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Preparation of soluble microneedle patch with fusion protein
nanoparticles secreted by Mycobacterium tuberculosis and
application of tuberculosis skin test
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Abstract: Rapid epidemiological screening for tuberculosis (TB) usually uses tuberculin pure protein derivative
(PPD) skin test, which has limitations such as low specificity and high side effects. ESAT-6 and CFP-10 are
secreted proteins of Mycobacterium tuberculosis, but the related genes are missing from Bacillus Calmette-Guerin
(BCG). In this study, the fusion protein ESAT6-CFP10 (EC) was expressed and purified, and prepared into chitosan
nanoparticles (EC-NPs), which were loaded into the microneedle patch and carried out the preliminary test of
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tuberculosis skin test. The drug loading capacity of MNP-EC-NPs (microneedle patch, MNP) can reach 0.03 g

per needle and 1.92 pg per patch. The shelf life of MNP-EC-NPs can reach 6 months at room temperature, and

it can effectively penetrate the epidermis. Volunteer skin test results showed that MNP-EC-NPs can effectively

distinguish between BCG vaccinators, and can effectively show positive reaction in the skin of tuberculosis

patients without significant side effects. The experiment was approved by the Ethics Committee of Wuhan
Pulmonary Hospital [2022 (2)]. In this study, a TB skin test method was established, using ESAT6-CFP10 fusion
protein instead of PPD, and using soluble microneedle dosage form, which improved the specificity of TB skin test

diagnosis and provided a new technical scheme for TB epidemic screening.
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7 T4 41 41 (WHO) 2022 4F 4 Bk 45 #% i
(tuberculosis, TB) fit & & B 22 ERZ)H 1 060 /1 N 45 %%
BRI, 160 75 NFET 2tz it T IE B 7% 2 P il
S5 K% 3 600 J3 4 AT, AE 2021 48 5 R0 1124 86 3.
WHO 45 1% 26 11 FEg v RILE 2030 454 25 8200 37
ek /D> 80%, FE 195 il ek /B> 90%", (AL A /b & ik [
F [k B bR, HAKER 4 B KW 576 18 bRt 1 7% 5
TS,

o 65 K298 1 B A2 W R YR 7 2 3 Bk 45 A% 078 1) e
ROTFB . H R 2 W 46 k20 B I P A, (HLBH
PEFRRAK . 22K FH XS 2 AE 4l B s W T Be i, JE4S
A2 A it s 1) S W) SCAEAT AN W] AR A R 3 57 R 5
SR WT B “ bR dE”, (BFER K, A TR 4~8 1, 4
AR C. RA R B (PCR) HiARE TR
i, AN R A A e A e e = AR, BRI T BRI
LY 25 0 A A [ B B e A4 ks 0 ) o S R
R AR AR K, R WHO AN HE 22 1M 38 24 46 W T
EN BT IAT R T A R R A R R
SEUG, B R 4 & AT ZE Y (pure protein derivative,
PPD) i, 75 & J v [ 50, ARURS DA S PR AR 12
T T B £ (MicronJet 600™) [ & BH 4 Bz 1 458 1 o0 2%
SRR S 2N =L 2R R R A . R
EK, FIH 100~1 000 pm K [ A7 24 A4 R ) 2 16 5
R (L, microneedle) il B e U - (microneedle
patch, MNP) | T2 Wi 52 2| 3¢ . 3 B i 2
(hyaluronic acid, HA) #£#k PPD J5 [ A4 B2 5%, 76
IR RFESA RN, HARREX K1 (Bacillus
Calmette-Guerin, BCG) % # 1. BCG £ [F & i %
M IUH, PPD A TE BCG f % #& o 2 B = M,
ifi BCG #ik %% T ESAT-6 fl CFP-10 £ [4 . ESAT-6 Al
CFP-10 & £5 1% 73 B i H W - i MR 7y T A, #e
P S AR A4 T 20 M G g% %, B R 1 e Ji o 38
PEFFREAE K 2 Hh o B3 prl v s AR 9 FH AT
PGB 15 2R 45 % 43 BFT B ESAT6-CFP10 il & 85 1111
SRR, AR S5 209 1 A2 Wk, ANE 42 sk 4

