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Construction of vitamin A palmitate-loaded solid lipid nanoparticles
for transdermal drug delivery and study on its anti-skin photodamage
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Abstract: As an important form of drug delivery, the transdermal drug delivery system has demonstrated
unique advantages and potential in the treatment of various diseases such as chronic pain and skin diseases.
However, in the prevention and treatment of skin photo-damage, it still faces issues like low transdermal efficiency
and poor drug retention. Therefore, there is an urgent need to develop a highly efficient and safe drug delivery
technology. In this study, solid lipid nanoparticles loaded with vitamin A palmitate (VAP-SLN) were designed and
prepared to improve the encapsulation efficiency and stability of vitamin A palmitate (VAP), aiming to enhance the
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therapeutic effect of VAP on skin photodamage via transdermal drug delivery. The high-speed shearing and high-
pressure homogenization method were used to prepare VAP-SLN. After prescription screening, it was determined
that VAP-SLN was mainly composed of solid lipid glyceryl behenate and liquid lipid medium-chain triglycerides,
phospholipids, Tween 80, alkyl polyglycosides and VAP. The prepared VAP-SLN had a particle size of
approximately 200 nm, a spherical structure, and an encapsulation efficiency of 91.1%. Its phase transition
temperature was 59.8 °C. This characteristic endowed it with excellent thermal stability and significantly improved
the stability of the encapsulated VAP. VAP-SLN exhibited the advantage of sustained-release characteristics and
intradermal retention, which could significantly prolong the local drug action and enhance the transdermal drug
delivery efficiency. At the cellular level, VAP-SLN exhibited good cellular uptake and retention ability in HaCaT
cells, thereby enhancing the effect of VAP in alleviating cellular oxidative stress and inflammatory responses. In
the mouse skin photodamage model, VAP-SLN could effectively improve the reduction of collagen fibers and the
decrease in collagen volume in photodamaged skin, restore the epidermal thickness and morphology to a healthy
level, and effectively prevent and treat ultraviolet-induced skin damage. The animal experiments were approved by
the Institutional Animal Care and Use Committee of Yantai Institute of Materia Medica (Approval No.: 20250701-
01). In conclusion, VAP-SLN significantly alleviates skin photodamage through antioxidant and anti-inflammatory
mechanisms, providing a new strategy for the transdermal delivery of VAP and the prevention of skin photodamage.
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PE A RO I RT3 R iR e ) e 4 ek B
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AR 9 B AT 5T, L BIUER b 45 4TI DL G I M 2
WD Sy WO S A T R, O A AR [ Ak 3 R
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MRS HEE
W5 R IER H B (20230501, Y174 Fif

IRIE R B AT BR 2 |1 ); WU i % H i e (198851, T
PN T I 2l PR A D), R H e (205383, v
Gattefosse A #); "1 HE H il =R E (241003-3-01, 1L T
B 2L 4 A R A 7); MONTANOV 82 (923-908-7,
1% Seppic /A 7); Tween 80 (T020240301, th AR ¥ 24
FH R BR A |)); 484 R A BRI ER g (UT24051346,
faf =% Dutch State Mines 2 7]); 4E 4 % A B ER B8 (B
ki) (C2208095, b ifgphy T AL BHE A A R A AD);
-6 (C16024115, b3 v bRAAL R % 4 A B
AT, 40 A A - R A AR . R SR ERE
ELEMEARA IR A A AR & AR 2
p-EILE R R Rl & (LR S RAEMEARA R
AT A -6 (IL-6) ELISA 55 &« i 8 3K 48
[A“F-a (TNF-a) ELISA {5l & (LR AE YR A
FRA A,

{88 DLSHIE MY (Zetasizer Pro, Fi[E Malvern
Instruments Ltd 2 #]); w1 BY )l (T25 Digital, 1
IKA A7), B EEIFHL (AH-NANO, 75/ 223 B gl k4
ARA R A T); HPLC (1260 Infinity I1). B b5 4% (SHIM)
T F £ [E Agilent 23 73 50 AL (5425R, 1% [E Eppendorf
AT BES A JEM-1201, H A B PRk a4
YN B4 (Aurora, 35 [ Cytek A 7]); ¥O6IE R £ B i ss
(FV3000, H 4 Olymplus 2 7]); ¥ % V1 1 Hl (CM1950,
% Leica > Al ).

