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Abstract: Delivering water-soluble drugs via carriers often causes problems such as low loading and rapid
releasing, so it is an urgent need to construct a high-load sustained-release drug delivery system for the clinical
application of water-soluble drugs. Two-dimensional layered nanomaterials exhibit great potential in drug delivery
due to their high specific surface area. In this study, bulk graphitic carbon nitride (b-g-C;N,) was obtained by
calcination of urea. Graphitic carbon nitride nanosheets (g-C;N,-NS) were made from an alkali chemical-ultrasonic-
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assisted stripping process. Scanning electron microscopy, transmission electron microscopy and atomic force
microscopy were adopted to observe the morphological characteristics of g-C,N,-NS, while the structural charac-
teristics of g-C;N,-NS were analyzed by X-ray diffractometer and Fourier transform infrared spectroscopy. Ultra-
violet spectrometry and fluorescence spectrometry were used to investigate the optical properties of g-C,N,-NS, and
scanning electron microscopy and X-ray diffractometer were employed to investigate the stability of g-C;N,-NS.
Polyethyleneimine (PEI) was applied in the study to functionally modify g-C,N,-NS, and salvianolic acid B (Sal B)
was used as a water-soluble drug model to investigate the loading capacity and drug releasing behavior of g-C;N,-NS.
The results showed that g-C;N,-NS had a sheet structure, and it is easy to self-assemble in layers in the ionic
environment to create flocculating settling. PEI modification can lead to the switching in the surface charge of
g-C,;N,-NS and significantly improve its stability. The results of cytotoxicity test and zebrafish embryo toxicity test
showed that the toxicity was low when the concentration of PEI-g-C,N,-NS was less than 800 pug-mL™. The large
specific surface area and surface charge of PEI-g-C,N,-NS allow the maximum load factor over Sal B to reach
327.4%. In addition, PEI-g-C,N,-NS can continuously release drugs slowly, with a cumulative release rate of
79.2% in seven straight days. The release process conforms to the Higuchi equation. In summary, g-C,N,-NS
modified by PEI exhibits good biocompatibility and high stability, and shows great potential in high-load and
sustained-release applications of water-soluble drugs.
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PEI-g-C,N,-NS B4R SMEAN
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W RRS), R AL, 45 3] 280 umol-L* Sal B BEK .
T 80% FH 7K VMR X R B, 45 B0 FE 29 0 R 1.4
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Sal BIRE RAZENTES Y %% %2 Sal B (1944
HMBERL. B Sal B [ PEI-g-CoN,-NS [{ B2 2 mL,
BT @SN IEE RN 10 mLZ& 18K, 45457 37 °C.
100 r-mint ¥R 4% . 43 5I7F 5.10.15.30 min f11.2.4.6.
8.12.24.48.72.96.108.120.144.168 h K i 43 HL
HETHE SRR, 31 mL & 2R
BRI E FEE, I HPLC 25 & &, 144 Sal B
() BFURE IR, 2241 PE1-g-C,N,-NS (25914 41 B RRE
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T AT AR i S 2R IR
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W 35 B3, AESLHE I\ DMSO 100 pL, #5%7Z % 10 min,
LA FR ARSI 490 nm &b (W% BEAH (A), TH5 41 iR 17
iE% (SR):

SR (%) = (Asampte Abianid/ (Acontrol Aoiand X100%  (2)
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A MR BT . K H R 18 s A, K AT R BE AR
A, TE BRI ST AR 18 R AL, S2HE IR 275 N %

