of bacterial community composition under general detergent
and Mineral Wash conditions at Day 10. Circular diagrams illustrate the relative
abundance of bacterial taxa at the genus level under two conditions at Day 10. The "4
or more" category includes genera with less than 1% abundance, and percentages next

to each genus reflect their relative abundance in the respective condition.
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mg/ml F% 1¥3 0.5 mg/mLe] FE7FA Feo tgAdo]l A WA &L=
Aoz Yehd (2™ 10). ©]= Mineral Wash® 0.5 mg/mLe] T=7FA =4
AREStE et e A4 Sl wheElg]oty] T ko]l HAR Uehd ZAolgte AES

Mineral wash (0.5 mg/mL, Day 10) Mineral wash (1 mg/mL, Day 10)

Figure 13. Taxonomic distribution of bacterial communities under varying conditions at Day
10. Circular diagrams illustrate the relative abundance of bacterial taxa at the genus level
across four conditions at Day 10. (Top Left) No Chemical (Day 10) (Top Right) Mineral
Wash (0.2 mg/mL, Day 10), (Bottom Left) Mineral Wash (0.5 mg/mL, Day 10), (Bottom
Right) Mineral Wash (1 mg/mL, Day 10).
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Figure 14. Species-level relative abundance of bacterial communities under different
conditions at Day 0 and Day 10. Stacked bar charts display the relative abundance (%) of
bacterial species across five conditions: No Chemical (Day 0), No Chemical (Day 10),
General Detergent (1 mg/mL, Day 10), Mineral Wash (0.5 mg/mL, Day 10), and Mineral
Wash (1 mg/mL, Day 10). Key species include Collella rossensis (red),
Polaribacter_sejongensis (dark blue), Aureispira_maritima (light blue),

Psychromonas_ingrahamii (purple), and Colwellia_psychrerythraea (green), among others.

O Z3: (185 #4)
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Figure 15. Species-level relative abundance of bacterial communities under different
conditions at Day 0 and Day 10. Stacked bar charts display the relative abundance (%) of
bacterial species across five conditions: No Chemical (Day 0), No Chemical (Day 10),
General Detergent (0.1 mg/mL, Day 10), Mineral Wash (0.1 mg/mL, Day 10), and Mineral
Wash (0.5 mg/mL, Day 10). Key species include Fragilaria famelica (red),
Thalassiosira_nordenskioeldii (green), Pseudo-nitzschia_turgidula (purple), Navicula_sp.

(orange), and A/las_sp. (blue), among others.
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¥ 3. RT-PCRO A}&3F Zglol HHE FHAA}e] 7]F

Gene GenBank Primer sequences (5°-3')
ace. no. Forwards Reverse
Antioxidant genes
GST-Delta-E KX695143 CAA GGA AACCTT GGA GACGTTC  GCC AGT GGC CTC AAT GGA G
GST-Mu3 KX695144 GCT GAGTIT GTC CGC TTC CTC GGG CGT GGCATTGATGATC
GST-Zeta KX695145 CAT GAA GAT GGC ACG CGA TG CGG CGT TGT AGA TTT GAG GGA C
mGST1 KX695146 GAT GCATCT GAACGACATCGAG TGTAAGTCATGG TGT GGC CAA G
mGST3 KX695147 AAT TGC GTC CAG CGAGCAC TCC CAA GCC GTA GAC GAT G
Catalase KX695148 CCC ACG AAC TAC TTT GCC GAG AAT TGG CCA CTT TGG TCC TG
MnSOD KX695149 AGA CCATGC AAG AAAGGCTCTC  CAG ACG TCG ATG CCG AAA AG
CuZnSOD KX695153 AAG AAC CAT GGC AAT CCC TTC AGC TGT ATG AGC TTG TCC ATG
GR KX695150 CAA AAC ACG AGC TCC AAG AACAC TCCTGG TCAAAC AAGCGATGAG
GPx KX695151 GAA CTG CGC AGG AAA TCA AGG CGT GCT TCA GAT AAG TGA ACA AGG
Chaperone genes
Hsp10 KX695152 CGT TGT TCG ACC GCG TG AAT GGC GCC CGT ACC CAC
Hsp20 KX695139 CAA ATG GAG TCC GAT GCT CAC TTA TTG TTG GTC GTG ACCTTC AG
Hspd0 KX695140 GTG TTC AAA CGC AAC GGC AC AACTTC ACC AGG GAT GGT CTG
Hsp70 KX695141 TAT CGA AAC TGC CGG TGG TG AGATGG TTG TCC TTG GTC ATG G
Hspao KX695142 CAG CTT TGC CGA CTA CGT GTC TTC TTG CCG TCG AAC TCC TTG
Housekeeping gene
185 rRNA KX695154 CAC CGA ACC ACT GGC AAT G AAA AGT CAG CTC GCA CGG AC
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H Control B Mineral wash
BIT mTECH
3 A o ba o
m ROt u 2 st

