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Abstract

Polyhydroxyalkanoates (PHAs) are biodegradable polymers synthesized by bacteria, exhibiting properties similar to
petrochemical-based plastics while being environmentally friendly. Traditional extraction methods pose environmental
hazards, necessitating cost-effective and eco-friendly alternatives. This study aimed to investigate the extraction and
purification of PHA from bacterial cells using enzymes and an aqueous two-phase system (ATPS). The bacteria used

in this study were isolated from agricultural soil and cultivated in a nitrogen-limited minimal salts medium without
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complex carbon sources. Three enzymes—lysozyme, papain, and lipase—at concentrations ranging from 2 to 10 g/g
cell, were employed to digest the bacterial cell wall. Subsequently, the purification of PHA was examined using five
different ATPSs, and the composition of the extracted PHA was analyzed by gas chromatography-mass spectrometry
(GC-MS). The results indicated that the isolated bacterium was identified as the Gram-positive species Streptomyces
griseoincarnatus. Among the tested enzymes, papain at 10 g/g cell exhibited the highest efficiency in cell wall digestion,
followed by lysozyme and lipase at the same concentration, with relative absorbance reductions of 81.9%, 34.2%, and
26.2%, respectively. The optimal extraction efficiency was achieved when lysozyme (10 g/g cell) was used to
pre-digest the cell wall for 8 hours, followed by papain (10 g/g cell) for an additional 12 hours, yielding the highest
PHA recovery of 87.2%. The PEG6000/KoHPO4 system was found to be the most effective ATPS, increasing the
purity of the extracted PHA by 58.8%. The extracted PHA was identified as a medium-chain-length polymer. Therefore,

the development of an enzymatic extraction method combined with ATPS purification provides an efficient and

environmentally friendly approach for recovering PHA from bacterial cells.
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22981 16S rRNA Laadlu Table 2

Table 1 Characteristics of isolated bacteria observed

under the microscope.

Isolate Colony Gram Staining with
characteristics staining Sudan Black B
1 Round-shaped Gram Dark blue
and clustered positive
together,
resembling a
grape-like
arrangement
2 Filamentous and Gram Reddish-orange
clustered together  positive
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Table 2 Analysis of the gene nucleotide sequence of 16S

rRNA.
Isolate Similar to %ldentity

1 Streptomyces 99.40

griseoincarnatus
Streptomyces 99.00

griseoflavus
Streptomyces 98.70
althioticus

2 Streptomyces 99.10

kebangsaanensis
Streptomyces cyslabdanicus 98.60
Streptomyces corchorusii 98.40

Figure 1 The characteristics of bacteria stained
with Sudan Black B under a microscope are observed
when (a) it is isolated bacterium 1 and (b) it is isolated

bacterium 2.

nansATIIFaLLATISsAusnldieaas
Tolmaaiasdulasnsdouddis Sudan Black B ugaslw
Wwiuuefiselalmas 1 sansanda PHA 16 1iasan
RS LUATHIDTIAI T AU W URAINTZUIUNNTENIF
%agn%’@'juﬂumﬂﬁufﬁmmmwﬁm PHA ldagnsd

1328nTn W (Adebajo et al., 2024) NNMIANBY 16S
rRNA 2asuvafii3elelaaa 1 Auanld Faaglunga
Streptomyces %Gﬁﬂ’s’mlﬂﬁlﬁmﬁu Streptomyces
griseoincarnatus mﬂﬁq@ ROAARBINUIILINBNNTANEA
Lﬁ'mﬁumnmmmﬂﬁL’%ﬂmyﬁuﬁ: Streptomyces a1n
@0d196% ITnuuafBounINLIN FIVNTONRARITEN
qNEMITINIW 1T fITUINTH WazE5EaNNEMNS
wndonITnle (Zhang et al., 2023) wadslifisnoanuns
AnwAApafunisnae PHA detulusnuddoisenn
wuafll3e S. griseoincarnatus mﬁmlummsmmgm
MSM Lf0¥n138nsn15aia PHA 8ananniaasves
Lmﬂﬁﬁyhﬂ%‘i‘mﬂ*’ﬁauvl,ﬁmfl,l,a:ﬁﬂﬁu%qw%ﬁﬂm:uu
AIRzALIn@ad e