FAELM . 30 min J&, K EHESE f 857 B O 5 52 ORS O
R A IR B TR
PEI-g-C,N,-NSH D& AR A B S ML 2H
BN FH I i 5% 5% TR B T e LK, AR BB N Bk s Th
ZTHEMIZHREON, TG R B R GELR. WK
B E M50 5% OECD 48 5 SCAFIEIF R ) S48 77 v m BA
Bt SEEG B LA IRALRN 7 24, 254 4 il
4 12.5. 25. 50. 100. 200. 400 1 800 pg-mL* PEI-g-
C,N,-NS % Wi . JIEfifi 7£ 2 hpf (hours past fertilization)
R 3 24 FLAR N, BE 4L 60 M EAR (n = 60), &EFL 20 1
AR, A 3L, WAL 2 mL. 24 FLRAE 28 °C
TE IR B SR N ¥ B RE 9%, 14 h/10 h G JEFF, F: 24 h
PR B 259, IR K B 4 96 hpf 45 1k 4b ¥ . PEI-g-
C,N,-NS {5 FH B F VR i 5% 77 0V O i B &8 AR Ik
o ERGERES, BB T 41l 24.48.72.96 hpf 3t
TV i #0F0 487296 hpf 7 A4 1 i £, 151 2 12 fl 0K 4%
HCFMIA R B L B LS

FETZ% (%) = JETC IR iR / 60 x 100% ©)
AL (%) = FEAL NG %L 1 60 x 100% (4)

GiitE o4 A SPSS 16.0 B LR R 5 %=
Ty TR B8 SR 2H 2 1E) I GE T 0 T, SEIR R A x £ s 3R
N, P<0.05 AN BA St 2 5 e

%R

1 ¢-C,N,-NSH#I& SR

1.1 b-g-CN,BYE R tHIE 1A {1 a B Al 0L # o il IR
F 132 b-g-C;N, 2 Hifs Z FLHE AL, HNHA 28
BTG T I FLIE B REAS B B S5 ) BB A 4

1.2 g-C,N,-NSHIHI& R H Bl 588 75 i Bh % 5
1EXT b-g-C,N, HEAT R 55, 15 2] g-C,N,-NS 1 38 i ZE K
I )45 ) RS (9 1B), 54 g-CoN,-NSE# 7 8 h
i RSP vl ik 88 nm. ¥ i T 1% 5 43 2] g-C5N,-NS [ 14
Ky R M LA 38 51 40 B, VR TR RSE M 150.8 nm 4B 2y
1428 nm, #K T 3L 10 1% (B 1C). % T {R37 75 Al f B
i 35 e BB 35 20 73 B, B 9-CN,-NS 73 HlPE e
1.3 g-C,N,-NSHIFSR4FIE  g-C,N,-NS I 4 ¥4 i b
W EFOE, JEEA TN T kR, 1B 1A
b B BT 7~ $31 4 FEL BT N R i = AN RotR g5 44, AR
BHY R S GO & B LZ R HES . HHH
BERAKE 0 & T VR R RS TE AR L RE, 755 SR
b T R, g-CyN,-NS 2 8] IR 2 KA i AE F )2 2
[ yaAE A 5| Jy 4 B BG s o a 1a) [ 3R, R A2 B HER,
SEAERTIRIE 9-CN,-NS [ F 4> Bk i i 2509,
I, 76 B LA T ¢ B0 S Fa B 00 BT 1 o DUOW 452 B oKk R
PN g-CoN,-NS. Al FH i 7 77 B o ik — 5 A Dl
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g-C5N,-NS (175 FEARO RS, & 1D 7 g-C5N,-NS
BE ) R SF 29100 nm, & L4 nm. L ESE R A
B 2 - 7 il B ) 289 TR b-g-C N, 3 28 A )
JUT/N B FE 1 g-CoN,-NS

1.4 g-C,N,-NS B9 4 ¥ 45 1E 1E Xy b-g-C;N, 11 g-
C3N,~NS (1) X-5 Z& 477 5 i 2%, b-g-C,N, 7E 20 24 13.1° A1
27.4° B 3 AT BH B R AT S 0, 43 Sl SRR DS B A R
J2 TR HERRURD 2 P 2 e 45 0 J) AV HE 21 RO AR AR U . 340 5
J& 9-C4N,-NS o W1 %2 51 13.1° 4b 4 7 565 1834 2k H. 27.4°
A PRI AT 5 04 U 55, 18 B g-C,N, 1 J2 18] 3 FR 45 ¥ 38 5]
IR, T i B 2 B B oK R0, 41 Ak o 1 4
(Bl 1F) & 7R, b-g-C;N, 5 g-C;N,-NS [ il 3 A& —
3200~3 500 cm* & VA J& T =R PR 1 1 N-H {8 4
PR 2, 1 200~1 600 cm* H J& T & & AL & 1)
C-N fil C=N i 45 % 2l 0%, 810 cm™* 4 J& T =R 38 i
ZRAR Bl R AIE WY, 3 B B8 S5 g-CoN, IR 70 1 45 ¥4 F R
ZRBIRIR

