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1. HEETER
il o oA VA EGHEIC KT D mRNA U7 F o OFEALEZIZ, IFE T/ ki (LNP) HLA
AR T Z v h 74— & LTEHMNID L EWER 28D TS, LNP AL, A2 S TH D
mRNA Z HIfIPIZBIZRACEET D KT v 7T U NY —2 27 4 (DDS) Th Y, 4 FHEOHEEEIENRE
(A FAUIEE - ) VR - = L 25 1 —/L - PEG IEE) /DL S N A MR iy AR TH 5,
Z DORERE DM S P 212 IREZAEOIREN S DA A b L R & DAL 22 EPE DR T AN HUE & 73
STV, RO FERM AR Z D 6 R 722 SIS & B R B B RO B b,
VTEEDHFSE) S LNP RN T — 2ok HEH TId < . AKEREDIEE ~HEJE22H (Bleb) &z AT
DRI, AR EWNE L T22007-) DNRIET D2 R — b FREChH D Z LB LN Lo TE
72o 290 LEEWEMN D, KR EROFLEREE CEER 2R mRNA & &) ORICESERD
FEAGFE T, BAIO AN - ZaM A+ TR - REETE 20 2 EREBRICE S TR, B
— R LIV OfRG FE Tl 2 ORL-RPE 2 R T RE 722 SEHERY AT IE D BR %S A HE(L 3 5R < SR DT
77
ABFFEL, 20X 5 2 BHIFRHARRREICIE 2 5720, B SEEND 3EMICHZY, (1) B+
VUL D SEER) R RIS OESE, (2) A - ZeMEICE 595 LNP RF| o G RO B b, (3)
LNP 85| SVE & PR SR Ok 3 THE 24 L L THEM LT,

2. WFEERRE
(1) LNP D See ) St B M A O ffe ST

[7va—F /75 F A% — (NanoFCM) (ZX 5 mRNA A7 17 7 A L OFEHTiTEDBR%]

G0 5 AEEEIR, Bk oM IEORMENLIZIAT, GFP 31 mRNA N4l 5E5 /L mRNA-LNP % H
WL, 74V F—MHE, T TVRREERME, ABRERE O R X OMIE S & R RE{b Lz,
THIUC KD EREEE2EBORIEE S AR R E A S LTz, & BIC, ARG ARt 3 (SYTO)
12K % mRNA FEak 217V, I EGELDGIREE & aOiREED 2 ARt Ve v FE2HWSH Z & T, Bi—H
T LV TOEMFANROEHNARETH D = & B L=,

BF0 6 AFEEIZIE, mRNA 3L OV LNP #EIEE %2 & 7 Vi Yt d 5 v )L F /R T A — X — ik~ &
FEIE I, fH & O LNP K123 1) 2 3EWE AR % @ ks ISR vl Be 72 FUEZfENL L7z, F72. RNA %)
fifl%3 (RNase) AUERIZ L > TilEhf mRNA 238000 S 405 —J57C LNP N2 mRNA (33 S 41D
ZEEXY VT Y —EBRIKENC L VEIEL, 2% NanoFCM it & kA Giod 25 Z & ¢, LNP ik
7 mRNA & WG mRNA DR Z BT 2 FEA R LT,

SRTHEEICE, CRETOMREZEN L, NanoFCM % f\\ 7222k FTE B & O FEMmIZ B3 2 Hidfy
AIRREE L O EFHZ R U2 AR LT,

[AFM T L % LNP DR S 3EA1i1E DL

JR-R I BEBEE (AFM) 12 X% LNP Offl S FHAO 72 9121%, LNP & [FEAIER 22 EFE b d 54
WRTRAIR T D, AR5 EREICIE, BEFORECEM 2 U U, RERGRE L 725 TOEAR Lo &
NIERE (Fr vvay) EREICHERBET S LNP OBEFIEZBHSE LT,