Yy A ~ o 6
nsjawnadlansanddamluwiaaainizas
Aa %) '
asnuanisalagdsnsanataalgianlssl
NANIANENMI T aw ol aauria laun Uit
lalelosd waslaa lunsvinanaiwasd S. griseoincamatus
LaAIM Figure 2 Aztinladnlaiinanududuaes
6 ' a o v 6 o q' ,3 v
wlmiludazsiiaazyihldimasgniasintuawldqe
%aﬁmnm"lﬁmﬂ@hmsaﬂ@hmi@@nﬁuumﬁuﬁﬂfﬁ
AMNYIINAK 560 WIIWLNAT LaNINTIMINAN VLT NT
PaILanlTNLARTTRAWNAY 10 nFU/NSTNLTAE WUIN
& ° & A a v A
ulsddudusuisavinaoasaunafiseldgefiga
(f1 AR ¥innu 81.9%) luvmenianlosilalylad way
lodlawarasmasuuaiiiseldtasnin (61 AR < 56%)
dj [ v L™ 6 a A v
Feonadwnnzlulasiassvasniamsanuafisalsnaudy
wddlalnananuazldsdudn 9 aeluiaas Tedadu
55% madma%amwﬁummﬁdﬁﬂﬁmuvlsnﬁﬂ%ﬂu%ﬁ@ag’
Tunguianladls@iaasansaviinisdasizadiaaniy
Lanlasidnaaswiia (Kapritchkoff et al., 2006) wsi3n 1o lar s
il sENTMwen sl SR E e ba Lo Ll
gaTndauwuszddn 1.4-lnaladanszninadnazdia
ﬂQIﬂﬁmﬁu (N-acetylglucosamine, GIcNAc) HGPREET
y3dlauada (N-acetylmuramic acid, MurNAc) Fadu
\ a P y o &
saudsznavvasnd@lalnauauiinuagluniaadues
A A A Ao A A
wuafiiSolasanzaiandaufafunInuln (Vanderkelen
et al., 2011) swanlodlazannensnzaznaaziiany
sannlunisdasizadlavesfig F9e1aifiasann
owlod laganuavzaznadanysnannlmilalaslads
a 6 o v > = = [
lasnfwwalsarinlilansaladuiazndvroson 39 ka1
dapwWarW@danalrason nIasonaanladnuaznia
Taluiedladniduasddsznovlunisisadvasnuaiise
8N\ Streptomyces o (Mistou et al., 2016)
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Figure 2 The ability of each enzyme to reduce

absorbance after 12 hours of incubation.

FoiulunmsAnlssansnwuesnsdanLmas
wuafii3e S. grisecincamatus lasltiawlayd F9n1ns
dnunmskieulmizessialumsteswasuuafiSouuy
Beossndu Ao Bududaswadlaslfionlmdlalelsinen
WAIANNBLEW TN LLY HANIANEINLIN MIaNA Ll
18 la it 10 nSwnTuwas 1Wwam 4 9w 7
W7 7 gunni 40 BIELTALTUR UAININGILNIRNG
TaglFiwdudu 10 nu/nsumsd Wunan 12 $2lug
AifLow 6 aounnd 40 asenaiBoa il lauSanm PHA
84.5% (Table 3) \fatRuiranlunisaialagionlasd
Tallsiiin 8 $2lus udranudrotndu 12 $lug a2l
USinawes PHA tndwiiin 87.2% aslndidosiuns
@n¥1v89 Yasotha et al. (2006) ¥Nn3ana PHA anels
NANAINNLTAE Pseudomonas putida 3u4a% laidaaLas
AU SDS Aifllaw 8.5 gmwnnNi 55 AL TALTE WA
drenonlndlallesiiu EDTA fifia 7 gDl 30 Baer-
wwad o [WUSunms PHA oy 90% uadufiunanluns
aacelalrlofidudwin 12 g udreudsidu
8n 12 Flug asvlfUSunms PHA anadinae 82.2%
(Table 3) Gufulyldinsldiarlunsiuieadio
Talalns’d 12 $2lusazdanalmAanisaanoniiomad
wnAnlusermldenuniavasarsazarotiud u
(Eggink & Northolt, 1999)
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Table 3 The sequential enzymatic extraction of PHA

begins with lysozyme, followed by papain.