15 g-C,N,-NSHIFFMR g-CoN,-NS7E 365 nm ¥
RN R R FL I (70, g-CoN,-NS 11 5856 6 1% &
A ER U 1G Fiow, 1 0] 58 A& R B4k 2 b B3 1l T
g-CoN, D22 AR AL . 7E R Atk g-CoN,-NS
1E 224 71296 nm 4b H B9 B W s g (] 1H), 1 b-g-
CuN, 158 71 0T 05 18 e 5 e K R WAL 8 K A2 - 400 nm.
9-CoN,-NS e K R AE TR, K&l T &1 R~
RNy 22221,

2 g-C,N, -NSTaEMER

21 g-CNNSEBFIHENREMEREFE W
2A FIT7R, 9-C3N,-NS 7E SRR 4 1F T A e TR 22, IR
A UTUE LB B B (] B 3G 0, g-C5N,-NS 5% ) 8
B EAG . 7ESFIRME M R B 25 1 R g-CoN,-NS
Bl e e A0, R BT Hvdoettfefae, #—
5 6 B g-C,N,-NS 75 55 R PE | A 14 K s 1k B4 855 7 0 4k
R E MBI . g-CoN,-NS 76 98 Hi fi# Jifi NaCl. 55 2 1
il 25 L 2454 Sal B #8551 o HILUTTE, 72 /K VA PR R AR
25 2R 7 60K R BT E, W25 IE B g-CyN,-NS
BT R A% . 76 NaCl % i BE 2 i 1) £
B, g-C5N,-NS (158 6 5 B 3 W B A1 ; 7E Sal B ¥
1 h a2 R IE, 1 )5 I R A58 ) 9 B 3 42 PR AR (&
2B). ERKE, FEAFI B IR g-CaN,-NS B O6#
JE 1 % Sal B > NaCl, AN ] 3 7% g-C;N,-NS
FE R SR A, XATRE R H T & 3 11
HAL 17 25 FE AN ], 5 77 FEL g-C,N,-NIS 2 [8] 72 A5 f i e A
HAE ARG AR

22 g-CN NSEBFIHETERMWERILE 9-CN,-
NS 7E 9 Fh 25 7 3R 5% A BT A2 s i 0 & v 2 1 2

Figure 1  Characterization of graphitic carbon nitride (g-C;N,).
A: Scanning electron microscope (SEM) images of bulk graphitic
carbon nitride (b-g-C;N,) (a), graphitic carbon nitride nanosheets
(9-C;N,-NS) (b) and transmission electron microscope (TEM)
image of g-C;N,-NS (c); B: Effect of ultrasonic time on particle
size of g-C;N,-NS; C: Particle size of g-C;N,-NS reconstituted
after lyophilization using different lyoprotectants; D: Atomic force
microscope (AFM) image of g-C;N,-NS; E: X-ray diffraction
(XRD) of g-C,N,-NS; F: Fourier infrared spectrum (FTIR) of g-
C,;N,-NS; G: Fluorescence spectrum of g-C,N,-NS; H: Ultraviolet
spectrophotometer (UV-Vis) for g-C,N,-NS compared to diffuse
reflection spectroscopy (DRS) for b-g-C;N,

B & HfE B 1 R BIR, & 2C Fr R, T YR A2 g-

C.NNSEEHMZEEHHBERREMR. g-CN,-
NS ) X- 55 2R 7 55 il 28 HR 7E 20 = 27.6°HF 4 1 A7 5 1%
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Xof . J R HERRVE FH, 076 AH [R] £R F8E A 0 A7 75 AH B
Fritig (K 2D), HU& 58 B & 5 T g-C5N,-NS, #E— 25 it
WIUTUE M) & 9-CoN,-NS SRR o AN [A) B 1 30 52 K A2 1k
[ 2T 5T 1658 K /N A Sal B > NaCl, & B AN A 551
XEE AN EFREIAE . SRR G L5 R
L PR H R E B AT AR T (K 2E).

