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Abstract: Polyhydroxyalkanoates (PHAs) represent a versatile class of microbial polyesters with exceptional

biocompatibility, tunable biodegradability, and a broad range of mechanical and chemical properties. These
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characteristics make PHA highly suitable for diverse biomedical applications, including tissue engineering scaffolds,
targeted drug delivery systems, wound dressings, and implantable devices. Notably, PHA degradation products such
as 3-hydroxybutyrate are endogenous metabolites, which minimizes immunogenic responses and enhances long-term
biocompatibility compared to conventional synthetic polymers. Recent advances in synthetic biology have
significantly improved PHA biosynthesis. Metabolic engineering strategies, including CRISPR/Cas9-mediated
genome editing for redirecting carbon flux toward PHA accumulation, CRISPR interference for modulating
competing pathways, and optimization of promoter and ribosome-binding site (RBS) libraries, have enabled precise
control over monomer composition and polymer properties. Additionally, microbial morphological engineering such
as FtsZ-targeted cell elongation has been used to increase intracellular PHA content to over 90% of cellular dry
weight. These developments have facilitated the synthesis of tailored PHA variants, ranging from rigid poly(3-
hydroxybutyrate) (PHB) to elastomeric poly(3-hydroxybutyrate-co-4-hydroxybutyrate) (P34HB). Medical-grade
PHA has shown significant translational potential across multiple therapeutic domains. Injectable porous
microspheres composed of poly(3-hydroxybutyrate-co-3-hydroxyvalerate-co-3-hydroxyhexanoate) (PBVHx) have
been developed for minimally invasive bone regeneration. Electrospun P34HB scaffolds exhibit simultaneous

antibacterial and pro-angiogenic activities, accelerating wound healing. PHA-based nanocarriers enable sustained
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drug release for Alzheimer's disease and systemic lupus erythematosus treatment. Furthermore, virus-mimetic PHA

particles have been exploited as adjuvant systems to enhance antigen presentation in tuberculosis and COVID-19

vaccine platforms. Future perspectives highlight the convergence of synthetic biology, materials science, and clinical

translation to fully realize PHA’s biomedical potential. Next-generation industrial biotechnology (NGIB), which

uses halophilic microorganisms for continuous fermentation under open conditions combined with advanced

downstream purification protocols, is expected to improve the scalability and accessibility of medical-grade PHA.

Integration with emerging technologies such as 3D bioprinting and organoid culture systems will expand PHA s

utility in complex, patient-specific tissue engineering applications. Collectively, these advances establish PHA as a

highly promising foundational biomaterial platform for next-generation regenerative medicine and targeted

therapeutic strategies.
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Table 1 Comparative overview of the physical properties of PHA™

PHA T,/°C T /°C R /MPa Y /MPa E /% X /% WCA/°C T/°C
Commercialized
PHB -1.20~4.0 162.0~179.0  18.5~43.0  108.0~554.0 4.5~5.0 60.0~80.0 89.0 212.0
P4HB -51.0~-48.0 53.0~60.0 50.0 70.0~670.0 1000.0 ND 74.0~80.0  308.5
PHBV -1.7~5.0 120.0~170.0 2.7 65.8 30.0~123.0 58.1~65.7 69.6~80.8  279.6
PHBHHx -1.8~4.0 52.0~151.0 4.1 130.4 107.7~270.0  25.0~43.0 852~872  220.0
P34HB -4.2~7.4 50.0~166.0 23.1~258 902.0 3.7~13.0 80.0~90.3 60.2~96.1 239.6
PHBVHHx -2.6~-1.2 69.6~152.1 5.1 284.6 276.9~739.7 ND 90.3~90.6  255.5
Uncommercialized
PHV -15.0 119.0 31.0 ND ND ND ND 258.0
PHHx -28.2 ND ND ND ND ND ND 211.6
PHP -20.0 77.0 27.0 300.0 ND ND ND ND
PHO -354 52.8~61.0 6.0~10.0 33.0~41.0 ND 36.7 ND 256.2
PHBHP -3.1~-2.1 119.8~162.8 ND ND ND ND ND 150.0
PHBHV4HB -51.0~-10.0 55.0~131.0 12.8~14.3 30.0~140.0  316.0~937.0 ND ND ND