S, WA RO A BN, BB B Ry 5,
AT EARZIRRAT A

MR5HEE

MRS KW AT E DHSa Al BL21, &6 i ki
pET28a.pET28a-CFP10. pET28a-ESAT6 (] DH5q [ i
) 9 A S 56 % AR 4% ; BamHI (1010S)+ HindIII (10608S)-
T4 DNA ligase (¢0879) (H A& TAKARA /A #); B g b
B IR KR 57 &5 (28606, 12 [E Qiagen /A 7]); BCA H H
& B IR & (A53225, 35 [@ Thermo Fisher Scientific 2
#]); Ni Sepharose 6 fast flow (17531806, 3% [ GE A
#]); Smartdex G-75 (SECO0125, 7 #M K s A AR
vAl); ESAT-6 % % we [EHLAA (ab4a5073, 5% [E Abcam 2
A]); HRP 5 12 1 B BT R 5 50 B H K (31464, 3£
Invitrogen 2 #)); iK1 & 5% K WE (448869, 3% [H Sigma
AN BEAEENT S MDI6 (131414-1, 3 [H Spectrum 2
F]); 750~1 000 kDa i B Jii B2 ¥4 (sodium hyaluronate,
HA, £ [@ lifecore A 7]); &' P} B 44kl (81-88-9, i /M
Aladdin 2> 7]), EERFI £+ KVEF (2307107, L #EHA
MEZG), IR AT sl W th il AEY TRA R AR &
e BN O, 6 /S i B 2 B s B
O HE, SEIG AN G A% IE S 5 : 42000600054253 0 S5
T FRIBI A6 K 2 52 56 Zh WA B 2% 51 2 % [ B 3 40 S 56 11
1o 3 JE W BEAT, Br A S se 30 3 3045 7 WAL K530
SEIOAR PR 3 2 HiE (HEHES: 20220014) .

128 WSS (MR Hei-Mix D, HEIDOLPH,
Germany); ¥ 12 HL AL MR X (zeta sizer ZS90, Malvern,
UK); i% % H 7 & f B% (Tchnai G @ 20S-TWIN, FEI,
USA), bR (MQX200R, Bio Tek, USA); H 45 A4 T
FEAY (FD-1A-50, LB AE).

ESAT6-CFP10 Rt & E B FRIAFRNAEE Wi
CFP10 F1 ESAT6 [ H K 57 #1) 73 1) e i 2 4 linker 1)
%F 51 ¥ CFP10-F1: 5-CGGGATCCATGGCAGAGATG
AAG-3'; CFP10-R1: 5-GCTGCCGCCACCGCCGCTTC
CGCCACCGCCGCTTCCACCGCCACCGAAGCCCA
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TTTGCGA-3'; ESAT6-F2: 5'-GGTGGCGGTGGAAGC
GGCGGTGGCGGAAGCGGCGGTGGCGGCAGCAT
GACAGAGCAGCAG-3'; ESAT6-R2: 5'-CCAAGCTTG
TGCGAACATCCCAGT-3', Wiy 5 BamHI Fl HindIll
B V)AL A5, 43 5137 8 CFP10 F ESAT6. FH 35 i it I
[ 77 ks H 4% CEP10-Linker A1 Linker-ESAT6
HEAT R [RIL. K5 73 1 i) CFP10-Linker 1 Linker-ESAT6
VR SUREAR, #E4T #9257 PCR, %5 H 1467 IE Wi 5,
FH 35 W 8 e [m0 A 5R) &¥ H 1 & CFP10-Linker-
ESAT6 AT HE AU, #f CFP10-Linker-ESAT6 fll pET28a
GV JE B, F T4 DNA ligase 74 5 M /7,
F % pET28a-ESAT6-CFP10 i #i .

ESAT6-CFP10REEEHMFRIE K F ki pET28a-
CFP10-ESAT6 % {1t 3] BL21 |, 5 15 & - g-D- i 18 2
FLBEHF (IPTG) 5 5 3218 J5 i 18, FH Ni BIR B Bt I
4 Fast Flow R 4ifb, B aifbir I E A S TERE T
N 20 kDa [ JE RS0 & 11, 4 °C 3 000 r'min” &L
40 min, A SDS-PAGE HLik A, i3 — 2 H Smartdex G-
75 EE IR 44k, SDS-PAGE 36 1IF & 144 /%, I H Bradford
N E B R .