RRE A\ A (HaCaT), 1 [ rh [E R4
B 20 Mo )% (b B ). HaCaT 400 & T & 10% FBS.
1% XA ) DMEM $: 72 £ o1, T+ 37 °C 5% CO, 15 i
FEAEHEAT NG EE RS 3% . ¥ 102 HOBIAB AR RS 7%, am ik
KARES R I BLAL T8 B2 A I 947 5256

%) SPF 4 BALB/c-nu /) il (11 75 4 %% 24 fg 4
MEB R AGIRAR) S, hE20g At HHHEZ
VORI 5 I B ) SE e O BRI IR IR IR, B 1 B R
BIrF & & 29wt 5T F Sege s ) B S A 2R i
e (S 20250701-01).

VAP-SLN B R & 8 8 U] — = i 35 5 92 )
# VAP-SLN. H IR, AR5 s H ol =R
fig (medium-chain triglycerides, MCT) fl MONTANOV
82 (M82) 1£ 80 °C I /K ¥ H m # il A6 A S i A s 5 itk
FHSE A Rl S, 86 AR ZUSRY R I VAP HUA
A (o-tE B '), BB . KRS .
Tween 80 i 4l /K 7E 80 °C 1) 7K ¥ 7 I #4 73 BUAE R K
Fo K ARLE 10 000 r-min™ B3 B U] R A0 K AR #1143
WIFL, B 5 75 600 bar IR0 2 ¥k, 40 A2 %, B

3. A TUEW] SLNAHE T 9K AL IE R GRS,
K YB3 1) 2% 05 90RE Ak 5 R A IR 5 R O
MCT, HABH s AR Jyxt B (VAP-EMU).
Q7 EE  LLEE K&l T, A vEn fEbn, M4 1
X3 Ff ARG B — 1L wrER H I g (glyceryl behenate, GB). H
T I8 1 H VM ES (glyceryl monostearate, GMS) XX I i
H B (glycerin distearate, GDS) 34T EL#E, ff E ik i&
BIRPSS. EBAE [ A BT SERTEE N, LLEE & 40 °C
NTBCE RS EME N PRAN TR, T ] A IR 5T B AT
PLRL A% L £ 43 B8 $0 (polymer dispersity index, PDI)+
EE 3845, X MCT & M82 [ F & AT i 2% «
Table 1  Prescription composition and screening indicators of
VAP-SLN. GB: Glyceryl behenate; GMS: Glyceryl monostearate;

GDS: Glycerin distearate; MCT: Medium-chain triglycerides; M82:
MONTANOYV 82; VAP: Vitamin A palmitate

Prescription composition

Oil phase Solid lipid (1%, 2%, 3%, 4%) GB, GMS, GDS
Liquid lipid (0%, 1%, 2%, 3%, 4%) MCT
Emulsifier (1%, 2%, 3%, 4%) M82
Active substance 2% VAP
Antioxidant 0.5% a-tocopherol

1% Tween 80
Emulsifier 0.5% Soyabean phospholipid
Water Q.s. to 100%

Water phase Emulsifier

BAEREHEMNE Wit HPLC #37 VAP
T 5E J7 9%, 9 5 VAP-SLN ] EE & % 24 & (drug
loading, DL), Ml 2 2& 14 K J7 300 °F o

3 2% 1 5, 1%+ - ZORBAX Eclipse XDB-C18 4
A (150 mm x 4.6 mm, 5 um); W EHAH A: 285 W sh
A B: FAEE (AIB =65:35); Jik: 1.5 mL-min™; FEif:
30 °C; Al ;328 nm; BEFEE: 5 pL.

DL 1 EE M 5& J7 ¥ % F R B8V, BUE B MR IA TR,
BT # 5 7 F E N 100 kDa [ JE B 0% N, IF
W AN AT 20255, 2 000 xg 4 °C 0> 20 min, B4 5
H1 VAP-SLN. VAP-EMU ¥ I 55 I I € 25 22 5 mL,
K FH HPLC 43 #r, 7560 3 75 99 K JOkE - VAP 1) &
(W,); [FIESF B VAP-SLN R, I\ 57 PR RS € 45 42 10 mL,
P AT AR AL, 8IS HPLC 204, BI4S VAP & & (W)
W BRI R AE N (W), 2 BIARHE 2 58 (1) A (2)
115 VAP-SLN ] DL Al EE:

DL (%) = W /W , x 100% (1)

EE (%) = W /W, x 100% )

Ho, w ARG SLN U EH 259 & &, w44 VAP
(e, W AR B BT & .