3 PEI-g-C,N,-NS Bl & R AR SNEM

3.1 PEI-g-C,;N,-NSHIFRME g-C,N,-NSIEIHifT k1%
988.0 nm, i fitH, 4 PEMEAT K42 16 K 9 133.7 nm,
H A H-32.1 mV R~ 43.4 mV (B 3A). 1EFTIR 45
Frb (E13B), 1462 cm 4k JH J& T PEI At [ & N-H T
25 ARSI, g-C,N,-NS FIHFAEIE 23 51 9 809 cm?
HJE T =B i IR 300 1 619 cm™ &b HJE T CN
Fe IR i . A% T g-CyN,-NS, PEI-g-CoN,-NS I
J& T g-C,N, T =R IR 1) 25 4R 3l e R AR 408, LA K AE
1462 cm™ 4k H B UE J@ T 0 i 2k T N-H I T 2 AR
U, LW PEI 5 g-CoN,-NS Z [HFEA FLAE A, LA L
45 R PEI BUIE i g-CoN,-NS FHESZ I T i far V)42
3.2 PEI-g-C,;N,-NSTEEIBNRPIIREN FRNIT
HoRi iR e M5 %% (K 3C) 45 R iR, PEI-g-C;N,-NS 5
g-C;N,-NS L, £ 37 °C 5 4= P 5 7K . PBS 5{ DMEM

i E 72 KRR R E, A EREN SR, BB
J&i 1] PEI-g-CyN,-NS 252 V5 5 0, 6 2 265 4 344 1)
3.3 PEI-g-C;N,-NSHI{RIMNAE S PEIXS g-C5N,-
NS ZEAT 15, A5 PEI F & A8 b B A 2 35 1
B A 1 & %4 (I 3D), 9f H. PEI-g-C,N,-NS 7F 3.125~
800 pg-mL* Py A= YDA 21 R4

3.4 Sal BRYfA#k /&l 3E o, B4 Sal Bk JE 1)
BN, A RN BE 3G K, BE 2R B 4k S &
50 pumol-L-t IR, # 24 22 3% ¥ 4 [ 11 R, PEI-g-C,N,-NS
Xf Sal B (155 K 1 32 ik 327.4%.

35 Sal BRYBERL PEI-g-CoN,-NS # AR 4L (1) 25 ¥k i
T AR T S 24l (B 3F), EE 168 h Zi k%
JEE 4T . TEMRAMBE A RT 12 h v, i 25 Sal B #E 5 min
i B A B, 7628 6~8 h B it e 42, U7 8 Sal B 41K R
FRORE U 29 80.4%. PEI-g-C,N,-NS % 14 41 & 91l 2218
FE i Sal B [fa%4, 5 168 h [ R AR UK A 79.2%.
[A i, PEI1-g-C3N,-NS 1E 7K ¥ V£ 2454 Sal B 16 1% 2 /&
HATIFMERMER. S0 RHEHRN 1% T —
% 5)) 7% J7 FE A Higuchi J7 2 #E4T L&, #87F Sal B (¥
RAMEZG ML, WA 1. 45 IR, Higuchi B44%) Sal B

Figure 2 Compatibility and stability of g-C;N,-NS in ion environment and characterization of flocs produced by g-C,N,-NS in ion environ-

ment. A: Compatibility of g-C,N,-NS in acid-base or ionic and non-ionic environments; B: Fluorescence intensity changes of g-C;N,-NS in

ionic environment; C: SEM and TEM images of flocculation caused by the contact between g-C,;N,-NS and ion; D: XRD of flocculation

caused by g-C;N,-NS in ionic environment; E: Reversibility of flocculation
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Figure 3 Characterization of PEI-g-C,N,-NS (carbon nitride nanosheets modified by polyethyleneimine). A: Zeta potential and particle
size; B: FTIR; C: Particle size change of PEI-g-C;N,-NS and g-C;N,-NS in cell culture medium (DMEM), saline and phosphate buffer saline
(PBS); D: The cytotoxicity of PEI-g-C,N,-NS in L929 cells. n = 6, X + s. “P<0.05, “P<0.01, "*P<0.001; E: Loading efficiency of salvianolic
acid B (Sal B) in different concentration; F: Cumulative release of Sal B from PEI-g-C,N,-NS in distilled water at 37 °C in 168 h.n =6, x % s