Relative mRNA levels of expression

GPX GSTd GSTmu mGST1 mGST3 CAT

Figure 16. Relative mRNA levels of expression (mean + 1 SEM, n =4) of antioxidant-related
genes (GPX, GSTd, GSTmu, mGST1, mGST3, CAT) in polar Tigriopus kingsejongensis
exposed to different detergent treatments: Control (gray), BIT (yellow), TECH (green),
kAl (blue), Mineral wash (red), and H.2}°]E(F 3 3}) (brown). Data represent
expression levels normalized to the control group. Bars with different heights indicate

variations in gene response under detergent-induced stress conditions.
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Figure 17. Raman spectroscopy analysis of chemical compositions under different detergent
conditions. Raman spectra display the intensity (a.u.) as a function of Raman shift (cm™) for
five conditions: (Top Left) Mineral Wash, (Top Middle) General Detergent 1 (£-3F41), (Top
Right) General Detergent 2 (H.2}o] E(F-83})), (Bottom Left) General Detergent 3
(TECH), and (Bottom Right) General Detergent 4 (BIT).
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Mineral wash Aot MX 1 (FErEH) AL A 2 (B3
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Figure 18. Raman images showing the distribution and intensity of chemical signals in ice
microstructures under different detergent conditions. Raman images depict the distribution
and intensity (a.u.) of chemical signals within ice microstructures across five conditions, with
color scales ranging from blue (low intensity) to red (high intensity). Scale bars indicate 10

um,
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Figure 19. Method for minimum inhibitory concentration (MIC)
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Figure 20. Colony size of Bacillus proteolyticus TD42 in response to different
concentrations of LG antimicrobial substance. (A) Visual observation of colony size of
B. proteolyticus TD42 on LB plates supplemented with LG antimicrobial substance at
concentrations ranging from 0.3 to 5 mg/ml. B. proteolyticus TD42 was serial diluted in
0.85% NaCl from 10! to 10®. (B) Comparison of the average horizontal and vertical colony

size of B. protelyticus TD42 diluted to 107",

O LG 3AEAol B. proteolyticus TDA29] o] wx+= J3Fs B7| 93|
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seed culture 3+ B. proteolyticus TD42 cell culture 1 mLE cell down &Fe] LB
1 mL2 % " wash. LB broth ©]&3% ODsps 0.062 P& TFS 96 well
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5o A AIZFE e DS A Aom AAtsle] e vs g EZE O3S,
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A7 AES AAskE EE5S HolARh, 1 mg/mlS wto] ARk AERE
gl "WolAm, 2 mg/ml o] AHA] sk As AT ¢ U (19

21).
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Figure 21. Growth curve (optical density, OD = 600 nm) of Bacillus proteolyticus TD42 at

30 °C in response to different concentrations of LG antimicrobial substance.