Western blot 4 4{i{t, J5 [¥] ESAT6-CFP10 il & &
F1 5 #% 3 PVDF 5, 31 5 73 5 i\ ESAT-6 e 2 7
W Bt & AT HRP #7530 (1 BBt B B 50 B2 Bi 44, F DAB &2
o, R R A 2 A e R A

REBEARNOBE £ BN mgmL!
17 R BE (Cs) TAEMH, I ESAT6-CFP10 /il & 5
VW, AERE T3P 2R R AR (500 rmin™), K553 R B
FESAT6-CFP10 il 5 25 F1VR & 10 min &, 4% 824 £ 3F
BN — AR B 0.5 mgemL! 1) = 5 R A
(sodium tripolyphosphate, TPP) ¥4 ¥, = i 26 1 F FF 4k
i+ 90 min, 73 2 ¥ 4. 706 ¥ ESAT6-CFP10 fil & 25 H

FTERPENRRIBIRAE R A A0S e
i FRL A2 K /N L 4 B &R B (polymer dispersity index,
PDI) J zeta HLAL K /)N, [ FH 325 S5 R S5 3l 5 00 0 494
KRTEA o il & 0F 16 il & | B 52 BBEK R T
4 °C 15 000 r-min” & > 30 min, 73 5 EE _E i FITTTE,
UUUE FH 28 7K E B T H 2R R T B AT B ok K,
FRRELGN KL T &, 38 1 Bradford I 52 &2 2K A 1K
A ISR A B R, LA 7 SR A KR 1) B
BAENNZ . RIEXX () Q) IHEMEEATE
FEAUKRL A3 R A 2 &

fE F (BE%) = [ AR -( L B Ak E -7
KR TE R ) 1S IR E X 100% (1)

Wi (DL%) = [ & R E-( LG E Ak E-=
FI 0 K RL E 37 9 )] < AR BB 1 5 SRBE 40 OK kL R
=x100% )

ROMNERSEIE KA R ES E E T R KR
A7 58 TR KL 73 A PR 500 mg, A 1 mL 2808 7K
HERRBEACRR A ET S . BENTRE T
50 mL [ pH7.4 % B2 £h 2% #1 ¥ (phosphate buffer solu-
tion, PBS) 1, T~ 37 °CIEIR s MR, &%) 0.0.5.1,
1.5.2.4.6.8.12.24.48 h B 1 mLiEHT 4840 2 R L
N, BT 4 °Cltfr, T T30, TR R
(A, I pH 7.4 PBS ¥ HUH IR R AN o K 15 2 1)
BB ) s R A 5, i 3 Bradford 1 0 5E %%
AN A] AC B R . AR SR REBCR I A K (3) i
HEAPRICR, I BB £ .

wi=CV+3 C V(C y=C i) V< 100% (3)

Horh, v SRR BN ) SRR, B S0 mL; v, 0N
BB AR AN 1 mL; €, % 7R 3% #1489 ESATG6-
CFP10 8 ISR IR BE, C o RN U B S TR BE; VoA
FEHTE N SRR, BT 1 mL.

ALE MRS ROBIE AL SR A& A I U
Fic 1) 8% i HH 5 R 46E A%, Zo A M N il 45 B 11 52 SR W 4N
K ¥i (ESAT6 and CFP10 fusion protein nanoparticals,
EC-NPs) F1 % FFB Jukl, SN 5 — F B rk S e A 2
TP e I, R N A . L ERIR
F 2 AR DR SRR I /N BR, T 80 25 B S AT 38 B S0

BA=ESREFHMKX H0H & T 65k R
EC-NPs FIfUEr W Fr, 5K W A 1 BE AL BT H 10 ARt
AN #EA 1 mL PBS 2.0, 4 °CIRA) 24 h 5, 18
it Bradford 75 & BE AR E . ZLIEE 3IX,
THA A 30 ESAT6-CFPI0 il & 3R I & & .
N TR DN R 2 e T AR A, TR — SRR A% 21 7k
BAE G, ARG ORAT o BEMLILH 3 5K, BE7KG
Jr FBYE 10 ARGk, M 2 ESAT6-CFP10 @A 85 [ 111
¥y 8, ORI (AR NS B (100%), Bl )5 5B
1N BENLIN E 3 5K #0245 W Fr, gkl 6 AN 7, dlad
ESAT6-CFP10 fil & £ [ (113 & & 12 AL, Wk 2
T I 7 28R I AR AF I 1]