T PHB—X 3-¥20L TR P4HB— HE4-J2 3L TR M ; PHBV—XR G- Xk T HRME-co-3-F2 3L KR G ) ; PHBHHx— K (3-¥ 3k TR
Fig-co-3-2 2 CLIRME) s P34HB—IE (3-J2 2% T MRS -co-4-J2 5L T BRI ) ; PHBVHHx—E (3-J2 2 T MR -co-3-F2 5 IR IR I -co-3-Fo 1k LR 1) 5
PHV— % 3-J2 36 IR : PHHx—ME 3-FRJE CLRRME; PHP—ME 3-JRJENIRMG: PHO—RK 3-F AL ¥l ; PHBHP—ME (3-F2JE T HRMG-co-3-F 4%
PIERNE) s PHBHVAHB— Y (3-J2 4 T MRS -co-3- 2 Ik LR W -co-4- 2 L TR s T, — MG s T, —BOLARIRE: R —HiMsesE: ¥ —#
FOBRE E—Wi KR, X —h S WCA—K M, T,—WEARIRIE (°C)s ND—IEHE .

Note: PHB—poly(3-hydroxybutyrate); PAHB—poly(4-hydroxybutyrate); PHBV—poly(3-hydroxybutyrate-co-3-hydroxyvalerate); PHBHHx—
poly(3-hydroxybutyrate-co-3-hydroxyhexanoate); P34HB—poly(3-hydroxybutyrate-co-4-hydroxybutyrate); PHBVHHx—poly(3-hydroxybutyrate-
co-3-hydroxyvalerate-co-3-hydroxyhexanoate); PHV—poly(3-hydroxyvalerate); PHHx—poly(3-hydroxyhexanoate); PHP—poly(3-hydroxypropionate);
PHO—poly(3-hydroxyoctanoate); PHBHP—poly(3-hydroxybutyrate-co-3-hydroxypropionate); PHBHV4HB—poly(3-hydroxybutyrate-co-3-
hydroxyvalerate-co-4-hydroxybutyrate); 7, —melting temperature; 7,—glass transition temperature; R —tensile strength; ¥, —Young’s modulus;

E,—elongation at break; X —crystallinity; WCA—water contact angle; 7,—degradation temperature (°C); ND—No data.
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(5 K 41 4w 4 T H, CRISPR/Cas B R Rk T
PHA & Ji i % 1) T #2416 43& . CRISPR/Cas & 4t
(Jt H J& CRISPR/Cas9) T ¥z M H T K W #F i
(E. colid)« WiB ZF MUK (Bacillus subtilis) 555
NAEY, LLEGTHIRE (Cupriavidus necator) ~ 734,
TR EARAF B (Corynebacterium glutamicum) « ¥4
o (Halomonas bluephagenesis) %5 3 #5 =
Podh U AZR R R TR 2 g AR A TR B e A
7 &, ISl am N . R AT e B, fE K
J% #F 18 1, CRISPR/Cas9 C\#% Bl 3 H T 4 5 PHA
A . Jung %5 ™ | Fif CRISPR/Cas9 il % 7 & 5 E
PRI I VY AN S (pfIB. adhE ldhA RO fur)
I8 g KAk pned B B2 i NADH 55 NADPH
MEH, RERS THRAEKMPHAT & .
CRISPR/Cas9 3 A4 i Uy F T oot i A= 31 PR i i
SEHL T 100% (1 5 R g 4 2k % o T VE T AE S
3 A N RE A3 N BN R K0k 4.5 kb [ DNA F B
7t N 52 F FH CRISPR/Cas9 #E [vi] fif] b4 5 A= £ 5 i B4
TDO1 H i prpC He Bl (AT 4t 2- FH AT IR IR & 1)
G 7 PHBV & %, {# PHBV LR 3-52
BRiE (BHV) BB T 16 f5.

