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Abstract:  Silk-based biomaterials are featured with excellent mechanical properties, good biocompatibility and
biodegradability, which contribute to their potential applications in biomedical field. The current recognition of silk protein
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materials in structure and function provides a basic theory for the transformation of silk protein into new types of biomaterials.
In addition, exogenous sequences encoding new peptide or structural domain can be inserted into the maternal gene sequences
encoding silk proteins through genetic engineering technology to synthesize novel silk-based biomaterials with unique
functions. This review summarizes the current trend and development perspective of genetically engineered functional

silk-based materials for biomedical applications.
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Table 1 Functionalization of bioengineered silk by changing its amino acid sequence

Functionalization Amino acid sequence Bioengineered silk/Origin References
Solubility control Polyalanine region 6-mer/MaSp1 N. clavipes [40]
Aspartic acid NT/MaSp1l E. australis [47]
Molecular binding Anionic side groups Fibroin/B. mori [41-42]
Cysteine eADF4 (C16)/ADF4 A. diadematus [46]
Faster degradation Glycine Heavy chain/B. mori [43-44]
Enhanced cellular uptake Glutamine eADF4 (C16)/ADF4 A. diadematus [45]
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Table 2 Functionalization of bioengineered silks with functional peptides
Functionalization  Peptide Function of peptide Bioengineered silk/origin References
Cellular uptake R8G, Tat Cell penetrating eADF4(C16)/ADF4 A. diadematus [45]
ppTG1, K15 Cell penetrating 6-mer/MaSp1 N. clavipes [48,55]
KN Cell penetrating MS2/MaSp2 N. clavipes [49]
Anti-microbial Mag Anti-microbial 4RepCT/MasSpl E. australis [4]
HNP-2, HNP-4, Anti-microbial 6-mer/MaSp1 N. clavipes [70]
hepcidin
Nucleic acid KN Binding nucleic acids MS2/MaSp2 N. clavipes [49]
Binding K15 Binding nucleic acids 1-mer, 6-mer/MaSp1 N. clavipes [55,58,61]
Cell binding IKVAV Targeting integrins 4RepCT/MasSpl E. australis [66-67]
YIGSR Targeting integrins 4RepCT/MaSpl E. australis [67]
Targeting integrins Light chain, heavy chain/B. mori [68]
RGD Targeting integrins eADF4(C16)/ADF4 A. diadematus [65]
Targeting integrins 4RepCT/MasSpl E. australis [4,66-67,69]
Targeting integrins Light chain, heavy chain/B. mori [68]
Inorganic R5 Binding silica 15-mer/MaSp1 N. clavipes [73]
Molecules binding A1, A3, R5 Binding silica 6-mer/MaSp1 N. clavipes [72]
VTK Binding hydroxyapatite 15-mer/MaSp1 N. clavipes [74]
Metal binding Ag-4 Binding silver 6-mer, 15-mer/MaSp1 N. clavipes [75]
Ag-P35 Binding silver 6-mer/MaSp1 N. clavipes [75]
U1, u2 Binding uranium 6-mer/MaSp1 N. clavipes [76]
Tumor targeting Lypl Targeting lymphatic vessels 1-mer/MaSp1l N. clavipes [58]
F3 Targeting nucleolin 1-mer, 6-mer/MaSp1 N. clavipes [58,61]
CGKRK Targeting tumor vessels 6-mer/MaSp1l N. clavipes [61]
H2.1, H2.2 Targeting Her2-positive receptor MS1/MaSpl, MS2/MaSp2 N. clavipes [50,63]
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B 6% 8 T4 4 HURY BT 1% ) e Ak 22 25 (1 R4 AT LA
VERFEAM IR 2 . & A2 LI )
Je BT 4t L B A A A 2R 1T, E I AR AR R
WIOF G A AR RE (1 ngk) mILEMA A E . A
YT # 4RepCt 22 £F % H M a4l i &
ik (CTGRGDSPAC) FI#L 3 ¥ Mag (GIGKFLH
SAGKFGKAFVGEIMKS)IhREAL 5, # s 2hth fin
TR TR AW . BB A FRE M HETTR
R R IR A TR L E
fE. Fn DyRe b2z 8 0 5m A0 40 MRS B 1 22 Mag
RRIRE AL 22 28 1 AT P M RETE R, X AP A=) 1
P o2 A A LUT T CHUE A E AR A i

4 BREMKGEHLALEDENMH
B 30 R AL

B A LUK AR 2238 RS BB A= Wk
R R, R E A RS MIEEZ A E R,
WA BN EE AR A0S, AT AR BB B9 A
YIRE L X BT A= WAL L a] LA SR 10 A= 1)
YRR AE WA R I S R R AR R 22 R
i G R T LI 22 88 LR BE . AR WA SR e A
HAERE ST, L& F 228 AP A E B 545
P B0 BE 5 SR AL AR AN Y D RE o X X SE Tl RE AN AR
i, ) BB AS i 3 S A A A & A
AT AR ) i BT R IS iR & R S Bl 2 4R
FIAE PR LS R A 1 52 45 L3R 3.
41 WMEENREY