B 6 FEEITIE, T OTEORKELE D D TA Uz LNP KL T-BEN TO R — 72 fREEORE X 1)
FEE DR Z RIS 5 7=, HAREM 7 0 2 & TR L@ el e bibz At Lz, Zhicky, &
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ROV HERF L7223 5 LNP 22 L CEEMT 5 2 LTI L, B S OFHANGE 2 Riglcm E S
iz (FAERERZAZ 30%I12003%), ZHUC Xk V. AFM % 7= LNP Offl X §Hfik 2 ZH0 R L ~uL
THESE LTz, RRHNEZ O TZfTIc L0 LNP I ) R Y — A HEI L el L CTABE IRV S 2R L
E 0 FROWEH R AT D 2 L A EBMICIH SN Lz, £72, LNP 8K & 2ok Tl e 72
I DNENGETYH, NFINERCTERERO M ERNGRD Hiv, AFM IZ XY W& 2B e Th 5 =

ExERLT,

AT AR, A REWE O 2 BEESAMITICEY . 7 T A4 AEFBMEIE (cryo-TEM) THF
T L7 ol o HBUBERE 28 B 72 5 LNP RAIB OB BE A2 MBI 2 Z L Igish Lizigh, =
¥ RY — ANERE L 7o BRMEEREE T C LNP M (LT 28R A O Lic, ZNHDOREEND ., BAFE
L7z AFM &I, IREAR O Z o B PRI BREE DRI E O LNP OB LA 2 155 Tk
Tod Y, LNP B O [F) St/ RN E 3 5 AIREE S R STz, Th Db Ol 2B E 2 T, AFM B
L W eryo-TEM (T L 5 LNP O SWVEFHIIZ 31T D BEATHRRECH B FE A B LIz AR LT,

(2) AE - REMICTET 2 LNP 85 o B RO B (b

[N A N L AR L B S B RS B O FEAf]

0 5 AEFEI, HeLa M V- GFP RBLRICH-S < in vitro EMIGTEREM R 258 L, LNP RN
&, TEARR X Ol etk o faiifb 2 52 T Lz, ARFliRZ AW iric LY, =¥/ —
VDRI AZEMR L OEREARICE L EMIEHE T2 HCERERD Z 2P NI L, &6
(2 MIEHR U R 2 X7 ERN B R OB R L 72 0155 2 & 228X 1k, LNP 8UAI O L WiE MR
(2T 2 BARHIRE B R A B L LTz,

A6 AEEITIT, MEAA b L (IRE) - BORERLAIRSE) 2405 L72HE LNP E7 V2/ER L, 48
TEYEDIR IS o CTREERI RO K & mRNA B RO FAvEE) L TAE U 2 HBRR A b2 L
2o F1o. au Bk RS (CAD) 2 Wiy T Vo MEIC X D Ak E ke e € Bk
BRENL LT, S 51T, FFEDIRE Y % &1 LNP % 4°C TRMIRE L7-BS. EWiEIE0 2 bizfeA UT
AR ENE ORI X OMEE B R AWM DM HEITT 5 Z & & i L, A O Z 2 Ic kT 28
A7 2157,

BT AREETIR R E B A WV TR (v BT — 32 3 UERA b LX) Al A F2 L,
SMNERER A | U ATHERT DR PRI K, mRNA AR T, B L O¥ N7 B3 BLER OB 72855 %
ERAICSIFE LTz, & I, NanoFCM % W o R F#fT 238 A L, FMHBA b L A AR RO ZERI 1
FEREIG DM 2B RAEEZ D Z LI I LTz,

LU ED—# ORI LNP 8 D SVE R & ARSI & ORRREGREZ EBRAICE T 260 TH Y,
A - RV A B 2 EE VB RRE (CQA) MO RIEIZ AT 7= B FRIRILZ IR T2 b D TH 5.

