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[ Abstract]

delivery system with adjustable particle size so as to synergistically enhance the retention and penetration of

Objective To construct a pH and matrix metalloproteinase (MMP) dual-responsive nano drug

chemotherapeutic drugs in tumor tissues and improve tumor treatment effect. Methods Hyaluronic acid (HA) carbon
quantum dots (CD) coupled with gelatin nanoparticle (GNP) were constructed, and were connected with doxorubicin
(DOX), a chemotherapeutic drug, through pH-sensitive imine to produce GNP@HA-CD-DOX nanoparticles. The
changes of particle size, drug release behavior, hemocompatibility, cell uptake and deep penetration of tumor spheroids, in
vivo tumor targeting and therapeutic effect were analyzed. Results GNP@HA-CD-DOX nanoparticles had a particle size
of (162.93+2.55) nm, which could be degraded to release HA-CD-DOX with a particle size of about 40 nm under the
treatment of MMP. The drug loading of DOX was (4.94+0.22)%. DOX was released in the tumor microenvironment and
lysosomes in response to the low pH. No obvious hemolysis was observed in GNP@HA-CD-DOX. GNP@HA-CD-DOX
showed a reduction in particle size after co-incubation with MMP-2. The MMP-sensitive GNP@HA-CD-DOX had
significantly improved cell uptake and better deep penetration in tumor spheres. GNP@HA-CD-DOX displayed better
distribution in tumor and anti-tumor ability in tumor-bearing mice compared with the small particle size HA-CD-DOX
group. In addition, it has better safety. Conclusion The pH and MMP dual-sensitive nano-tech drug delivery system
with adjustable particle sizes synergistically enhances the retention and deep penetration of drugs in tumors as well as the
anti-tumor effect, suggesting new approaches to tumor treatment.
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metalloproteinase, MMP) % fif§ & £ 5, I FH X SE 5 A1,
AT LASE RGN AR AR A e W PR NS AR, s F i T
p HL M o7 P4 EEL 7 38 2 R MM P i O 7 4 b7 A5 T AR 4 oK
R, SEEL T R R A

TR, kT 4. (carbon quantum dots, CD ) 7£ JFhJg
TRITF RN AZ 3 1Ok B2 1 G TE . CDRLAR RN
10 nm), & T Mg iR )2 % 3%, H CDAR T Iy KLk {8 T 3547
B2, LLi%& BB R (hyaluronic acid,
HA)YE R 2 fig 2 A (19 CD e 0% 38 1o 55 i 8 48 Jifd ¢ im
CD44 32 FE F 52 U8 20 ML 1% = S8 e , ik fe 1 4h
R ) Sy SR AT A ) B I BT RAF I A=
Vel it A AR AR 2R, BEAEEMMP- 24 S PR
HET 0, AR HAME Y DI BESE AT % CD, #HMMP-
270 i M CD - B AR K 1 24 2K 47 ( gelatin nanoparticle,
GNP), P38 i p H AU ) WV g 5 3 4 AT 5 W B 85 R
(DOX), I FATIFLIR AL Ry T, DA R Se B ALy 7
2 e A B R e S8R 8, A B LR R T AR
RS

1 #MR5FE

1.1 SREHRFEE

= OHE TR — KA T E 2550 A PR A ], 1-
(3- TR SN AL ) -3- £ ki — W e R R ER (EDC) I Tk
0UH RBPHCA R A, SCAIR L0 (PEL AHX53F
JBTi£10000) W T Fvg Ry TR PR B, N-FR AR g8 30
P 7 e (NHS ) % 28 HE R (p-CBA) I T L1 = Ik
FHARARA ), RIRIT R T RIERCEYHAA
FRN F], HA (FHX20F )5 53 000 ~ 10 000) 14 T L 25 4 i
RAEYBE A BR A |, AR B | 25% I A - 3E [
Sigma AldrichA i), MMP-2ItJ T~ 3¢ [l Abcam A 7] . FRL A
PEFL BRI ML AT 140 M 3R 08 T rhBR B b4 M . M
BALB/C/N RS W /)N BRI T 1 0 15 0 S 30 3l ) A ) o
Y S A5 T (5L 5 B ) AR RS B A 45 (GB/ T
35892-2018) YVFHIKEIK