» PBacillus mycoides PAMC29538 A& A}

O LG & EZo] A Al Bacillus mycoides PANC295382] Aol W x& FaFs
gelatr] St sdg AAS AEF. (A) R2A agar plate ¥ LG =2
0.5, 1, 2, 3, 5 mg/mlS YL R2A agar plateE <H]. 20 ° CollA overnight
seed culture 8 cell culture 1 mL< cell down 3] R2A 1 mL=Z 5+ ®H wash.
R2A broth ©]-&3te] ODews 0.05% ¥ vh, 0.85% Nacl® 0, 107, 107, 107,
107, 107, 10°, 107dilution & . Plateoll dilution sample 5 pL spotting 3
20 ° CollA 24 h incubation 3F F colony size &<l. (B) 3A3x F&

culture®] colony 7}& 2 AR Alo]z2E =Asto] Ho A A, LG
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Figure 22. Colony size of Bacillus mycoides PAMC29538 in response to different
concentrations of LG antimicrobial substance. (A) Visual observation of colony size of
B.mycoides PAMC29538 on R2A plates supplemented with LG antimicrobial substance at
concentrations ranging from 0.3 to 5 mg/ml. B.mycoides PAMC29538 was serial diluted in
0.85% NaCl from 10" to 10", (B) Comparison of the average horizontal and vertical colony
size of B.mycoides PAMC29538 diluted to 107!,
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Figure 23. Growth curve (optical density, OD = 600 nm) of Bacillus mycoides
PAMC29538 at 25 °C in response to different concentrations of LG antimicrobial

substance.
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Figure 24. Biofilm formation assay at different concentrations of LG antimicrobial
substance. Crystal violet staining was performed, and OD at 590 nm was measured in

(A) B. proteolyticus TD42 and (B) B. mycoides PAMC29538.
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1. Ahn et al. (1996), Heavy metal pollution monitoring at King Sejong Station,
King George Island, Antarctica

2. Khim et al. (1997), Oxygen isotopic compositions of seawater in the Maxwell
Bay of King George Island, West Antarctica

3. Trevizani et al. (2016), Bioaccumulation of heavy metals in marine organisms
and sediments from Admiralty Bay, King George Island, Antarctica

4. Lee et al. (2020), Hydrogeological characteristics of groundwater and
surface water associated with two small lake systems on King George Island,
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-5 Marine glass 0.5 mg/mL
= Marine glass 1 mg/mL
-= Marine glass 2 mg/mL
-+ Marine glass 5 mg/mL
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Total Chlorophyll (ug/mL)
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Marine glass (0.5-1-2-5mg/mL) Marine glass (0.5-1-2-5mg/mL) Marine glass {0.5-1-2-5mg/mL)

Figure 25. Effects of marine glass on chlorophyll-based growth of polar microalga
KSF0090. Detergent solutions at concentrations of 0.5, 1, 2, 5, and 10 mg/mL were individually
added to separate T-flasks containing BBM medium and microalgae. The cultures were incubated
at 4 °C under continuous light. Samples were collected on days 1, 3, 10, and 20. Chlorophyll was
extracted using DMF, and absorbance was measured at specific 664.5 nm, 647 nm, and 750 nm
wavelengths using a microplate reader. The data were analyzed using equation (Catarina Osorio,
2020) and visualized with Prism software. Each measurement was performed in triplicate. (A)
Chlorophyll a concentration (ug/mL), (B) Chlorophyll b concentration (ng/mL), (C) Total

chlorophyll concentration (pug/mL)

O &Y w"AZF KSF0100 5 Aoz gYd3st H%° marine glass’t

gz2d 54 2 Age VAL g BAT %S usy, Tdx Ace
27} 222l a, b 9 F FEEY FFe] A7 Fatel ©E WsE nelFr,

D= WieF 3, 10, 20¥ ol Aol wieke) A wist ApHd. A3F A3}, 0.5-2 mg/mL

F59 marine glass Agv2 S22 3=Fo] controlBth Q3H F7leke
BFE BYom, 53] 12 mg/nlellMd 7HE & £ FRRA FAE 715
Y 5 mg/mlel A= 7] S EEZ FAVF AAHSE %o olF FUM}
TE A, AE #F A ®=d 12 mg/nl AL 209704 AWE
SAE FAsIR o, sk AgdolMd A A= AA FAE. o=
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KSFO100 w7} Aoz AAel et el a1, A4 =M= 23]