2 e TR A (Silk elastin-like protein,
SELP) &t TR & 22HE T (GAGAGS) Flif
FLehW vk A RF (GXGVP, Hor X Al RUJERR
TR 2 SMAT A R KL mR) i A e i a2 s op e
SELP Y458 (22) HeAnside Rk ) Bk
MM 22K B AR AN B-1r S 451 LU LB
faae bk fbeEfaE LR e, MR A
X 3 T S P 4 R A A AR s A oh U A Y
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B AL RS, SELP RI LAl 3o e 1) 5% /K -1
KA AR LA o 3 B pH R B i R AL S I
S B P T AR A i K B IR A A s O i
E A rh A X B X AR RO D T %M
P B2 RO T — R R T
FeI AT RORAS S AR T 2 RS b AT
FAVELH 28 57 245y 55 35 PR3 2% 1 AT V5 JEIs Al )
ftdrE . BT DAL A A 2o,

FH 510 7K M L 2 11 R 5 2H 2R 1 22 B VA
1) 22 - it Jist 2 11 G A 8 108 Ay SR80 i) i 7K 5 i 42
BEARRE 6o B TR L2 8 A3 B AR
JRESHER, A EAEAR pH T REE M R
AR EARL JE K EERS . BT 7RI Rh 22 - i
EA AP LS G5, A S G
RO S 2 1) 20 b A 2 BROR A ORI BN o 5 K el
2 - Ji¢ 5 7K B G R 16 S HRF R B TA) 78 5 T 44 L A
BB SR AR I A . 22 DR R S A ) 32 B
P s AE 2 15 35 10 21 o 3010 8 WL S A1 kG
Wi o R ISR S I D A R T ) 2 R R
DRI Ay 7K 58 S 1) 245 PGy g 5% T ol S 804 ey i 2 P
42 BATHEXTNS FRILBREER

FAJFEHFE T 1 (Carboxyl terminal domain
of dentin matrix protein 1, CDMP1) 5 15-mer i
Wk 22 25 1 H A b B B RS 7 AR TR S RE M R
DMP1.DMP1 HA A% RE T) , 3T RE A% 70 LB 40 |
B 20 SR 40 i 2R3k . DMPL gt il R Ak
B IR A% 5% o E A R . XA G R
R B TR JET S, 0 R 8 fol R il R A A BT,
X REME (A5 22 - 2F A BT G IR S AR
A LU T AL b HA NS A

BT 6-mer ZEMBFMEN (Bone
sialoprotein, BSP) [#itk 7 £ 11 7] F T il 2 12 40
ECM B 421, BSP i B 40 (rF
SR A4 23Rk, REAS (2 2E 40 ARG B F11 53
Ak, e R T R A I, AR AR
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KW, £-BSP G EM A FHRE (CaP) HY
A%, hMSC 4iiffaE22-BSP i 455 2 FJS, fE
R TE IR B R T R B 40 1 A B A
43 BATHEENS FHLHREER

WA 455 S A A DL 7 HBE ST AT LA 3 55 m
22 35 I AR A SC . SR B A B,
F&E 4565 (Albumin-binding domain, ABD).
YRS (M4) #EERTE 2 1 G (Streptococcal
protein G, SPG) ) 1gG 45&48 (C2) M AiATEKIA
1 A (Staphylococcal protein A, SPA) 1 IgG 4%
w3 (2), WEMIREESF] 4RepCT AW TiE2
A I BANSSFE0 22 85 1 [ 4256 2T 4 g
RE SO AN, Rl RN TR BN S
JIT S I B A5 R e B R 255 ¥ 4 F I RE T o i A
AN Tr) 1Y) 22 il 2R L RS B A o ) T 4 A R
PEo V200 FTE I E I 25 5 2k AR YT ME TR s
T RS AT 22 BRI REAE I AR E G
BA BEEE 5 4 € 3 1 I RE 1 W] LU T A TR 2 AL 1Y
M, T 22 U] LS 2 R 4 1o 2 B0,

Thatikonnda %4t 7 —F i 2 E 11 5 A%t
P A7 A= ) B ] A8 A Bt (Single-chain variable
fragment, scFv) Fili & T A4 22 28 (1 R RPY. scFv
454G T IRBUAHE A E HUAEE TP R ST ER B RT
A2 Py B o 38 PR AR [] IR 2B A scRv TR

FERA RS T scPv 45 My nHT5R B, IF
Hix s G 88 e I B 45 5 B TR AR
A, scFVINC ZR{R IR AT I g tE, BEfS
W 22 75 KA BOR A K 5 BT SRR R T
— AR S TN A W A% SR I TR A+