VECTOR 22837 2141 3% (Bruker, {E[E] ), Bruer
INOVA 400 MHz# i 3445 I %42 (Varian, 3¢ [ ), Cary
100454366 EE i (Varian, 28 [ ), RE-530179464306 06
11 (Shimadzu, HAY), ZEN3690FGKE & K Zeta i {37 53
BrY (Malvern, % [E ), BHITACHI-600%1:% 5t f 1~ . i B8
(Hitachi, HAY), DMi1 {8 & /4= ¥ & 455 (Leica, fE[H ),
Varioskan FlashZ B fE#HR{X (Thermo Fisher Scientific,
), WO AL 145 (LSM 800, Zeiss, FE[H), Fzt40
JfifL (FACSCelesta, BD, 5[# ), IVIS® Lumina Series Il />
Y5 F 58 (PerkinElmer, 3E[H ) .

1.2 ERREHKEFS (HA-CD) &K

K FHIATAERR A BRI . HAFIPEL N I e 5 A1 i 4%
CD. FREUF B #2200 mg, PET 400 mg, HA 120 mg % %
S, BN A ZL 8 K, 80 C MR B it 1ER% F1HE
PR TSR S HAMKK I A PEL T 4313 5], #8 &
25 mLiE R W 22, 180 CHEAE R h, HAABHI 2=
T, B EAE (B AHXS 23 B 50 000) H, 3 500 r/min
1830 min, H 41K, 1T EpH7.4, fHHA-CD., T4l
AN ARG IR S 4
1.3 GNPHyHI&E

FRECARIIH IS A 625 mg B T-Hebfrh, i A#B4lK e
42 CHA IR i, Bk T I AN B, 8 TT0E,
R EERAW. ALK&, 42 CHNFERE, 1 mol/L
RSO B pH2.75, B T RUKEIMN, 40 CraiRImA S
FE, BN BN Z R R BIREEE . K25% 8 BE R
70 uL Fi BT 1 mLINER o, 200 01 1R R i Ak R
Hh, SEIRRN 7.5 WKL) . B 40 CCRER: 75 & bR 2
PRV ERFLZ8 mL, IMAL mol/LH & MRIA WK
200 pLHT IR, 4 CHGE R . SAMa I #5254 nmIE
W, pH6.0BSRRER 22 thif hy sk 7], CL-4BA SR MERERL
ik REalifl.
1.4 GNP@HA-CD-DOX#XKHi Bt B RAE

Balifb )5 M GNPIE 4 mLEBEM F, FRELEDC
200 mg. NHS 300 mg, 1 mol/Lik RV T 415 pHA4.5 ~ 5.5,
S HERE30 minfE LR IE, CL-4BBUIEHE (il A /0 B8 i i
EDC/NHS, 1 mol/LE EALNIA B T pH7.8. FREL40 mg
HA-CD/3# %4 mL pH7.8 PBSHY, % J1itHE T 2218 i
EDC/NHSIFALREEGNP, [ 6 h, 2 1k . fiIn A3 &
RRPEET RO IR R, KRR ZIEARTIEY), HiEo h
FRUUTESE A, B0, 37 G, N ApH?7.8 PBSZE #ini, i A
PO PR E5 73, R A B3R 2 HIFTC s ],
13 GNP@HA-CD, il 3 ZT SN A g iR S0 4

K B ARIGEL R 2 R (DOX-HC1) 12.0 mg % T W 4%
W, A TEK DMSOW%s i, A = Z.JHé64 pmol, FiE$¥10 h,
A5 58 12 T 5 3% 5 B i AT T S R 22,48 mg, [
24 hJE Jilip-CBA-DOXH[H]{K, I AEDC 3.16 mg. NHS
4.74 mgfZ i3 h, {Hp-CBAXF AR KL . 7EfHE T ik
1L p-CBA-DOXiZIH 2% 1% il A 2 GNP@HA-CDH, )i
6 h, (5 1R SN, BT (G RR AR 431 BT 8 000 ~
14 000)FEHT3IK, Uk T8 H, B LM GRS FIAZ G LR =
TAEE