BAME MG A INREIRIE I PR Bl 56 b v 37 32
24 2 G B, Ko BCG i FE 2% 12 4, 45 4% 00
BB R P, IR R IRi2) 12 4, IR 4 X T
JRHEE Be e B 22 R o ik [EU48 21 2022 (2)],
AT A= . 3 EC-NPs FILE L A BN %2
A ANE R, 48 h G W R iR A . R H TR
%G, R 807 VT 735 (visual analogue scale,
VAS) HEATVE Y, 1035 BCAL i A R (1) /0, H B )
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IR LI (8], 105 & A AT Gt o T .

BB S LI %4 A GraphPad Prism 6 3%
(GraphPad Software, USA) #1748 it 25038 0 . #
P5 LLF38ME £ SEM R 7R, P<0.05 A R A BEME R
BCG % P2 fit K0 I 4 R0 485 4% 78 3 20 2 [A) 1) L3R
Fl Mann-Whitney U £ 5% o

ER55H
1 ESAT6-CFP10RL&EERRIFTIEL K

MARAE J5RL H 43 73] 47 184 43 31 CFP10 £ ESATG6 1)
H 3L R A B, HoA CFP10 f K /N A1 300 bp, ESAT6 ()
K/NA288 bp (I 1A). KA H IR BEAT B[Rl @
T Overlap-PCR #4 CFP10-Linker £l Linker-ESAT6 % 7
—itt, Rk & CFP10-Linker-ESAT6, 3 K/ 4 630 bp
( 1B). 5 marker # L., H 577 £ 750 bp F 500 bp

2 I8], BP0 B 2k B — 4k, H &6 K/ IE
A M CFP-10 ESAT-6 B
5000 bp
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Figure 1

M ESAT6-CEP10 C

M1 2345 6

20.1 kDa | S

By, VAl A 0 25 R AT [ i, ) 2 B 2 R, U
UESEHE R A S il & o 38 A BamHI A HindIIT1 4 ESAT6-
CFP10 Fl{E£R PEAR AR L AT XUEE V) (B 10), Bl 5 21 %,
{4 pET28a- ESAT6-CFP10 B U4 o 49 5l 44 2 2H 3 Ak
AL % DH5a A1 BL21 H,

T HRAH R E AR RIEE, 1T T HE R =K
PRIEAS RS . IEACREE 45 R4 1D A, wT A1 H )
HE BRI 28 kDa, H oM A2 B4 0.5 mmol L
IPTG, 7E 26 °CHJ LB B 7= £ IR 75 7 3844 12 h, fil &
5 (ESAT6 and CFP10 fusion protein, EC) [f] 1A &
B o pET28a [ 3k 7k b N i I C 3t 43 5l 47 5 His b
2%, BT LA I NiAEREAT 404k, 435 F % 50 #1180 mmol-L!
() DK e 4E 476 P55 5 B, e Ik B SDS-PAGE Kl 45 4R, 4n
1E FTw, 4k MR B 7E 50 mmol- L I, e i KA
REARD, BMEATES. NEBREMANENEA,
Ni M4l J5 IF k4 b & 8 A, A8 4 7 iRk AT it —

M ESAT6-CFP10 pET28a

F 12 34 M5 6

97.2 kDa
66.4 kDa

443 kDa

29.0 kDa

M 1 M 1

o [~

20.1 kDa -

Expression and purification of ESAT6-CFP10 fusion protein. A: PCR amplification of ESAT6 and CFP10 genes; B: Overlap-