Lysozyme Extraction Papain Extraction Extracted
(g/g cell) time (h) (g/g cell) time (h) PHA (%)
10 4 10 4 82.5
8 83.6
12 84.5
10 8 10 4 85.7
8 86.4
12 87.2
10 12 10 4 80.5
8 81.3
12 82.2

mviedlansanddaaluaailaoinns
analiusans

Namiﬁnma‘:uumsa:mﬂﬁwaaﬁgmmﬁﬂ
619 9 5 320w ldur (1) PEGB000/K HPO, (2) PEGB000/
KZHPO4 (3) PEG4OOO/K2HF’O4 (4) PEG 4000/Maltodextrin
IWae (5) PEG4000/Dextran 40,000 lunsuen PHA aan
NITATALNFUVILTAALAIa ] uaadls Table 4
WUFINAFUL T AN NTUL I8 w09 PHA (partition
coefficient, K ) Fanwmldandandinuesnanaadile
lwignauugadaigninaisga vasszuy PEG6000/
K HPO, fidgeaa sosnsnfiaszuy PEGA000/K HPO,,
PEG4000/Maltodextrin, PEG 4000/Dextran LLas PEG8000/
K HPO, ausnau Han&a (vield) 189 PHA Auenldidy
T luuwamaidsriuiusdudssansnsudssin v
mmu‘%qwﬁaa PHA Augnldanszunsmsazaeinges
)M PEGBO00/K HPO, azilengsgatvinmiu 59.9% #u
eI 9 ﬁﬁwaawuu%qw%maa PHA agﬂmm 43.8 —
47.0% fi9uiin PEG ﬁﬁfﬁmﬁfﬂiuLaqagda:ﬁuuﬂﬁwﬁ%
a‘%ﬂﬁzuumia:mUfhaaﬁgmﬂﬁmﬁm wazRNIEAU
nsudsigmalduinnin PEG fifiminluanae
(Nontawong et al., 2023) athdvliﬁmummﬂﬂ%umad PHA
Iuizuumaﬁmmcﬁ’uﬁauﬁuagjﬁuimaa%ﬁwaa PHA L&z
smwuasandnmanitsde lunsdnmnassilfadentia
winluianazes PEG # 6000 iilasarnvinldszuy
ﬁ’]iﬂ:ﬂ’]mf’]aad’?gJ']’]ﬂ‘ﬁlvlﬁfl@i’]ﬁwﬂitaﬂéﬂ’]iuﬂdd’au
199 PHA UnzHandavas PHA ildgegm (20%) ilaufsou
Reuiumsvinld PHA fisfaldann P. putida u’%q‘ﬂ%ﬁ@ﬂ
J%5aasWaLasiu (ultrafitration) 971119 PHA u’%qﬂ%u
£19 92.6% (Yasotha et al., 2006) a&n<lsAANATITIZUY
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ssazanpzasigmaduszuufieiouldie maign
sansasnnauanldlnalasn

Table 4 Purification of PHA using different types of

aqueous two-phase systems.

Aqueous two-phase Partition Yield Purity
system coefficient (%) (%)
(K,

PEG8000/K2HPO4 0.681 13.7 59.9
PEG6OOO/K2HPO4 1.630 29.0 47.0
PEG4OOO/K2HPO4 1.332 26.9 47.2
PEG4000/Maltodextrin 0.804 17.2 43.8
PEG4000/Dextran 0.796 17.3 471

asAdsznavvasnadlansandsaaluaail
udalalagy L% ® Streptomyces griseoincarnatus

NN MsResilsznauyes PHA findalay
LTAR S. griseoincarnatus @18 GC-MS NANNITILATIZR
ugasly Table 5 aziwledin a5 PHA Asfdaldsaidu
wedwasiamalgnaefilsznaudie 3-laasand-14-wiia
INUALLAAN 1hLaa (3-hydroxy-14-methylpentadecanoate)
mﬂﬁq@ Ja9adunfe 3-laasandianaziaanluiaa
(3-hydroxyhexadeca- noate, C16) 3-laasendiaasziann
Twaq (3-hydroxy-tetradecanoate, C14) 3-lgasandians:
s luea (3-hydroxytetradecenoate, C14:1) 3-laavand-
LEnTLAAlad e (3-hydroxy-hexade cadienoate,
C16:2) 3-laavendianwziadluiaa(3-hydroxyhex
adeceno-ate, C16:1) Ua 3-laasand-12-1ufia lasiaan luiaa
(3-hydroxy-12-methyltrideca- noate, C15) aMu816U "f%dvl,li
ROAARBINUNIANBIBS Valappil et al. (2007) Wuinaed
Usznavves PHA saulwafinulu Streptomyces sp.
(ATCC1238) unfiameltan seiaratiiosannisls
Lma'dﬂuaami‘uauuazm’m@;hmmmgmL%al,mn@mﬁu
(Wampfier et al., 2010)