IR RA AR RIS FE L, 4R 25 DR TR fiE 1 22
AR HHL ] o

Table 1 The fit curves of Sal B release from PEI-g-C,N,-NS

Type Equation R?
Zero-order Q=0481561t+12.329 77 0.908 32
First-order Q =75.70128 (1 — e0024621) 0.972 48
Higuchi Q =6.506 25 t*2 + 0.101 81 0.990 55

4 PEI-g-CN NSHEZ&MBEABESHER

41 PEI-g-C,N, NS B S & ERIETE FHEDN
200 28 °C N 32HG 2 h B B 5 £ JIR i 7 45 5 94K &2 PEL-
g-C;N,-NS [ 2 25 14 T, BT 5 M IR IR 7 24.48.72 FlI
96 hpf (FET- %K, WL 4A. &5 R IR, 7 24 [ 48 hpff
B, U EAE 50 pg-mLt LA [ PEI-g-CyN,-NS X BE 5
R G I8 T2 26 % A 52, E 100~800 pg-mL™t i 5
ot R IR E W E T &S TR ETHE S, IR T
72 J% 96 hpf [y BOia T i, 76 5 < ¥ 800 pg-mL*
I 96 hpf [ Be Bt 5 fa I8 i ZRAASE T %64 18.33%.  HH A
4B IR, 1t 48~96 hpf £ AN [A] i1 &K FE PEI-g-C;N,-NS
AL, Bt 2 PEI-g-CoN,-NS ¥ B 380, 4% 4118 i 2 80
A Te) F 99 A R, JFG o AR B AE 12.5 J¢ 25 pg-mLt
I SRR AL 2% 5 0 2 AH 2 5 78 50~800 pg-mL* i 5
TR Ak 256 B 13 R B 7 800 pg-mLt i SRR 4b %
N 81.67%. L&k F i PEI-g-C;N,-NS 7E ik FE (K T
800 pg-mLt B %o B B £ IR I (14 5E 1 28 R 9% A4 2 5 1)

BN,

42 PEI-g-CIN NSHHT@EIERELZBELSHFE M
B 4C R oR, 7686 FE R 8 FE 12.5~400 pg-mL* 1)
PEI-g-C;N,-NS 4b 2 24 hpf i, 52 4% O 48 WL 55 2 [ 31
TCAME A, AN TR O 45 R0 A R A B, SR IERE R
1EH, TR R 2ER, (HLEW N 800 pg-mL ™ 4b 2 24 hpf
I} B T £ 18 i 5 HECZEL AR LG LR B R B IR 2 IR
R 48 hpf b 25 I W7, 8 % W FE PEI-g-C,N,-NS &b 3
J&, Sxt R LR, 29 el f AL R K RN
R, B AR TO L il B SR I R R AR, TEAS
KE R, 85 B E Y 400 F1800 pg-mlLt 4k (1) 5
Iyt R IR AT A 8 50 o 58 A LI 75 72 1 96 hpf i Bk
1, 12.5~400 pg-mL* PEI-g-C,N,-NS 4b B j5 (1) Bt 1 21
4l 7E R ARUE ALY O AR S A ), e g, R
A ME R E R, B OGREME R I .
DL b 455 2R, PEI-g-C4N,-NS 78 5 &3¢ /% 800 pg-mL*
B 0 B Ly IR G I K B R AR RE A H, AEAS B
I £ IR R 1R B Ak T 25 1R 4K