#4FEE GNP, GNP@HA-CD, GNP@HA-CD-DOX
T R B MR BE S5, SR I AORE B S, I it e A2
A 5 ZetafiAv .
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1.5 GNP@HA-CD-DOXHIMMPEEHE F7 14 % 22

JGNP@HA-CD-DOX 0.5 mL(GNP i & ¥ J¥
0.2 pg/mL) A 0.5 mLFT L &% 5 55 FHEPESZE il , 1R &
5], IMA300 ng MMP-2, B B0 HF37 °C, 75 t/min
PRI S, T e A 50 h, 24 hECRE, 2 R A2 PEA 4
SKORE (19 MM P i i [0 P o [] >R FH 37 S5 P 58 W28 MM P -
29 WIS ARRLA AP
1.6 GNP@HA-CD-DOXH#HZHEER

kG CDPEG I T, R S50 e BT % 42
DOXMY# 25t . e Br &V & 25.40. 20.32, 12.70,
6.35. 3.175. 1.60 ug/mLAYDOXARHEIA T, 121484 nmfFE
A6 I 30t 0 W O B (A bs ), LLADbs X i 2 vk
(pg/mL) HEATEAE I, 2l br ik th e, gy = R
HEGNP@HA-CD-DOXEAAR, 15 E [l YOl i
e GNP@HA-CD =3 UG, I oAk 2 it
1.7 GNP@HA-CD-DOX{&SN AR A 2 22

DL PR R SR B 2 DOX B B 47100 pg/mL,
LA B DOXAE N 275 5% R4, B UCURE L mLJineE T by
£ (#84> 15+ 8 000 ~ 14 000), 735132 A 50 mLA A
pH(pH7.4, pH6.8, pH5.5) I BEHAN i . E75 r/min.
37 CHEIRMFE 48 h, 4 T HUERT ] 0.5, 1, 2, 4. 8.
12, 24, 48 hEUFE200 uL, [A) I #b 70 45 (A BN o 4k 22 907

o DOXFEREEA T/ OEEETH T U P 1482 nm.,

RSP 555 nm ST I E 4% 2 BE A, 3 ik A v il 4%
TR B 2549 & 1 X R
1.8 GNP@HA-CD-DOXIN &R ¥ £

B i B B AP /N B 42100, 3 000 r/minx5 min® Ly, FH
A BEER AKBC R R 2% AT A B R S o AL E
BT A EL K M1%Triton X AY2%ZL 40 0 B WAE e |
%if F& (blank ) A1 BH A4 % 1 (control ) . GNP@HA-CD-DOX
DA BEER AR R B 4140.0., 20,0, 10.0, 5.0, 1.0 ug/mLifk
JEREE (LIDOXT MR BE 1), A SRR 2% 21 40 i
W, IRA], B R R EE 420.0, 10.0, 5.0, 2.5, 0.5 pg/mL.
BLFERT37 °C. 75 r/mindEB R R, 4390 71, 2, 4 hif[a] 5

B H100 uLRE S I 96U, FHAL 2 AT
545 nmi AP E 5 Abs, 15T A ITHHAFE I LR

. ADSmpie — AbSyank
B L (%) = oo~ 20
" z( 0) Absconlml _Absblank

1.9 MMP-2%& 4 THEENER

1418 mmx18 mm G 75 8% A B o LA s A,
FFATLA0 A LA 5x10°/FL 1Y 3 BE 42, 37 C L R4 Bk
5%CO, M AR & FHifF . ¥ HA-CD-DOX,

x 100% o

GNP@HA-CD-DOXPI X, GNP@HA-CD-DOX+MMP
(GNP@HA-CD-DOX5MMP-27i 505 524 h) 34 il 7] LA
TC L35 35 AR AR, A ZE M P 55554 h, DOX BT ¥4 JiE
9100 pg/mL. WU S SRt T i 52 3, 25 ]
7E . DAPIYL ()5, {5 T A PUoOGH IR 3 7
R Ab P, R R A B AR A MR U O . T E
BN IREE 77, O3 R N4 AR AL DOX Y 52
JERRBE, PR AN R UK ST o 4T 120 Ah B i P 200 T
JEHR1x10°/FL2 BEHERD T o LR R AR, 37 G RS8R
H5%CO, M ARANEBE S AF T i 95 o 4020 M3 37 Uy ik [
B, 75 PBS4L . H5374 him, PBSIE ML, Mt L4 )i
JE e il 08 oalll 8
1.10 MMP-2&4 THEIRFEEE R