PCR amplification of ESAT6-CFP10; C: Recombinant vector double enzyme digestion identification; D: The expression of ESAT6-CFP10
fusion protein was optimized by orthogonal test. 1, 2 and 3 were the sample supernatant obtained by 0.5 mmol-L™" IPTG induced expression
at 37, 30 and 26 °C for 12 h, respectively; E: 1, 2, 3 and 4 are ESAT6-CFP10 target protein effluents eluted by 50 mmol-L" imidazole; 5 and
6 are ESAT6-CFP10 target protein effluents eluted by 80 mmol-L"' imidazole; F: Results of purification of ESAT6-CFP10 target proteins by

molecular sieve, 1 and 2 are the protein samples with the first peak value detected by UV spectrophotometer, 3, 4, 5 and 6 are the protein

samples with the second peak value detected by UV spectrophotometer; G: Determination of Bradford standard curve of ESAT6-CFP10

target protein; H: SDS-PAGE (left) and Western blot detection of purified fusion protein (right). M: Marker
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alifh, W4 B 1 97347 SDS-PAGE Hi ¥k, 15 BB N4 1)
A4 2 A (K 1F), I H Bradford v # 37 T ESAT6-
CFP10 it & & B I hnfE it 2 (B 1G). [FII, Western
blotilF 5 | FT#iA 41K [f) ESAT6-CFP10 filt & £ (4 AT
A I, AT AR AR S 1 0 B s ) (B 1H).
2 ESAT6-CFP10 /& B 7= BHEAAACR AV HI & & 1
I 5 576, S R TPP (1 5 £ LU 138K, T8 B e 5%
BEGARRL TRL AR S IR N s . 58 SEBE A TPP (1)
JRE N3 LRI 4 LB, W H I UTE . BE S Cs/
TPP [ & LE 13 K, zeta HL A7 5 B0 26 386 K k70 11
¥ (B 2AB). 4 Cs/TPP R &Ly 5: 1, zeta HL A7 5%
Ko HCs/TPP R E L NS5, B35 pH U3 K, 442k
LR B3 K, 17 zeta FRALIZHT PR . 5 J5 1% 4% pH
NASE NSRS (B 2C.D). {55 pH = 4.5 & 1FAS
AR, 24 Cs/TPP Jii & EE oy 501 EE, I AH R A AUAS [7 ik
JEE 1) Rl o A Rl S ER  e BEBEANOKRL . B EC
B R B IR 1 0, B RN AR 24 (R B 3 K S
NI S TR AR E N 0.4 mg-mL B, A4
R LB RAF (B 2EF).
3 ESAT6-CFP10REEEHFTREMRNAMEREE
i 5 PR 2R B FH 9 mL ¥ 1.0 mg'mL™" pH 4.5
1] Cs ¥, 3.6 mL ) 0.5 mg-mL™" ) TPP ¥ WX, 2 mL i
0.4 mg-mL" (1)l & 8 EIE W, &% iGN
KR T B L AL (B 3A). MR RS B EE R

A B 244

Zeta/ mV
55 %

)
s

YKL T K42 114.1 + 1.791 nm, 45K KL PDI A4
0.241 + 0.054, 4 Bt R 4F (1 3B). 91K KiH zeta HL
£7819.4 £ 1.715 mV, WS BAE > 15 mV (K30),
Ui B Rl A SRR BE YUK R BN R, A E R E.
B0 EHEE FKER, FEH b7 Bass i, nTel
BRI A O SRR RR 2 T, 90K bR BN
Y)— ( 3D). # 37 Bradford T 1 i 4 b v il 28 (&
3E), AR A A5 B BECE, 267 S hf & B A 7w R
49 KRR S 15 R R, E 5~20 h B o R,
24 h BEJBCR ATk 90% LA | (K1 3F).
4 WM RIEEET

W ab A B A 7 R BEPURRLVE f# 2 HA T, ] & &
A Rl B 5T SR 9K OB AT I ME SRR W A (1 4A).
TR Fr o 8% 8 I IE J5 TR AE M, S AR IE, K12 A
250 um, 159 500 pm (B 4B.C). H [FIRE 7 v & &
B PR R IS e (B 4D), IR J5 /N R
Jo R, 10 min J& 23450 Fr, TS S /N BB Bk F A VR M
(2 G R BT L, UE B ) 4 10 ST U A AR B 11
FERRET) (BI4E). 304535 B a1 /IS BRE Ok 1l B4
2] /7, HE (hematoxylin-eosin) 4% 5 Ba A Wi 8%, ] &
IUERIE R JE T R T BRSO FL, it BI0A B 2, i —
A5 BT AT L g R R AL 4% R R4y (K 4F).
5 BAMEMWA