A £ B dehd 5 0es AN (29 26).
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a5 = s
E 20 ,':1; 5 EE” -+~ Control
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I =
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Figure 26. Effects of marine glass on chlorophyll-based growth of polar microalga
KSF0100. Detergent solutions at concentrations of 0.5, 1, 2, 5, and 10 mg/mL were individually
added to separate T-flasks containing BBM medium and microalgae. The cultures were incubated
at 4 °C under continuous light. Samples were collected on days 1, 3, 10, and 20. Chlorophyll was
extracted using DMF, and absorbance was measured at specific 664.5 nm, 647 nm, and 750 nm
wavelengths using a microplate reader. The data were analyzed using equation (Catarina Osorio,
2020) and visualized with Prism software. Each measurement was performed in triplicate. (A)
Chlorophyll a concentration (ug/mL), (B) Chlorophyll b concentration (ug/mL), (C) Total
chlorophyll concentration (ug/mL), (D)Microalgae strain KSFO100 was cultured in T-flasks with

different detergents at various concentrations over 20 days
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Figure 27. Effects of various concentrations of chemical treatment on microalgal growth
and chlorophyll a content. (Left) Changes in chlorophyll a concentration (ug/mL) over 5 days.
(Right) Changes in optical density at 600 nm (ODsoo) over 10 days. Each line represents a
different treatment group: black (no chemical), red (0.1 mg/mL), orange (0.2 mg/mL), yellow
(0.5 mg/mL), and green (1 mg/mL). Data indicate variable responses in chlorophyll accumulation

and growth depending on the concentration of the chemical.
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Figure 28. Figure X. Relative abundance of eukaryotic phyla in response to different
concentrations of Marine glass over a 10-day exposure period. Stacked bar plots represent
the relative abundance (%) of detected eukaryotic phyla at Day 0 and Day 10 across treatments
with no chemical (control) and increasing concentrations of Marine glass (0.1, 0.2, 0.5, and
1.0 mg/mL). A notable decrease in the abundance of Bacillariophyta and a concentration-
dependent increase in Chlorophyta were observed, indicating that Marine glass selectively

inhibits diatoms while promoting green algae. Minor phyla are grouped under "Other."
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chemical chemical mg/mL Daymg/mL (Daymg/mL (Daymg/mL (Day
Phylum (Day 0)  (Day 10) 10) 10) 10) 10)
Bacillariophyta76.72% 55.02% 40.59% 45.15% 31.75% 32.14%
Unclassified  15.08% 27.79% 51.45% 42.79% 56.33% 47 .35%
Cercozoa 1.33% 9.84% 7.16% 6.08% 9.73% 11.38%
Chlorophyta*  3.01% 0.00% 0.28% 3.15% 1.92% 8.62%
O Marine glass Ao & & Fo v WS B4 A3}, Mavicula sp
(Bacillariophyta)< 7V T35 g% &4 A S71E HoH, 5%
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S 5.94%% S5 e, ol et A3 = Marine glass 7F $HEE
AtEl A 8-S FEEy E3) Mavicula sp. 9t Urospora neglecta @

MMAS Z& = WA | Fragilaria famelica®l A4S A= Az e A

¥ 5. Marine glass 5% @& vAZF & W3 (Species level)

Phylum Species No No Marine | Marine | Marine | Marine
chemical | chemical | glass glass glass glass
(Day 0) | (Day 10) | 0.1 0.2 0.5 1.0
mg/mL | mg/mL | mg/mL | mg/mL
(Day (Day | (Day (Day
10) 10) 10) 10)
Unclassified uncultured 9.94% 21.98% | 48.70% | 38.08% | 52.06% | 41.52%
eukaryote
Bacillariophyta | Fragilaria 4.95% 30.85% | 29.11% | 22.29% | 12.37% | 5.94%
famelica
Bacillariophyta Thalassiosira 19.75% | 11.22% | 0.52% | 0.33% | 0.30% | 0.60%
nordenskioeldii
Bacillariophyta | Pseudo-nitzschia | 33.07% | 0.00% 0.57% | 0.42% | 0.36% | 0.20%
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turgidula