H96FLEE TR, FEALAREH A 90 C Rl Ik 2% IR b
FEFREE70 pL, ARG FRAE THACE 1 hiE e IE . 4T 1400
PR AR 1 x 10°/FL 28 BEFEFD T4 A Sl iy 19 96 L AR,
37 C. AR BUT BRI 5%CO, 5 M HEFR3 ~ 5 d, H 2 Ml
L A R R A RIE BURARAE Se b i o sk . e i
BEDOX4, HA-CD-DOX4 . GNP@HA-CD-DOX 5
MMP-21ii 555 5 24 h(GNP@HA-CD-DOX+MMP-2) 41 Fll
GNP@HA-CD-DOX4], HZDOX T it i #2410 pg/mL,
FiF%6 ho B /NOWUIRE K, PBSTE UL, IR FR 80N
4%Z R HEE[E 5 30 min, & TEIE A L, RABOCILRE
W ZEhWr =R IR, I A [RITR B G40 Ao
1.11 GNP@HA-CD-DOXZETE/MNRHIAL S

tH T"GNP@HA-CD-DOXEA 1F Lk, 2L o Geksns|
W4k (ICG) B HL PR 231, SCFRATT R P v M M B v 1
LT 59 BHCGHRIEGNP@HA-CD-DOX(GNP@
HA-CD-DOX@ICG) HIHA-CD-DOX(HA-CD-DOX@
ICG) HEATIE AR BLAR , LW G AL fap 988 /0N B i e
S3ATENL. MEFEBALB/C/NER (6 ~ 8JEIMA ) RS, T55 —
FLE T HER10.1 mL 6x10° mL™ 4T140, 13 g K1 2 44
FRZ50 ~ 80 mm’i, BEHL - 4 (BR4H3 ), &Rk
HPBS. #BICG. HA-CD-DOX@ICGHIGNP@HA-CD-
DOX®@ICG, %7 # NICG: 1.5 mg/kg, 4Zi1h, 4h,
8 h 124 hJi, 7E & 1788 nm ., & S 1808 nm &1
T XN T IE AR, T UGS B e 2121, SR
FH/NSh I A6 27 U & G, #E4T B4R B, JE R
Living Image"™ /BT 4 {426 425 Mg S50 0 AV E Ay JR i8R 1) IX Sk
(range of interest, ROT), #f4} H sl B ROIN By 58
JE, AT AT
1.12 GNP@HA-C-DOXXfarfE /N R i& FT R

ST SR L B R s USRS (7 ik [A) 1.11), 1F
g 4t AR TR 2950 ~ 80 mm B, BEMLZN K 42H, F54H
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5H, Rk 345 TPBS. Ii##DOX, HA-CD-DOXA!
GNP@HA-CD-DOX, DOX%5 25| i 4 mg/kg, FFIR 424
B E B2 d, FL42550K . ATRYTZ HR, R i A=+
AT, 3R V= KexFE2x0.5H 2 I AR, 22 g
AR AR BT AR 2 . IBIT ARG A SE/ N RR, O
FIERE L 4 B e, 411 BEOGT L g (R BT RR 8, AR5 IR AR
SIECNA%Z RV EEE E , HEAT A 85U R ATHEGL A,
1.13 GNP@HA-C-DOXHIZR £ M#HTEM

R T BRI R 0 A N £ A e, IBCAEE R B BT A/
B, W MRS, BEHLSY M HA-CD-DOXZH HIGNP@HA-CD-
DOX4, DOX% #j4 mg/kg, 73 XPBSAIE X IR, KR4
3HL /N R HIKG B 452510, SL45 255K, SR 45 o)
S, SR P I 248 BRI 7 4300 2 45 Tl A
1.14 $itZEH*E