VAP-SLNIEVMRFMARREMEEE L VAP-
SLN 5 VAP-EMU i& &, PAZli b /KB B 2238 Bk B, oK
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FH B 75 6 BURRLEE 73 A 22 o~ R0 4% . PDIL X zeta
HAL . 9 XS WL BV 0T I, 2% B 1R XU St A e
30s, ERET G, T& 9 1 RAE N WK AR
TS W L IRFFREIR] o0 B %, B 25 £2.40+£2 °C.
FHRHREE (75 £ 5)% %A T 347 Fa e MR EE, 730 T 0.
5.15.30 dHUFE . B AR I R N B FL S, R
10 mL & i JF 2 2%, #% & /=0 2 ¥4 4 HPLC Wl %2 VAP
T, IPEMNE SR, i HARE .

SLN HlI57 Z £MIFM it CCKS8 X il 771 i 4 4k
24 VE AT VRS, ¥ HaCaT 48 i DL AL 1x10° A4 i
) %55 B 2 AP AE 96 FLAR R, 37 °C K5 9% 24 h, ¥ B A [AIK
BRI BT A 2 E 24 h s, AL I 10 uL
) CCK8 MW, 4k L0 & 2 h, Il bR 2 450 nm Ak
FFLI WO FEAE, AR A R (3) THEAS [ 92 56 41 41 Hy
R

AR R = (4, - 4,)/ (4, - 4,) x 100% (3)

o, A A A 5 RS2 A A AR T R ZE
W AR -

VAP-SLN fRMNEZG4F M KA 385 2 VAP-
SLN RN 24, BT 5N 0.5% SDS-PBS (pH N 7.4
F15.0), 7£ 20 mL BS54 mL ] VAP-EMU |
VAP-SLN I RER, M 0 IS 251 7E e ta i
(37 + 0.5 °C) IR G I 85 T #EATRE 255558, 7351 T 30 min
F11.2.4.6.812.24 h HUFE 1 mL, Jf [F] I #h 78 45 208
BT . B 1 mLAE B T8 215 &4 100 kDa
IRBE B0 N, RN N AN EAT 4134, 2 000 xg.
4 °C 50> 20 min, BU T Z 5 W1 0.45 wm filt FL 38 fd i €
J&, $% bR AR i IR AR R, AR A K
(4) 15 RV

VoG V.C

0,= 2 m,

b, O NS n AN BURE I [A] 20 BT RO 2 %
(%), V. N RE UCEURE BT BUHE IR A AR R (mL), VoA
TR TR0 H ) SRR TR AR AR (mL), C oM 28 1 U HURE B
A HIZER . (ng-mL™), m, 57 HE D86 259 4
(ng)o

VAP-SLN 7£ HaCaT A R EL 45 VAP-SLN
H 26 7%, ¥ A 536 (coumarin-6, c6) M JHAH %
¢6 i ] VAP-SLN #1 VAP-EMU, | 71 7 c6 ¥ & Ky
200 pg'mL"'. 7E HaCaT 4H fig 1 i\ & VAP-SLN [ 5%
SRE AL (Lhe6 IR E N2 ngmL") W F 4 h B 2240
TR, PBS U 25 AL I, #6515 7 FL P45 97 4 h,
e B, XTI DL VAP-EMU [RMEACFE . 38 1T 3
s AR T A 5% B A i B 1 O, AL A A AR K
T¢I AT B AT

" x 100% )

VAP-SLN ZRiSIESHEBMR AN T SLN
() B k2 125 5 i BRI, /N BROE E820 70 45 7 1 mL c6 b
i [¥] Free-VAP. VAP-SLN . VAP-EMU, 6 h J& i £ &b
B, BYELE 2 X Rk, 4% 2 T H R [ 3 24 he OCT £
WEATAE YR (JEFE 10 um), PBS #4723 ; 1% I
DAPI (1 pg-mL™") % i & 5 4 4% 10 min, PBS ¢k, H
H-PBS (911, vv) £, FLER B R AERE K
B, PR I FRIAE R Ik 2 J2 00 43 AT R