Bacillariophyta Thalassiosira 10.04% | 3.94% 0.32% | 0.17% | 0.35% | 0.41%

bioculata

Bacillariophyta | Navicula sp.* 1.32% 0.00% 1.74% | 5.36% | 9.43% | 13.56%

Cercozoa Allas sp. 0.00% 5.70% 5.61% | 5.04% | 7.68% | 9.99%

Bacillariophyta uncultured 0.00% 0.00% 329% | 9.63% |3.81% |3.51%

Chaetoceros

Unclassified Eukaryota sp. 0.00% 0.00% 0.00% | 0.00% | 0.29% | 1.55%

Bacillariophyta | Melosira sp. 0.54% 2.65% 1.56% | 2.99% | 1.12% | 1.85%

Bacillariophyta | Fragilariopsis 3.51% 0.00% 0.06% | 0.14% | 0.32% | 2.37%

sp. *

Bacillariophyta | Porosira 0.27% 3.04% 1.18% | 0.53% | 0.50% | 0.78%

glacialis

Bacillariophyta | Licmophora 0.92% 3.31% 1.03% | 1.80% | 2.31% | 2.46%

Juergensii

Chlorophyta Urospora 0.40% 0.00% 0.20% | 2.33% | 1.60% | 7.91%

neglecta

> o B4 2% (et £3,165)

O Marine glass 7} ®rele]o} ol vx&= 3 2 (Phylum) FEollA 243
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AU 2% S8k e 2ol Marine glass o ok g = - A<
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Figure 29. Changes in bacterial community composition at the phylum level in response
to Marine glass exposure over 10 days. Stacked bar plots show the relative abundance (%)
of bacterial phyla under different concentrations of Marine glass (0.1, 0.2, 0.5, and 1.0 mg/mL)
and no chemical control conditions, both at Day 0 and Day 10. While Pseudomonadota
maintained a stable relative abundance regardless of treatment, Cyanobacteriota showed
increased abundance at low concentrations (0.1-0.2 mg/mL) but declined at higher levels,
suggesting potential inhibition. Bacteroidota displayed a dose-dependent increase, indicating
possible stimulation by Marine glass. In contrast, Bacillota was markedly suppressed even at

low concentrations, suggesting high sensitivity to the compound
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O A Bacteroidota A+ Polaribacter sejongensis®¢ Bacteroidota_Other 7}

ol YA S7VstRS. E3| Bacteroidota Other = 1.0 mg/mL oAl 9.42%,
Polaribacter sejongensis += 4.80%7+A &7}, &% EHo= A =7
g Fo=2 HQY. o|le} &Y (yvanobacteriotar= Z27](46.61%)°14 1.0 mg/mL
Al F 427192 A, tA AAEE AEFes e ol e Ad= Marine

glass 7} & Eo|xo=w Awtel A Wb-2-S {23}, Pseudomonadota

1o
1
kS

32
dlo
o

Bacteroidota =& 2 %, (yanobacteriota™ A U= WS

SR

¥ 6. Marine glass ¥&°] wW& =% 3% dre ol 3 W3} (Species level)

Phylum Species No No Marine | Marine | Marine | Marine
chemic | chemic | glass glass glass glass
al (Day | al (Day | 0.1 0.2 0.5 1.0
0) 10) mg/mL | mg/mL | mg/mL | mg/mL
(Day (Day (Day (Day
10) 10) 10) 10)
Cyanobacte | Other 46.61% | 31.31% | 63.48% | 63.28% | 45.72% | 42.71%
riota
Pseudomon | Colwellia_ross | 6.43% | 10.27% | 14.76% | 12.23% | 36.14% | 22.10%
adota ensis
Pseudomon | Other 4.07% | 1.10% | 1.86% |1.61% |0.18% | 0.18%
adota
Pseudomon | Psychromonas | 1.73% | 0.43% | 0.14% | 0.08% | 0.08% | 0.29%
adota _ingrahamii
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Bacteroidot | Polaribacter fi | 2.29% 0.51% 0.43% 0.46% 0.78% 0.66%
a lamentus