g

7E b-g-CyN, i, C Ji - A1 N JEL7~ DA A Bt 5 %% A
TR & =R T g-CoN, R, TR 22 1]
HIEAE AR R it — W R R HERR A - g-C3N,
T B W BE AT S I AT AT B R AR R OB D
OH ™ f1-NH, 7E g-C,N, JZ Al JE B EU i ; @ OH™ 5-NH,
A EERL I A C R 7 2 1A R 2R 2% s AR, 3 30T 70
~NH, 3 B4 OH™ HUAR . g-C4N,, 2 [ 2 i 5 sl 7 132 1ok,
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Figure 4 Acute toxic effect of PEI-g-C,N,-NS on zebrafish embryo. n = 60, x + s. A: Effect of PEI-g-C,N,-NS on embryo mortality of
zebrafish; B: Effect of PEI-g-C,N,-NS on embryo hatchability of zebrafish; C: Effect of PEI-g-C;N,-NS on the embryonic development of

zebrafish. hpf: Hours past fertilization

18 g-CN, K T 717 1 H, [Nt 254 1) g-CN, 1 )2 8], )2
) FF) 55 Y0 AR AR D) IR, T30 2, TR AL g-CoN,-
NSEel, fEXT T 3R 45 ] ~F B /NP g-CN,-NS I A7 7E — 5E
A FE, DR I A S A B S X g-CoN,-NS 3 — 25 3 B
T 7S A o ) 8 3 AR R O A R I A
SRR, AR B AR, 9-CoN, ZR T B AL 15
BRCFE 1 5750 1R g-CN 5 F B 5 173 7F g-C N Bt 3 {H AN 2
fi (4 b 75 7= AR B IR 55 23 FE A 5 R ] U IR v g-
C,N, 3R, TEREY V) Tyt g-CoN, 2 5 2 Z 8] 43 &,
HE— 543 BN RS 9ok 00, Tl S 4R 9T g-CoN,-
NS 7E AN [7] B 7 PR 58 T 18 40 W A2 a2 14 DA a7 S 4R 1) g-
C:N,-NSHFREM R G S 7 SH K, #t—PF
FH 55620 52 B it LB B AN [ 85 1 35 ok i e
P AN TR RS o 5t i T T OB T PR FH O S P
BiFR B X SR ZR AT S LA B PTUE W 7 A B
il P R & T FAT SR BN A K 2 2 4 .

PEI & — KN H T Z ol A Y B R &4, vl
B AT S8 075 S5 RE DA iy FOAE AR SRR BT P i R M
FIF PELZ 1 g-C;N,-NS, 15 B T 42 =1 g-C5N, 7E A= B A
JiH AR E T, AL RO B TSR I A B . AR
FUHH PEI-g-C5N,-NS 1% Sal B, BE#2 = 1 Sal B 1%
2y R AE AR B, AT A B A i oo /K 1 24
T B SRR I ), R T R KT P 2 0 G R o R 4

Bl % . AHE T 4 ) 9-C3N,-NS 5 b-g-C,N, M L, H
A ORI R AR B 2 R E A AL, W5 TR PEI-
g-C3N,-NS [ 9 T ¥ w1 20 2454, H h Sal B iy £
PEI-g-C,N,-NS 77 IE L, P @ i #1456, (15 24
WI{E PEI-g-C;N,-NS R [l K& AT . b4k, PEI-g-C3N,-
NSIE RIS 7-m HERVE F, AT 32— 0 32 i X B 05
A 4511 Sal B 2545 1 (W I &, B ME R 1 4s &
{415 PE1-g-C,N,-NS % Sal B ) f %% ] ik 327.4%, ifi
H Sal BIERBERUNE, 7R RAVEIEIL 79.2%, ZZR1E
M.

PEE f 8 — R iRk i, B RSP/ sesi
H 5T WEE, H5 NI BAH 87% [FU6 M 14 2,
DRI 55 5 FH SR AR A VP Al 9 KA B IR B B 1 B AR
YRAPRLEE M R B A AR RN A AT R B
VR G B 1 SL 50 VEAN 7 22 4520 3D 4T ER AR AR P A
X2, 2 B S AL G ORORE IR B PR AL RO . 7R A
FoH, B T L929 41 il 5 %% PEI-g-C,N,-NS [1) 4441 8¢
PEAN, JEFI B8 5 S M B gt — 0 S AR .
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Figure 5 Illustration of Sal B loading mechanism on g-C,N,-NS
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