NSRS A48T 1 mL Free-VAP.VAP-SLN & VAP-
EMU, 6 h J5 R34 BE, BT HU 45 24 X R bk, 78 18 /K o vk
TR 24, PR T PR E, B BT 5 mL 2504,
3 mL 5N EE-PBS (1:1) H #2515 min, % /i€ 3 min,
3 000 r'min” B> 10 min, |52 0.45 pm fFL € i
J€, HPLC Wl 72 VAP & &, 11 5 5 A7 i &2 57 Ik 245 90 i
B

KRG MEER A ESL 4 HaCaT 40 g LB AL
1x10* /™41 P () 5 i 2 b 7E 96 FLAR 1, 37 °CHE 7% 24 h,
I IAEAS [F) 1 0 B AT R R, B R 1R, FREE3 R,
FHE 3 K, FASFLAF NN 10 uL Y CCKS8 ¥ i, 4k 48
5 2 h, FIEEAR A E 450 nm &b & 5L WOE B, HE
i A (3) THEAN R S50 4 40 B AE T 2

VAP-SLN R 5MNATTER  VAP-SLN XJ 64 475 41
it 338 5 (1) 52 s 20 i 43 Rt B 4 LB R 2 L Free-VAP
4H . VAP-SLN 41 #Il VAP-EMU 41 (LA VAP it ¥ & Ky
5 ngmL™)o 2 MR 6 H 00 O B i R 570l 451 4% 4 i
FEAY BFRGRE AT 4 bt & LA B AT AN [R) (R 25 24 Ab B
TELE 25 FIEIE 3 R S5 40 ) TR L A 10 uL CCK8
W, AR 20T E 2 h, ARG E 450 nm &b &AL
FEAR, 45 A 3) THE A F L0 40 f A7 s % .

SEME KT KA DCFH-DA 41 K6 41 B P 7%
T %4 (reactive oxygen species, ROS) 7K -1, 43 5] F A
I 1) 771 5 4 o2 4 B 7 B AL B A M, B 3% 3 K, AL
A 10 pmol-L"' DCFH-DA 1) 7 IfiL % 1% 77 £&, 37 °C it
% F 20 min. B TR A BME N EIAEEIE,
it A PR AT 5% e i BE FEAT 8 B AT

RAEFEFKFE  FAE B 7705 A0 B4R 5 77 & ik
PR, £5 9% 3 K, W BIEREFRM, 3 500 rmin B
> 10 min, B 3% W H ELISA iR 75 & I %€ TNF-a.IL-6
7 & &

p-HFEEESAIEN  H AR B S A R R
SR AL PR AN, K5 3R 3 K JE, IR p-k LN T G
(senescence-associated f-galactosidase, SA-S-gal) J
TR G U B A X - A 2 R AT G, ) E RO N O
e A ON N e AR 0 R S A i B
Imagel 73 A1 A [F) 2 ) 22 18] (1) ¢ ' 5 B, e 24 B % B
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PR B 43 LI P 248 %% 4 40 PR 1) SA-B-gal e i

BB GNIER B SRARR DRI
31455 #E AR Sy LR B UV 7 5 i IR 45349 A 2R 7 ST
N R YE /DA BE 5 & (minimal erythema dose, MED)
THE R TR R L ) R R . SR A UVB AR XS/
SEEAT HEG, 29 T 8 HE IS (8] 24 50104 15,20 min, H&
S5 24 h W BT TR R P2 1S B P PR R 403
No o DA H BB R R LT BT T 7 ) e e S N TR A
MED. R (5) i 54 R E LT

FEU & (mJ-cm™) = U 2R (mW-em™) x H5
INFTE] (s) ®)