2 1R] R FH BRLPR 38 22 43 BT, 201 1) T 4G L0 AR
R, P< 0.05 025 7 A it Lo

2 #R

2.1 GNP@HA-CD-DOX#K i ) R EFAMMP-2E5 Ml fZ

GNP@HA-CD-DOXMZ5 /R B DLIEI 1A . ARl
HLZRAE DL 1. GNPHRIAE N (120.2341.99) nm; ZetaHi {7
J3(-5.30+£0.22) mV, B il . ZEHMIHA-CDJA, Rife
AR K (156.10£2.21) nm, i THA-CDHEA IEH M, 4
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1 GNP@HA-CD-DOX%#7R 2 B FAIMMP- 2B NI i 1 2 14 % 52
Fig 1 Schematic illustration of GNP@HA-CD-DOX and MMP-2 enzyme
responsiveness of GNP@HA-CD-DOX
A: Schematic illustration of GNP@HA-CD-DOX; B: Size and morphology
of GNP@HA-CD-DOX co-incubated with MMP-2 enzyme for 0 h; C: Size and
morphology of GNP@HA-CD-DOX co-incubated with MMP-2 enzyme for 24 h.

HA-CD&/i)J5, GNP@HA-CDE HLIFHL 1. GNP@HA-
CD-DOX/KAHiARIH K A (162.93+2.55) nm, HELBTEA
L& 1B,

GNP@HA-CD-DOX5MMP-2 0 F 24 b, BT
%030 5 GNP B i, R A2/, 29160 nm7ZE 4 2
40 ~ 50 nm, 5FEHFTESMER AR — 5, WK1C, %
45 BAFRA T GNP@HA-CD-DOX A MMP-2 i 7 14
2.2 GNP@HA-CD-DOXHIRSMERT A F0 M i 48 14
2z

BN RIS R R Abs= 0.019 6C-0.006 0, R*=0.999 8.,
DOXZ 25 1 5E 7 (4.94+0.22) %, EI2TT A1, 7EpH7.4.
pH6.8, pH5.5% 1 T %48 h, GNP@HA-CD-DOX % 25
BEHCR M 17% ., 33.33%., 61.53%, BT, ifitE34
pHZEAF T, W B DOXAU R IR | 584, ToikIX ). 45
F W GNP@HA-CD-DOXHA pHEUS N 25 W) R URFIE o

# 1 GNP.GNP@HA-CDFIGNP@HA-CD-DOXAI{Z 4 #7

Table 1 Particle size and zeta potential of GNP, GNP@HA-CD and
GNP@HA-CD-DOX

Sample Particle size/nm PDI Zeta potential/mV
GNP 120.23+1.99  0.176+0.011 —5.3040.22
GNP@HA-CD 156.10+2.21  0.133+0.025 +11.53+0.31
GNP@HA-CD-DOX  162.93£2.55 0.165+0.016  +10.70+0.36

PDI: Polydispersity index.

80r  _g pH5.5 GNP@HA-CD-DOX
- pH6.8 GNP@HA-CD-DOX
-m- pH7.4 GNP@HA-CD-DOX

Cumulative release/%
IS o
o o
;

(3]
(=]
T

() t/h

40

-@- pH5.5 free DOX
-m- pH6.8 free DOX
20 —A— pH7.4 free DOX

Cumulative release/%

0 1.0 2‘0 3‘0 4.0 5‘0
(5} t/h
2 GNP@HA-CD-DOX ( A) #i#EDOX (B ) EREpH THWE
W% (n=3)
Fig 2 In vitro drug release profile of GNP@HA-CD-DOX (A) and free
DOX (B) in different pH release medium (n=3)
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GNP@HA-CD-DOXBA WAL S W i s i (1£13)
FEPA Xof B ZH 7 A B T 9 B AR L vh T DL 2T 56 4
44, BT AL 2T 4R A R, AR 259525541 5 1]
PEXT REZH 2T 40T S 45 0 — 3%, RUIFEDOX BT it ik FE
20.0 pg/mLA}, GNP@HA-CD-DOX A M iF .. GNP@
HA-CD-DOX il FIAEA [FIDOX it BE T 17 1 2 Bifi
[ 42 A Fr 3G, B 158 4/ T75%, R PIGNP@HA-
CD-DOXFEDOX <20.0 pg/mLAT JGH i %5 1M B 52
2.3 ZRRAIEEN