T2 W FAE W% IR AR 0 22 8 MR o5 —
RO REAL R o 22 35 1 S MR Al G SR . 22 0]
DIE MRS B AESS , B AT LUK AR TR A kL2
Bl IRE . ARRWENE S 4RepCT 222H H YL
il 2R B X R M A S AT AT HA R X AP BHEE
BRI VEARM A, JF AT LA s G S .
Ab, B HE L R AR S (2R 4k | 3 A
WIR)JE XA LR

YR LA 4591 (Cellulose-binding domain,
CBD) 45 15-mer 2K F Rl &5 B M EH 22 A 7]
DLA 2 Hh 25 & £F 48 R 490 oK & 4K (Cellulose
nanocrystals, CNCs), MIME i 22 % 1-CBD-CNC
WKRE AR, S EEe R, FgERHAR
R BLACIERE , W TR E B B K BRI
SR, F TN T PR B ok ey, AR
NI FAAR 2476 R . CBD %5 #43ak (1 A e 22 5 1
) 22 851 -CBD AT REE TR B & 1 )T
Gifly (BPLF4E)%, [ 22 % (1-CBD W s m
CNCs nJAiE—2EHEGI LR 4, NTTE B A )7
1375 WA A A 30 L A G T P T A

MY 24 R (B8 RC A NC) ROZEREL 5. M THEEEWRREE, ZEYW R HE
B, PUET LR AE QAR Ak, fExsezz BIEIEMEE.
*3 BERUHREEASNLEALEYMM BN
Table 3 Functionalization of bioengineered silks with chimeric proteins

Functionalization Motif/domain Function of motif/domain Bioengineered silk/origin References
Chimeric biopolymers Elastin Cell binding, drug release, stimuli responsive (GAGAGS)g/B. mori [78-85]

Collagen Stimuli responsive material
Inorganic molecules BSP Binding hydroxyapatite
binding DMP1 Binding hydroxyapatite
Organic molecules scFv Specific binding of molecules
binding

CBD Binding cellulose
Enzyme fusion Xylanase Degradation of polysaccharides

Histidine-rich silk/B. mori  [86]
6-mer/MaSp1/N. clavipes  [88]
15-mer/MaSp1/N. clavipes [87]
4RepCt/MaSpl/E. australis [91]

15-mer/MaSp1/N. clavipes [93]
4RepCt/MaSpl/E. australis [92]
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HAT, ERECHEYMEEGT, ©2E
DR LRI BE G L AR W AR 20k e R T A g e i
AT TR (3 A T 2w 1) 22 B S W )
F RG22, T LU 2R Al s A 7E A
WIS 2 T RS . oAb, FER T AR T kAT L
— R 2T R B R . O R
WESE T 228 MR E AT B | A B 2 1)
Jo K DR AL i R 8 N AT 1 R I (R, 9 L
e 24 TR (1A AR G A PRI B B O
AN, RSB (PepBank) A1 B T ilk— ik
HHRITF R H A 2 RE R 228 AR R T
P EAL A AR TR A F et n, & T
TSRS 1) A W B8 45 0 LA VG JE A= 90 b B ek
IRESR A T BB A%

g

Drug delivery

¢ Drug binding/release
* Tumor/cell targeting
¢ Cellular uptake

¢ Cell binding

o=

Diagnostics
¢ Organic/inorganic
molecules binding (metal,
protein, nucleic acid, etc.)
¢ Cell binding
[ |
a

Soft and hard tissue regeneration

¢ Organic/inorganic molecules
binding (protein,
hydroxyapatite, silica)

* Cell binding
* Antimicrobial

B2 4¥IfRemthaeivmmgt
Fig. 2 Functional applications of bioengineered silk™.
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52 EETENLZBRMNAR =B

PR R P 2 DR R AR R RUAE 237K X
SERPEAT G PR BT T SE B AR A B4, SE
FPARANLE T 22585 A A R AT R, (HX
T8 00 B S A1 A S RS R A5 R Y
R/MIERE TR PRI, & A P28 SR s 1 T
S e X LA E R Z A AT RE . AR
SRS Bl PN SRR DR T 22 38 VR RL B AR AT 1Y 1)
A, ELRE S 22 TR A B, IR 2
AV ARSI 2208 (R

FIRBEIN TR 5T 1 2286 BV R T A
TWHl, A A REAFfE—LE /R . — RPN AR
Yy TRE22 B AR B IR 22 B AR, RIEAT
FAABE S . AN, USIIUET B 4 T RE 2 5 3
2235 R S P B, R AR A N N AT
RIBIERSCHERIAT . [N, A BEXS k22 3 H
AR R PEREREA T PR A PRAY . HAT, RN

Nucleic acid delivery

* Nucleic acid binding/release
* Tumor/cell targeting

\ * Cellular uptake

(R ! = ¢ Cell binding

N
Biosensors
 Organic/inorganic
molecules binding (metal,

‘ protein, nucleic acid, etc.)
| ¢ Cell binding

Coatings

e Antimicrobial

 Organic/inorganic molecules
binding (metal, protein,
nucleic acid, etc.)
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