CRISPR T-# (CRISPRi) 1F ¥ CRISPR/Cas9
RGEW—MTAEMERMS TR, SlRIH T
AR Wi & 2 [ 2 PHA A - £ Halomonas sp.
TDO1 Hr, o it 8 1) #1] prpC FE KL (i 2- 5
FEREN), B IErERIES (MCCTE
W) X —WNEARH T EE . U EHE X prpC6.
prpC7 1] sgRNA B¢ # 4 & 1, prpC % Al mRNA
RIEBEBRC, WD MCC &35 06 5 BE-CoA 174
¥E, i Z A BE-CoA it 1 PHBV & /i, 1k PHBV
o 3HV SR B A7) MK B B AR 1 0.83% ~1.29% 2 F+
£ 12%~13%. [N, 6] gled FE (G AT TR
A ) AU D 2 BE-CoA 7E TCA 15 ¥ F 1 4 4%
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Table 2 Synthetic biology technologies to promote the production of medical PHA
Technology . L
Tools/Strategies Application case Effects/Advantages
category
CRISPR/Cas CRISPR/Cas9 prpC gene  deletion in  Halomonas  16-fold increase in 3HV proportion in PHBV !'”)
tools bluephagenesis
Deletion of byproduct genes (pfIB etc.) in ~ Enhanced cell growth and PHA yield ™"
E. coli
CRISPRIi Suppression of propionate consumption  Improved substrate to PHB conversion
pathway efficiency "
Inhibition of 4HB competing pathways Controlled 3HB/4HB monomer ratio **!
Promoter Inducible promoter Activation of PHA biosynthesis genes in  Significantly improved PHA synthesis
engineering Pseudomonas putida efficiency
Constitutive promoter phaC continuous expression in Yarrowia  Promoted fatty acid copolymer synthesis **!
lipolytica
Dual promoter The dual promoters (T7 and Pporin) act in  27.5% increase in PHB production”>
concert on the phaCAB operon in Halomonas
elongata.
Promoter library High-efficiency promoter screening for  Achieved 80% (by mass) P34HB
4HB transferase gene accumulation™”
RBS RBS library design Optimization of PHA synthase gene  PHB production increased from 0% to 92% of
optimization (computational tools + OLMA) translation in Cupriavidus necator cell dry weight >
RBS library optimization PHB production enhancement in E. coli Yield improvement from 0% to 92% of cell dry
weight "
Pathway Dynamic range control system Regulation of 4HB synthesis genes in P34HB production >36 g/L in 7 L culture [16%

fine-tuning

Protein autoactivation system
(PhaR/PhaP1)

Temperature sensitive bioswitch

Toxin-antitoxin stabilization
(hbpB/hbpC)

Multi-inducible system
(10 signals)

H. bluephagenesis

Single/dual-copy autoactivation system in
H. bluephagenesis

PHA monomer ratio control in E. coli

H. bluephagenesis continuous subculture

Coordinated regulation of chromoproteins,
lycopene and PHB in H. bluephagenesis

(by mole) 4HB content]"”

Achieved 97.4 g/L cell density (76.3% PHA of
dry weight)™

Produced diblock/random copolymers with
tunable structures™
Maintained ~stability for 7 days without

antibiotics

Enhanced cell proliferation and product yield ™

Metabolic Gene knockout (fadA/fadB/ Attenuation ~ of  PB-oxidation  cycle,  Significantly increased PHA accumulation "
Engineering gabD) prevention of SSA loss
Cofactor optimization (Udh Enhanced NADH/NADPH supply Improved PHA synthesis efficiency™’*
overexpression)
Morphological Division ring disruption Cell elongation in Halomonas ~ PHB content increased from 56% (by mass)to
Engineering (ftsZ-GFP) campaniensis LS21 78% (by mass)™”
Cytoskeleton regulation (mreB Cell  rounding/volume  increase in  Achieved 5 um cell diameter with significantly
knockout + conditional Halomonas campaniensis LS21 improved PHB production “**"
complementation)
Multidivision induction Synergistic multidivision and elongation in ~ PHB accumulation increased by >80% 1+
(AminCD + ftsQ/Z/mreB E. coli IM109
overexpression)
Chromosomal Chromosomal integration udhA gene integration in Halomonas TD08  PHB increased from 87% to 92% CDW, glucose
Integration & (NADPH-dependent transhydrogenase) conversion efficiency from 30% to 42% *!!
Mer.nbrar'le OM-deficient strains Low-endotoxin strains [e.g., ClearColi™  Reduced endotoxin content, simplified
Engineering [45-46]

BL21(DE3)] for PHA production

purification, improved biocompatibility

VE: 3HV—3-$25 ke HE ;. PHA—RBRZIEEWIFRELE: P34HB—R (3-BE THHE-co-4-FF TR PHB— X 3-35L TS, 4HB—

4- 555k

Note:  3HV—3-hydroxyvalerate;

PHA—Polyhydroxyalkanoate;

TERME: OLMA—SEAZ T IR N S AL

(3-hydroxybutyrate); 4HB—4-hydroxybutyrate; OLMA—OIigo linker mediated assembly

P34HB—poly(3-hydroxybutyrate-co-4-hydroxybutyrate);