Bacteroidot | Other 1.99% 1.10% 0.87% 2.81% 3.51% 9.42%
a

Bacteroidot | Aureispira ma | 0.19% 4.63% 0.08% 0.08% 0.00% 0.00%
a ritima

Pseudomon | Other 0.00% 0.00% 0.00% 0.04% 0.05% 0.00%
adota

Pseudomon | Colwellia_psy | 0.82% 0.00% 0.22% 1.15% 0.23% 0.87%
adota chrerythraea

Pseudomon | Cognaticolwell | 1.05% 0.00% 0.13% 0.21% 0.07% 1.11%
adota ia_aestuarii

Bacteroidot | Polaribacter s | 0.25% 0.23% 0.26% 0.60% 0.99% 4.80%
a gjongensis

Pseudomon | Other 3.42% 0.00% 0.06% 0.17% 0.03% 0.12%
adota

Pseudomon | Moritella_mari | 0.00% 0.00% 0.00% 0.00% 0.01% 0.00%
adota na

Bacteroidot | Maribacter aq | 0.02% 1.41% 0.83% 2.21% 2.19% 1.56%
a uivivus

Pseudomon | Leucothrix_arc | 0.71% 0.83% 0.21% 0.22% 0.17% 0.13%
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adota
Pseudomon | Paraglaciecol | 0.14% | 2.55% 1.22% | 0.88% | 0.14% | 0.44%
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Figure 30. Effect of marine glass concentration on microbial community composition.

Relative abundance (%) of dominant (A) eukaryotic microalgae (based on 18S rRNA gene
sequences) and (B) bacterial taxa (based on 16S rRNA gene sequences) across different
concentrations of water-soluble marine glass (0 to 1 mg/mL). (A) Navicula sp., Eukaryota sp.
(unclassified), Fragilariopsis sp., and Urospora neglecta showed concentration-dependent
increases in relative abundance, while Fragilaria famelica sharply declined with increasing
marine glass concentration. (B) Polaribacter filamentus and Colwellia rossensis exhibited
enhanced growth at higher concentrations, indicating selective stimulation of certain bacterial

taxa.
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Figure 31. Microscopic images of the mineral-based particulate sample (scale bar = 10
pm). The left panel shows a dense aggregation of particles, including both spherical
microparticles (1-2 um in diameter) and irregularly shaped larger particles. The right panel
depicts more isolated spherical particles, revealing their predominant morphology and
uniform size distribution. These observations suggest that the sample consists mainly of
mineral-based spherical particles with heterogeneous physical properties, including
occasional large and amorphous aggregates likely resulting from incomplete dispersion or

clumping.
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Figure 32. Solid-phase sample characterization by Raman microscopy and spectroscopy.
(A) Representative Raman microscopy images showing various particle morphologies and
sizes in the solid-phase marine glass. Aggregated or irregularly shaped particles ranging from
~10 to 200 pum are observed, with both densely clustered and sparsely distributed areas.

(B) Raman spectra collected from static points (Static #1, #2) and scan regions (Scan #1, #2)
of the marine glass. Static spectra show prominent peaks around 600—1300 cm™, characteristic
of inorganic or crystalline mineral components. Scan spectra reveal strong peaks near 1000
cm™ and additional broad bands in the 2800-3000 cm™ region, indicating the presence of
organic C—H stretching vibrations—suggesting a heterogeneous composition of mineral and

organic matter
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Figure 33. Raman chemical mapping of mineral-based particles on a substrate. Overlay
images show the spatial distribution of Raman signal intensity overlaid on optical microscopy
of the sample. (Top row): Raman mapping of a selected region reveals localized signal
hotspots (red/yellow areas), indicating chemically distinct regions within an otherwise
uniform surface. (Bottom row): A spherical particle shows concentrated signal intensity,
particularly at the core and surrounding areas, suggesting chemical heterogeneity or core-shell
structure. Color scales represent relative Raman intensity levels, with red indicating high

intensity and blue indicating low or no signal.
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