Table 5 The composition of polyhydroxyalkanoates in the

form of methyl esters produced by S. griseoin-

carnatus.
Peak Retention Compound identified Composition
No time (min) (%)
1 19.010  3-hydroxy-12-methyltride- 2.19
canoate
2 21.162 3-hydroxytetradecenoate 7.15
3 21.325 3-hydroxytetradecanoate 16.27
4 23.235 3-hydroxy-14-methylpen- 34.42
tadecanoate
5 23.961 3-hydroxyhexadecenoate 6.39
6 25.194 3-hydroxyhexadeca dien- 6.76
oate
7 25.353 3-hydroxyhexadecanoate 19.12

ﬂ?llNaﬂﬂiﬂﬂaaﬁllagﬁala%allug
nansoituaasliiinnsldienladundu
s"awﬁ'ﬂa‘[ﬂmﬁ%aﬁﬂs:ﬁw%mwgalumsﬁwmswf{wnaﬁ
vasuuafii3uana S. griseoincarnatus Yl laLSunmaas
PHA goga lavlalalofizmodeswddlalnauaurinli
Nﬁomaﬁgﬂﬁwmy Faganaliuanansadludes
lds@umeluisas lnag198UsedinTaw szuuansazae
wrasTpmamuninsinanldlumsin PHA Widaana
u%qw%gga"ﬁuvlﬁ lasnsldazun PEG/K HPO, vl PHA
ﬁaﬁ'@vlﬁﬁmmu%qw%lﬁwﬁu ez PHA Aldnuuaiiize
S. griseoincaratus \Tusfiaaelsnans Getual3dms
AnsaUANLIULIBI PHA Aafalddaly thaasldin PHA
Vl,ﬂLL&JigﬂJLﬂumﬁmﬁmfﬁﬁmm:amiavlﬂ UM INARDI
ANALAZYIN A PHA 1ﬁu%qw§lmz€fumsm%mﬁmﬂ%mﬁ‘a
wispnanuwsavamumahlllusduaamnnasy

naansIsnlszne

amﬁ%'ﬁﬁvlﬁ%'muﬂs:mmaﬁum&mmgag’m
Tourszanm 2567 nnesnusEINIn HNENRAS I3 LAY
wIANTIN (SHRLATINNT 193502)

305



306 Porntippa Pinyaphong and Somjai Khiewsodsai

L@N&E13919D9

WINWW N INI. (2564). MINAaWaA laavandaam
TwaanniadulfudalosuuefiSeiuonldanau.
PSRU Journal of Science and Technology, 6(2),
69-85.

WINWN RS, (2567). 7775@“/5%&’\1:77751’70’)Z%g/il?sjﬁf(
vauwas lansandsan luenanviavasuuaiise
losmslemstapdeanloiuazszusigesignia.
amAIngneaaiuazinalulad anineraesTay
9aIAar.

Adebajo, S. O., Bankole, P. O., Ojo, A. E., & Akintokun,
P. O. (2024). Screening and optimization of polyhy-
droxybutyrate (PHB) by Lysinibacillus fusiformis from
diverse environmental sources. The Microbe, 2,
Article 100043. https://doi.org/10.1016/j.microb.2024.
100043

Bhuwal, A. K., Singh, G., Aggarwal, N. K., Goyal, V., &
Yadav, A. (2013). Isolation and screening of polyhy-
droxyalkanoates producing bacteria from pulp, paper,
and cardboard industry wastes. International Journal
of Biomaterials, 2013, Article 752821. https://doi.
org/10.1155/2013/752821

Burdon, K. L. (1946). Fatty material in bacteria and fungi
revealed by staining dried, fixed slide preparations.
Journal of Bacteriology, 52(6), 665-678.

Eggink, G., & Northolt, M. D. (1999). Method for producing
a biological degradable polyhydroxyalkanoate coating
with the aid of an aqueous dispersion of polyhydroxy-
alkanoate (U.S. Patent No. 5,958,480). U.S. Patent
and Trademark Office.

Grilo, A. L., Aires-Barros, M. R., & Azevedo, A. M. (2016).
Partitioning in aqueous two-phase systems:
Fundamentals, applications and trends. Separation
and Purification Reviews, 45(1), 68-80.

Gumel, A. M., Annuar, M. S. M., & Chisti, Y. (2013).
Recent advances in the production, recovery and
applications of polyhydroxyalkanoates. Journal of
Polymers and the Environment, 21, 580-605.