WIE4. BOLILRMEZIL EIR, R SMMP- 21 /CiF &
FJGNP@HA-CD-DOXA i TR ARE K, A5 Bl 21 ffa 5%
B i 5 MMP-2 e B I GNP@HA-CD-DOX 4 i TH

Hemolysis

Negative

JREAZ U R, RETBCH /INRLAR KR, A5 1 A A I . 3
U 20 B SR &5 SR 5 o e R AR 45 A B[R], MMP-
2 e H I GNP@HA -CD-DOXZH 41 g 45 M fH M % 5
HA-CD-DOXZ1AHi, Jf- H.i% T"GNP@HA-CD-DOX4 (P<
0.001). LI EZ5H %M, GNP@HA-CD-DOX5MMP-23t
I REAR IR/, RS A S A 4 T 140 A BT B
2.4 PhyEEkEFIE M

GNP@HA-CD-DOXAH H THRAZEK, 8 Mg Bk iy
fie 7122, BRIt 2 AR e IR BRI A, 7 HL2E 5
55, MGNP@HA-CD-DOX5MMP-23L0: 524 h 5, 7
i ged BRURFB AR T WAEAR 5, T HLEOGAR 5 5 B H T/
HBiEHA-CD-DOXAL (J&5) . X —Z5 R KW, GNPIZLL#

Positive

10 r - 20.0 mg/mL -= 10.0 mg/mL -» 5.0 mg/mL

o8 -+ 2.5 mg/mL 0.5 mg/mL

g 6

=

g 4

L

T2

e 0 1 2 3 4 5
t/h

E 3 GNP@HA-CD-DOX ( DOX:20 pg/mL ) i#MIERELAEMEAESE (A, x20) RAEDOXHEEIREHGNP@HA-CD-DOXHIFIZERE Bt iE] S kY

BmE (B, n=3)

Fig 3 Photo images of hemolysis and red blood cell morphology of GNP@HA-CD-DOX at DOX concentration of 20 pg/mL (A, x20) and percentage of

hemolysis of GNP@HA-CD-DOX at different concentrations (B, n=3)

a: Positive control+red blood cell; b: Negative control+red blood cell; c: GNP@HA-CD-DOX+red blood cell; d: GNP@HA-CD-DOX.

DAPI Merge

2.5D Merge

HA-CD-
DOX group

GNP@HA-

CD-DOX
group

GNP@HA-

CD-DOX+ %rg Ay, .4;, .\.,
MMP2 oQoQQoQQo
group £ S c%% ¢

(A

P<0.001

Positive rate/%

\od 3 \d
¢ S
&

B4 BoeHRE (A) MRERA (B) FR4TIHMAEREER (#RR:20 um, n=3)

Fig 4 Confocal laser scanning microscopy images (A) and statistical analysis of flow cytometry results (B) of cellular internalization by 4T1 cells (scale

bar=20 um, n=3)
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um 10um  20um  30um 40pum 50pm  60pm 70 pm

o - . - ---- -
R - . . --- - -
GNP@HA-
CD-DOX group
GNP@HA-CD-
DOX+MMP2 group

5 WE24 hF4T1AEMEIR FHREFELEZE (FRR:100 um )

Fig 5 Penetration on 4T1 tumor spheroids after incubation for 24 h (scale bar=100 um)

MMP-2[# ) , B /AR HA-CD-DOX, 7E M Bk 1h 4h 8h 24h
BRBH 80D, DI o IR BRI RE A8 1§, BT '
SiR 1 S AU

2.5 GNP@HA-CD-DOXZETE/NRHIER 5%

SERLVLPI 6, H I A ISR S R T ge 4 85 5 LA
A1, GNP@HA-CD-DOX@ICG HA %5 5 1 fifJeg 3 A il
Ui BN, #E8 Wi iR & B iR, FL7E 45 25 /524 hiThREAE
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Fig6 In vivo biodistribution of different formulations post

administration through the tail vein (A), image of ex vivo
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CD—DOX?E/J\ EﬂﬁiﬁET K%*I E{E&ﬂ:{ﬁ?% DOXZE . EEP%‘-? semiquantitative analysis of ex vivo distribution in tumor (C, n=3)

at different time pointsc
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**P<0.01, ***P<0.001. a: Free ICG group; b: HA-CD-DOX®@ICG group; c:
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