HRIE EC-NPs [RBJBCRE, T 5E T T LE 4 °CREIK
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Figure 2 Preparation of fusion protein nanoparticles. A, B: The effects of different Cs/TPP mass ratio on the size and zeta potential of

chitosan nanoparticles; C, D: The effects of pH of different Cs solution on the size and zeta potential of chitosan nanoparticles; E, F: The

effects of different concentrations of fusion proteins on the encapsulation efficiency and drug loading of protein chitosan nanoparticles. Cs:

Chitosan; TPP: Sodium tripolyphosphate
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Figure 3 Characterization of ESAT6-CFP10 fusion protein chitosan nanoparticles. A: Appearance of fusion protein chitosan nanoparticle

solution; B, C: The particle size and potential diagram of fusion protein chitosan nanoparticles, respectively; D: Transmission electron

microscope image of fusion protein chitosan nanoparticles; E: Standard curve of protein; F: Cumulative release rate of fusion protein

chitosan nanoparticles

A

Figure 4  Preparation and transdermal determination of the

microneedle patch. A: Prepared microneedle patch; B: Microneedle
array (8x8); C: Microscopic morphology of a single microneedle
(40x); D: Microneedle patch loaded with Rhodamine dye; E:
Microneedle array was formed after the microneedle patch
containing Rhodamine was transdermal on the skin of mice; F: HE
staining was used to observe the pores formed by microneedles

through the skin of mice. HE: Hematoxylin-eosin

24 h J5 1) ESAT6-CFP10 @& 8 I & & . @i 3k E
25, W15 54t 3 ESAT6-CFP10 it & & A &
2790.03 pg (K 5A). I 8x8 [ 51 (i Bl 0 17 7T 25 45
ESAT6-CFP10 fli & 28 A2 1.92 pgo B2 e G &
TER AR, ELLATI 6 N H, &I ESAT6-CFP10 fill &
B A R MR AR, A AR RRTE 93% A2 45 (B 5B).
Wt BF 2 AT W N T B A AR A I 2 R,
TRUTH R T
6 FEHEERIR

B AR K2 7R 44 BB (0 WG R B AT R A B 1 RO
R ESAT6-CFP10 il £ F 3024 50 0.48 pg I, A WL%¢
FIUA & (B SN . PPD VRS BRI, 78 BCG %% fg

A B
0.4
2 » i %100
S 03 - T
= - T ‘9
a9} (5}
B 02 i
Q S 80
Nel Ay
= [
g0.1 &
Ne)
=00 . r . [::60 : v T : " T
1 2 3 = 1 2 3 4 5 6
m

Independent repeated trial Time / month

Figure 5 Measurement of drug loading and shelf life of drug-
loaded microneedle patch (MNP). A: The content of ESAT6-
CFP10 fusion protein in 10 microneedles. 1, 2 and 3 represent
three independent repeated trials, respectively; B: Relative content
of ESAT6-CFP10 fusion protein in the microneedle patch at

different time points stored at room temperature
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Skin test of volunteers. A: PPD skin test of BCG
vaccination volunteers; B: BCG vaccination volunteers showed
negative in MNP-EC-NPs skin test; C: PPD skin test of
tuberculosis patients; D: Results of MNP-EC-NPs skin test in TB

Figure 6

patients. PPD: Pure protein derivative; BCG: Bacillus Calmette-
Guerin; EC-NPs: ESAT6 and CFP10 fusion protein nanoparticals;

TB: Tuberculosis

Table 1 Comparison of redness and induration between PPD
injection and MNP-EC-NPs.
Volunteer test PPD MNP-EC-NPs P value
BCG vaccination / mm 53+1.8 0 <0.001
TB patients / mm 17.5+5.2 4.6 +0.8 <0.001

Table 2 Analysis of VAS pain and duration time of induration.

VAS: Visual analogue scale

Experience evaluation PPD MNP-EC-NPs P value
VAS pain 50+23 1.2+0.42 <0.001
Duration time / day 220+ 7.6 4.0+£2.7 <0.001
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