(BRSO & R 22 E P D FFAR]

mRNA-LNP A D412 F24LIZ 51 5 BEE T H 2 IRAFLENED e IRIC AT . BRESFIR T 1 & 2 D i
EBELORER DR V== 7o Uiz, £ ORR, R OFFEM S 2 BRFRF O R B L AN G
LNP #5129 RENZIRE L. EVTEEORFHCAZI TH L Z L 2 R LTz,

EHIT, M2 FRICHT 2 RIIRAFRABRIC W T, BRI IR T2 W TH B
R EME 2 HERF L, mRNA OE ASRE KOVEMTEMEZ BFICRFFT 5 2 & 28 Lc, AR, @I
I P4 2 L 720y mRNA-LNP RUH| DO EH T REME 2 RN R T HOTH Y | @Rl =— NV FF=—r
ORI E 2 BFUE R & LT, Wi HRIEOA M2 RM T 20D TH S,
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(3) LNP 85I S EEFHR# R O1ERK

A6 FEIZIL, WHO @ mRNA U7 F AT 57 7 =k LAR— b, KEHEKFS (USP) KZ7 7
NTA KT A v AW RAI R E . 3 JOBEAGED mRNA U 7 F o OFE R L EE 2K L. mRNA-
LNP fF| & L CHEBE T & A TMER B L OVOIEZ KRR L Bl LTAE L,
A TEEICE, BARESET RS (RESEH) LNP RIFIBRRIEE T 0 P = 7 h DA o3— L LR R
L72Reii 2 REEM L, FEALE BIE X 2 HIFERORBE B L ORI DTz,

PEE OB T, HFIEARERE ORISR X OWF7E 0 E O RS EBRSEFE G SR 7 e 7T A
(IPRP) OF / EHKGHT —F 7 7N —7ICSE L, SEBHIY R & O LNP SWEFAIEIZ BT 5 15
HEHB L OER MW T o7z, 2, VARV U AL U T, PMDA ORI 7T IT L
DERAHAITV, LNP A O EFH IS BT 2 T FTO a2 2 3 AR ER Y MA T,

3. MFERFEDOER

AWFFED TR OEFIL, LNP BH O S FHIIZ T, G635k DRI-4ER & L C O R R EREAM
[Nz, TEL—Ri- L)L O AR —PERTA | 00 B B 2 B2 AR FE SV COR L7212 3 % . NanoFCM
12X % mRNA EAT 1 7 7 A VOEEFANE, 725N AFM (2 X 5 LNP O PRE R FEAR A 2 e
L. 0B ERE LI T T v P74+ — L 28T 25 2 & T (EROFHER TITEREANEETH - 72
LNP [ ORE— VA2 BRI L« ER(bTHZ L& mREL LTz,

HEEA N L ARBRIZB O T, EIETEOK T L Eh 3 2 B O MERE T A —F — (K112, &
AR ZEhiARIE, IFEAMYE) 22 ARG T 5 FIEZ B L. LNP ®"F O « 2ot
H42% CQA Al ORI E 2 EBRAVENI R 21572, A RIZ, LNP 84| 0 RIEE IS OB PRAEAR
HilZ B FRINCHEE S 5 ECAMTHY | ABROBBIRGEEMICOEMRLES bDOTH D, FriT, 22hi1
TEREIG DY CQA L7 01525 AlfEthE %2 ERAIT R Lz fild. EMA KT 7 N U A RTA4 VEDEBRH2
TA RTA L DBEVEOBANL LEFRDKE U,

F 7o, BHETERRAIORIER L ORMZEMRHMEIC X 0 . SR ATEEZ: mRNA-LNP %0 1L
(I 7258 5 & FEBRAIS R Lz, ARRERIE, BIEE 2 — /L R F = — o ~DIRTF &2 KIE B8 U152 R
BT & U CHiSE o A2 BT 2 50 TH Y CRERMARERBE coOT 72y e ) 7 4 Ak
B OEEMBHARH O GELIZ AT - T — 2 2T 5 L0 TH 5,

AWFFEHET, 3 FEMOIFIERE 2 B ORI L OV E LTAERT D L L bic, ERstor v
RY T L% %8 U C, LNP A0 BRI B9 5 FEE 5 C Ok 2 M HERE U 7=, ARF7E TR
U 7z B R 7T 2 Tl & 4 2R AR X, I AMED 7 u Y =7 MBI A ERAE (77 T 4
TR—T 4 7)) LNP OSEFHIAIZE~ S MK - BRI EDLTETH D, AR, KA LNP
FOMEEIIZET AL X 2T N —H o = AFIE ARG HEE T 2 E ¢ Bl R L2250
Th b,