HRHE b3 2 Uk 525 B 1] 2506 B 4 B RE &, DA
Tff 78 A< S 06 S5 1F T R BRI MED R, 15 N )5 223 A7)
1 FEHE

AR R 2B 2 T N R IR EESR, SR UVA (15 W)
L UVB (15 W) XU B ER AP R, il /I B 38 B
JBk 2 B8R BS  30 om, B DR & A BN W 2 38 S IR .
B A HRSE S IR, SRS 6 A, BT IR 30 k. I A I
I') 4 ) B8 R 2 18 5 1 8 1 MED 28 2 i 2 MED.
3] 3 MED. 5 4~6 Ji 4E+F 4 MED. fESHET 1 h
g2, /INR B4 2 T 1 mL Free-VAP.VAP-SLN
J VAP-EMU (LA VAP THK £ 79 100 pg-mL™), 151X}
M52 X AL AR B (n=5). KRR AL
BE H T VRl UV i S OB 8005 1) 7™ AR, XA
[F) A 38 5 A [] B 1) B /I BRURE ok 1) 2 AR AR AT VA

VAP-SLN A RATT 3R

FA /N R R TS 0T 2B R
Jei, ZBR/ANRE SRR, 4% 2 BB S E E, A
AL SR R, U0 R F 95 R kS AR £ (hematoxylin and
eosin staining, H&E)~ & ¥4 (Masson) 4e{t, T4 H 3l 5E
TR B RUE R G AT A s R AL IR, W% BALB/
c-nu /P B B R R A, N Image) & & 404 .

Yo 8 98 GG 7 Bk 4 2 ROS K ik /K 1) 4%
JRA VR, B2 V) A 5 ROS Yl — & 2.%E (dihydro-
ethidium, DHE) (5 umol-L™") % 37 °C#% & 30 min; 3
BT PBS P34 J5 T I DAPL 47, 6 = E M E
10 min, 3 347 & S B/ R EEUR, N Image) 7317
P E 5t .

ELISA K 57 ik 41 23 1L-6 A1 TNF-a /K P BL—
43 BT I Ry R A 2T S R AL 78 4 21 9%, 3 000 rmin,
B50 10 min J5 W EC g TR, AR DD B 2 IR
ELISA il 5 1207 5 vt B 15 2047

MMP-3 Rk KF 0 A ) Fr 34T B K R Bt iR
142, F 3% (¥ S A0 0 BE I P 9 1 i S Ak o i 3 1

XHHZRAY) it AT — RAVP IR, A 5 —hiE it
W (Fi-MMP-3) 55 —5ii# &, PLLE I DAB 2 574
WU A . SR JE A0 IR A BEAT R G o, EAT 2t
iR, N Imagel 7€ & 5047 .

%it= 5% fiH GraphPad Prism 8.0 X 34 47
Guitor AT, LA DU EL £ AR HEZE (v £ 5) Bon, KA
t-test XoF 5 2 1) 25 S 34T L 4%, one way ANOVA X % 4.
) &5 AT 0T, P<0.05FnEZF BEA G HE L.

R
VAP-SLN Il & &AL 75 i 1R 45 R

(] s i o ol 2 B BT B 3 R R T, S R
SEME . B % LA VAP-SLN ) EE & T, NP 48 5, Xt
PR T A 2R BEAT Tk . &5 R 1A B FTR, DL GB
A 4y [ 44 B8 J53 B, #1550 ) EE 5% = (85.8%), & 3 =i T
GMS (70.7%) 1 GDS (64.3%) 1E Ay [fl 44 g 5 1 41 7 ;
A B DL GB A 4 [ 44 A i (1) 1l 770 7,28 59.7 °C, 1 F LA
GMS (48.5 °C) A1 GDS (46.8 °C) 1 [l 44 JIg 5 i1 11551
GBI T4 & i (1) T, F1 =30 T Fe e 1 [ 25 A% O 45 44,
WA R T 4EFF VAP Fase M, #ik & GB1E N B R JIE 7 .
H#t— 0% 52 GB H &% i 77 EE M A e M ) 52 & 1C
Eow, Hi 5 BE K6 GB ¢ FH &3 i 3 K, 4 GB 1 H
BRT4%m, BERA BEL. faetEtik 1DE
B, VAP % B 2 [ifi GB F & 38 o 7+ &, 4% 415k B
93%, 5% 41K B . 45 F, 4% GBBERE(RIE =
B, AT R B AR 2%, A RSELRE G I B 25
() [ e Ik B R S TSGR AR, M AR E M GE A
PR, WORf 5 4% N GB M & .