PHB—poly
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20 K, VA I 15% 1) BMP7 B 1% T PHA 94K ki
o Bk, RS IR IR A GOR R, T4
FRATLE 20 K AR I HH s 1 ALP G PE R 7y TR A
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F3 R PHATE S R i) S ik
Table 3 Progress in the application of medical PHA in human health

Application PHA type Key findings/Innovations References
Bone tissue repair & PHBVHHx PHBVHHx OPM enable minimally invasive injection and bone regeneration. [18]
aerospace Support bone health in microgravity.
P4HB P4HB-OPM promotes bone regeneration without cells/growth factors. [57]
P34HB PHA nanoparticles (P34HB, PHBVHXx) loaded with BMPs [12,58-59]
Skin tissue repair &  PHB, PHBV PHB/PHBYV has the properties of promoting skin repair, loading drugs or cells, and [60]
medical cosmetology mimicking the extracellular matrix.
P34HB Electrospun P34HB scaffolds accelerate wound healing with antibacterial/angiogenic [61]
properties.
PHBVHHx PHBVHHX nanoparticles enhance microneedle delivery of hair-growth drugs (e.g., [62]
ritlecitinib) for androgenetic alopecia.
Cardiovascular tissue PHBHHx PHBHHX patches for vascular grafts. [63]
engineering P34HB P34HB coatings for coronary stents. [64]
PHBV PHBV/PCL electrospun scaffolds with VEGF improve vascular patency and regeneration. [65]
PHB The composite material of PHB and ePTFE is suitable for cardiovascular sensing. [66]
Oral soft tissue repair P34HB P34HB/ZnO scaffolds with antibacterial properties promote gum regeneration. [67]
PHBV P(HB-50HV) supports high proliferation of gingival fibroblasts. [68]
Adjuvant immune PHBVHHx AZA-loaded PHBVHHX nanoparticles reduce toxicity and enhance efficacy in treating [69]
regulation lupus.
Vaccines & virus PHA-based PHA particles simulate viral structures to enhance antigen presentation (e.g., for TB/ [14]
mimetics particles COVID-19).
Challenges include endotoxin contamination from E. coli. [70]
Treatment of PHBVHHx PHBVHHx microspheres enable sustained release of huperzine A, reducing neurotoxicity. [71]
Alzheimer’s disease
Organoid assistance PHBVHHx Porous PHBVHHx microspheres support 3D cell growth and mimic extracellular matrix. [72-74]

TE: PHA—RIRENENI BN PHBVHHx—¥ (3-J 2t T FRM-co-3-FR 2 KR E-co-3- 723k LR, MK PBVHx; PAHB—R4-J23 TR
Bi; P34HB—IR (3-J2 kT MRMH-co-4-J2 2L TR ); OPM—ITILZ fLIEk; PHB—X 3-F3E T IR IE; PHBV—R(3-Fudk T IR NE-co-3-F2 3L K
FilE)s PCL—RC MR VEGF—IME W EAKK T ePTFE— R RIUR 4 M ZnO—%ALHE; P(HB-50HV)—R (Fa Ik T #BH-co-50%
FRIEIRER) ;. AZA— LM TB—45#%0: COVID-19—2019 R #Ef; BMP—HTESREEA.

Note: PHA—Polyhydroxyalkanoate; PHBVHHx—Poly(3-hydroxybutyrate-co-3-hydroxyvalerate-co-3-hydroxyhexanoate), also known as
PBVHx; PAHB—Poly(4-hydroxybutyrate); P34HB—Poly(3-hydroxybutyrate-co-4-hydroxybutyrate); OPM—Open porous microsphere; PHB—Poly

(3-hydroxybutyrate); PHBV—Poly(3-hydroxybutyrate-co-3-hydroxyvalerate); PCL—Polycaprolactone; VEGF—Vascular endothelial growth factor;
ePTFE—Expanded polytetrafluoroethylene; ZnO—Zinc oxide; P(HB-50HV) —Poly(hydroxybutyrate-co-50%hydroxyvalerate; AZA—Acetazolamide;
TB—Tuberculosis; COVID-19—Coronavirus Disease 2019; BMP—Bone Morphogenetic Protein.
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LR AR B RAMFIREE B BT
PHBVHHx 44 K ki, #t— 5 MiZEWHRKR (HA)
Rl A R AT RIS e (V-R-MND - T BIR T .
PHBVHHx 44 K FIURL 45 45 ¥ 35 38 50 1 /K Bk e 1l et 19
MUBRPE B8 52 @ 7 R BR 28 3B AR, SR RIAR 5 5
JEHRIEE. LA RFE R, 7 AGA BB /N ER
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