1. Background

The clinical success of mRNA COVID-19 vaccines has positioned lipid nanoparticles (LNPs) as a leading drug
delivery platform for next-generation therapeutics. However, the structural complexity of LNPs poses significant
challenges for quality control and stability under external stresses. Specifically, conventional bulk-average
characterization methods alone are insufficient to fully capture the inherent heterogeneity of these formulations,
underscoring the need for analytical approaches capable of evaluating single-particle properties critical for ensuring
efficacy and safety. To address these regulatory science challenges, this three-year project focused on three primary
objectives: (1) establishment of advanced single-particle quality evaluation methods, (2) identification of quality
attributes associated with efficacy and safety, and (3) development of a scientific framework for quality control of

LNP formulations.

2. Key Achievements

Establishment of a single-particle analysis platform:

A quantitative method for evaluating mRNA encapsulation profiles was developed using a flow nano-analyzer,
NanoFCM. By applying multiparameter fluorescence analysis, this method enabled single-particle-level assessment
of heterogeneity in mRNA loading and empty particle formation. Additionally, an atomic force microscopy (AFM)-
based method for evaluating the mechanical properties of LNPs was established through optimization of substrate
immobilization protocols, leading to improved measurement reproducibility. The integration of NanoFCM and AFM
provided an analytical platform capable of visualizing and quantifying LNP-specific heterogeneity that is difficult to
capture using conventional ensemble-averaged approaches.

Identification of quality attributes linked to bioactivity:

An in vitro bioactivity assay based on GFP expression in HeLa cells was established and used to evaluate quality
changes in LNP formulations. Using LNP degradation models generated by external stress loading, including
mechanical agitation, freeze—thaw cycling, and cavitation-like stress, several quality attributes were found to be
associated with reduced biological activity. These included changes in particle size, mRNA encapsulation efficiency,
empty particle fraction, and lipid-derived impurities. In particular, the increase in empty particle fraction under stress
conditions was experimentally demonstrated, supporting its potential relevance as a critical quality attribute candidate.
These findings provide scientific evidence for the rational design of manufacturing controls and quality assurance
strategies for LNP formulations, in line with emerging international regulatory discussions.

Lyophilization and long-term stability evaluation:

To address the storage stability challenges of mRNA-LNP formulations, lyophilized formulations were prepared
through optimization of the freeze-drying process and screening of protective excipients. Long-term stability testing
demonstrated that lyophilized mRNA-LNP formulations could maintain physicochemical stability, mRNA
encapsulation efficiency, and biological activity under refrigerated storage conditions. These results provide
experimental proof of concept for mRNA-LNP formulations that do not require ultra-low-temperature storage and
support the potential utility of lyophilization as a formulation technology to reduce dependence on ultra-low-
temperature cold-chain systems.

Regulatory Science Dissemination:

The outcomes of this project were disseminated through multiple review articles and original research publications,
including collaborative review articles with members of the Japan Pharmaceutical Manufacturers Association LNP

formulation development project. In addition, the principal investigator and co-investigator participated in the
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International Pharmaceutical Regulators Programme Nanomedicines Working Group and continued information
exchange with regulatory authorities from other regions. Discussions with PMDA, industry, and academic researchers
were also promoted through domestic and international symposia, contributing to consensus building on quality

evaluation strategies for LNP formulations.

3. Significance and Outlook
The primary significance of this research lies in shifting the LNP quality evaluation paradigm from bulk-average
metrics to single-particle resolution. The established analytical platform provides a robust scientific basis for the
rational design and quality assurance of complex LNP formulations. These insights and methodologies are set to be
extended to the evaluation of targeted (ligand-modified) LNPs in subsequent research projects, continuing to drive

the regulatory science that will underpin the next generation of genomic medicines.