TR TR N K 11 5 B BE AT — 8 SR, WO
MCT [ = #1470 i% . B 1EF 8oR, 3 MCT & A
2% I I 7 R AR 43 AT ¥ — B EE fe i (91.1%), &3 =
FHARHE. HETEREMCT 5]\ & 4R AE 5 8%, 7
A E A BB A TE e IX, 233k VAP 3495 AT 32 7 EE; 24
MCT H & KT 2% i EE R B¢, R 2 A NG iR 530
[i] 25 &5 o i 2R R A 5L R 29 AN HERY . TR, L E 2%
HNMCT WA &

2 THI 9 14 77 MI82 1 FH & 5 5 52 Wi 1) 771 1A R A2 K
EE, B 1GH &R, 24 M82 FH & Ay 2% I il 71 (b 4% 4>
#i s — H EE & (90.8%), & & = T HAb & . 7K
T 70 2 ST B AR SR Tk ), SRR K AR B
L M82 FE KT 2% i R N, R &R mE
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Figure 2 The characterization and stability of VAP-SLN. A: Appearance of VAP-SLN and VAP-EMU; B: Transmission electron microscopy
images of VAP-SLN and VAP-EMU; C: Particle size distribution diagrams of VAP-SLN and VAP-EMU; D: Zeta potential diagrams of
VAP-SLN and VAP-EMU;; E: EE of VAP-SLN and VAP-EMU; F: Change curves of VAP content in VAP-SLN, VAP-EMU, and Free-VAP
stored at 25 °C for 30 days; G: Change curves of VAP content in VAP-SLN, VAP-EMU, and Free-VAP stored at 40 °C for 30 days; H:

Effects of different concentrations of SLN on the survival rate of HaCaT cells; I: Release curves of VAP-SLN and VAP-EMU in pH 7.4 and

pH 5.0 buffer within 24 h. n=3,x£s. " P < 0.000 1
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Figure 3 Evaluation of cellular uptake and transdermal behavior and retention. A: Representative CLSM images after 4 h incubation with

c6-labeled SLN and EMU; B: Representative CLSM images of additional 4 h incubation in fresh medium post-removal of preparations; C,

D: Representative FCM histograms of VAP-labeled SLN and EMU fluorescence for cellular uptake (C) and retention (D); E, F: Correspond-

ing quantitative analysis showing MFI of uptake (E) and retention (F), respectively; G: Representative CLSM images of mouse skin tissue

after 6 h application with c6-labeled Free-VAP, VAP-SLN and VAP-EMU; H: The VAP retention of mouse skin tissue after 6 h application

with Free-VAP, VAP-EMU, and VAP-SLN. n=3,x+s. "P<0.01,

cytometry; MFI: Mean fluorescence intensity
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Figure 4 Antioxidative and anti-inflammatory effect of VAP-SLN in photodamaged HaCaT cells. A: Cell activity under different radiation

doses; B: Cell activity after different treatment in photodamaged cells; C: Representative CLSM image of intracellular ROS detected by
DCFH-DA probe; D: Quantitative analysis of ROS measured by FCM; E, F: Concentrations of TNF-a and IL-6 in the supernatant measured

by ELISA; G: SA-f-gal staining and quantitative analysis of positive cell. n = 3, x + s.
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Figure 5 Therapeutic effect of VAP-SLN against UV-induced skin photodamage in mice. A: Establishment of mice skin photodamage
model; B: Long-term (6 week) observation of different treatment groups; C: H&E staining of skin tissues after different treatment; D:
Masson staining of skin tissue after different treatment; E: Quantitative analysis of the positive area of collagen fibers in different groups; F:
DHE staining of skin tissues in different groups; G: Mean fluorescence intensity of reactive oxygen species in skin tissues after different
treatments; H: The concentrations of TNF-a and IL-6 in the supernatant of skin tissue determined by ELISA; I: Immunohistochemistry of
MMP-3 in skin tissue in different groups; J: Quantitative analysis of MMP-3 positive area in different groups. n =3, x+s. "P<0.01, "P <
0.001, P <0.000 1. H&E: Hematoxylin and eosin; DHE: Dihydroethidium; MMP-3: Matrix metalloproteinase-3
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