Kapritchkoff, F. M., Viotti, A. P., Alli, R. C. P., Zuccolo,
M., Pradella, J. G. C., Maiorano, A. E., Miranda, E.
A., & Bonomi, A. (2006). Enzymatic recovery and
purification of polyhydroxybutyrate produced by Ral-

J Sci Technol MSU

stonia eutropha. Journal of Biotechnology, 122(4),
453-462.

Mannina, G., Presti, D., Montiel-Jarillo, G., Carrera, J., &
Suarez-Ojeda, M. E. (2020). Recovery of polyhy-
droxyalkanoates (PHAs) from wastewater: A review.
Bioresource Technology, 297, Article 122478. https://
doi.org/10.1016/j.biortech.2019.122478

Mistou, M. Y., Sutcliffe, I. C., & van Sorge, N. M. (2016).
Bacterial glycobiology: Rhamnose-containing cell wall
polysaccharides in Gram-positive bacteria. FEMS
Microbiology Reviews, 40(4), 464—479.

Nontawong, B., Bunchoen, P., & Ratanapongleka, K.
(2023). Factors affecting the partitioning of peroxi-
dase from aqueous two-phase extraction. Engineer-
ing and Technology Horizons, 40(3), Article 400306.
https://doi.org/10.55003/ETH.400306

Pagliano, G., Galletti, P., Samori, C., Zaghini, A., &
Torri, C. (2021). Recovery of polyhydroxyalkanoates
from single and mixed microbial cultures: A review.
Frontiers in Bioengineering and Biotechnology, 9,
Article 624021. https://doi.org/10.3389/fbioe.2021.
624021

Raza, Z. A., Abid, S., & Banat, I. M. (2018). Polyhydroxy-
alkanoates: Characteristics, production, recent
developments and applications. International
Biodeterioration & Biodegradation, 126, 45-56.

Saavedra del Oso, M., Mauricio-Iglesias, M., & Hospido,
A. (2020). Evaluation and optimization of the
environmental performance of PHA downstream
processing. Chemical Engineering Journal, 412,
Article 127687. https://doi.org/10.1016/j.cej.2020.
127687

Thuithaisong, C., Parkpian, P., Shipin, O. V., Shrestha,
R. P., Naklang, K., Delaune, R. D., & Jugsujinda, A.
(2011). Soil-quality indicators for predicting sustain-
able organic rice production. Communications in Soil
Science and Plant Analysis, 42(5), 548—568.

Valappil, S. P., Boccaccini, A. R., Bucke, C., & Roy, .
(2007). Polyhydroxyalkanoates in Gram-positive
bacteria: Insights from the genera Bacillus and

Streptomyces. Antonie van Leeuwenhoek, 91, 1-17.



Vol 45. No 3, May-June 2026 Extraction and purification of medium-chain-length polyhydroxyalkanoates produced

by Streptomyces sp. using enzymes and an aqueous two-phase system

Vanderkelen, L., Van Herreweghe, J. M., Vanoirbeek, K.
G. A,, Baggerman, G., Myrnes, B., Declerck, P. J.,
Nilsen, I. W., Michiels, C. W., & Callewaert, L. (2011).
Identification of a bacterial inhibitor against g-type
lysozyme. Cellular and Molecular Life Sciences, 68,
1053-1064.

Wampfier, B., Ramsauer, T., Rezzonico, S., Hischier, R.,
Kéhling, R., Thony-Meyer, L., & Zinn, M. (2010).
Isolation and purification of medium chain length
poly(3-hydroxyalkanoates) (mcl-PHA) for medical
applications using nonchlorinated solvents. Biomac-
romolecules, 11(10), 2716-2723.

Yasotha, K., Aroua, M. K., Ramachandran, K. B., & Tan,
I. K. P. (2006). Recovery of medium-chain-length
polyhydroxyalkanoates (PHAs) through enzymatic
digestion treatments and ultrafiltration. Biochemical
Engineering Journal, 30(3), 260—268.

Zhang, Z., Sun, Y., Yi, Y., Bai, X., Zhu, L., Zhu, J., Gu,
M., Zhu, Y., & Jiang, L. (2023). Screening and iden-
tification of a Streptomyces strain with quorum-
sensing inhibitory activity and effect of the crude
extracts on virulence factors of Pseudomonas aer-
uginosa. Microorganisms, 11(8), Article 2079. https://
doi.org/10.3390/microorganisms11082079

307



