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Abstract

Silver nanoparticles (AgNPs) have become a research focus in fields such as materials science and bi-
omedicine due to their outstanding physicochemical properties and broad-spectrum biological activi-
ties. In response to the limitations of traditional physical and chemical synthesis methods, such as
high energy consumption and significant environmental toxicity, green synthesis techniques that uti-
lize biological resources as reducing and stabilizing agents have demonstrated significant sustain-
able advantages. This paper systematically reviews the latest research progress in green synthesis tech-
nologies of AgNPs, with a focus on the “activation-nucleation-growth” mechanism of the plant extrac-
tion method, the intracellular and extracellular reduction pathways of the microbial method, and the
dual functions of polysaccharide molecules (such as chitosan and sodium alginate) in achieving in-
situ reduction and interface stabilization of AgNPs. The paper also elaborates on the precise regula-
tion laws of AgNPs morphology and particle size (1~100 nm) in composite material matrices by key
process parameters such as reaction temperature, pH value, reaction time, and precursor concentra-
tion. Meanwhile, it summarizes the current application status of AgNPs in areas such as antibacterial
packaging, catalytic degradation, food preservation, and clinical medicine, and analyzes the contri-
bution of biological coating layers to enhancing the interface stability of composite materials. Finally,
itproposes strategies to address the current bottlenecks, such as the lack of a standardized system
and patent barriers, and looks forward to the industrialization prospects of AgNPs in the fields of
electronic information and sustainable industry, aiming to provide a theoretical basis for the research
and development of high-performance functionalized AgNPs composite materials and technological
innovation.
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1. 5|8

FEPRE SR AR R TS DK ER(AgNPs) R AR f 2 Ol 22 S AR W2y T A s vk R T Ak T 4%
AT o PR AR B FERLARAE 1~100 nm 2 [A] RO AR B SURIDREL 1] HARBIL S AR 10 55 B - A FL AR (SPR) UM
B ROPRN R BRI LER AR, A O @ s e h s B o ARG BLAR SRR . BB R T iR S
R DAV R AR, T2 2033 48, GRER I URLRE 588 27 125800, HAER GABRIEIR P e
BT B DIREAC R ] C O AR 5P A S R £ e SR, e RE S A R0 RHI VR BE e BE AR T oK
TIURL IR T S T 24 2 L 5 AR (R R T AR A AR RIS A0 2 6 i B AR BE SRR ) 25, (LS
i T I REAE e AL AR K DL SR 2 e MR 22 55 [ B[ 2] . S EE BEA5, AR G054 (1 AgNPs 1E4E
BRZ RIR B AR R T, S BOLAE R AR (e 20 7 BUEV R A B FR 25 & A 2 - T IR L R R,
ZROE BRI T A, A O TR KRR DGR (s 7 T ik FUn AR € 7, RSB
PRI, TP ORI A B R

BEXX —GURAIHLEIR R, 2 OIS 1 23 e . Rajeshkumar 55 (3 [ilid RGMELAE W] 1Y)
FHEBAPED ST RINVEE, B AR 2R AR RS AR R At T BB HESE . fE TSRS HETH 277 1M, Ren
S [A1M AR A SR ) B D ) 4%t B BT R A B PR R BORE s Li S5 [S TR G347 1 BB o ) 8 9 5
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AR AR AR T T HOE U, SEEL O A A I R A T . BEAh, Yao SE[6]RF LR A K
(] AgNPs I H] FEACBEME R, B0E T IZRM BHEIM R B 2 & &R T AN A (E -

BT HEMBHE, WEEM S 2R SR A R R I ERIE 71[7]. Das Z5[8] 5 ARG AR 7L
IR IER T A0 B S 6 2 F R oAt DE AR I AT i ROE TR AR A AT AT, SRR IRk J5 5 AU R itk 7 &2
AR EIAIN TR . ER R MU A, Wang S5[9] R ISR 2 MY RE I E 4/ AgNPs Rifz,
I R SN P S 2 PR T A AR A o MBS RTER A, Meng Z5[10]5 Cai S5[11]H TAEHR 1 A
L2225 = R 23 A X A RO F) 2 1) PR R A L, S RMRFR B MRS X T i vl 9B D17
LA E SRR E SRR B BB AR o AN JE T, Faid 551282 Y A1 s2 4740
KL AR RIS Tordi 551311 % BN EERR VT 4, SRR 1 4% AgNPs 7EM I DhRE S S A4 RL 77 T )
PLtERE; MARESSSE[14] MR RIE TEEE — 25550 T 9PRAR R S BORIE PR 2 U Sk L i

SUE a5 B AE SR = B ORI B 2B AR5, (R SEBLILAE R B A SR mp i T 2R
FDR TR RN T A SR TR, DL ST G — B T PP b, A3 2 BT R A RS AL B RS
AT TR B ZHER BRI A L], RN LS8R . pH AR ATSXARIK )X AgNPs
TR AR SRR o A A 5 . 3l b i A AR S ERAEIIIL S5, ASONRITERE . (KR
A HAT RS SR IR R SRR B A 5 Pl AL B TR B iR 18 & 5 25 ik 4 .

2. ZREERFE
2.1. EIREGE

EYFEBGENE N B TR &) 2 AR RGBS REAR, K OETERFE . BERELLHTEER
IREMEE SRS, RAFEROGHT “UERE” 5 AR RET ORI . 1207 ER Y
ML 2. L R 2. 28 AR R O D R SRIE JE IR E o AE RN
R R, XYy Tl F 3 (-OH) MBS 3L (-CHO) S B RE 1K Ag i JFi o Ag®, IR A7 (78 7E 4l K ik
K, ARBGIET AgNPs FIHI5 .

2.1.1. AEHBFERE
(1) HAZM B Li i@ HU(Capsicum annuum L)FREYISZIGUESE, MEYPRIEARK . B EIER
Ao S ER A IR R S T, RS SR SR T I8 SR R A S AR AR TR IR 15] 6
Q) WmEKSEE: EERESTIRSEE, SZddE R EAN A K. Shameli 7R,
TEARWAIE & (Callicarpa maingayi) /3 W& B, HHY) 7 T2 58I [Ag Callicarpa maingayil" 2 &4, 18
I 2 KA R 17 (-C=0, C=N)S2 L0t < J URL ) 34 3 S5 AR E [ 16]

2.1.2. HEMBRIFER % T4 R S B AR
1. RRUEFAEYE R
WRIEE L & RS R, alph=2k, W& 1.

Table 1. Reduced plant species
= 1. TREYFSE

TR REHFh R TEY) T 2

[SE4 =LY FhAR HRATH Wit FZ 2% (=8%) FEE > 95%, HifE 10~30 nm

PSS MG RZ[17] 1 TERR IR JERE(15%~30%) RRR L, 773 > 98%
AT SRR FOFHBL B L2505 AR 50 R B PE(LCso = 12.5 pg/mL)
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2. DhREMEAEAE R

TSRO G AR R, B0 DhREMERE Ik B R A 18 JR AR P e s R BBk &R “ AT
REAL” FOVRTEE il A R E 24 B (B BA AR VE IR 3R Y, WIS AE B AgNPs 2 THI SR A7 12 1
—JZEAEYIEER 1, A H B 22 58 SO R SOS R AE KA k) . LSRR A SE
(Ficus religiosa) A, Yadav SE[17]FHHW B 7 KARE R G /KSEE 6 % T AgNPs, 18T E o]
GG B H T BB (TEM) S X TR AT S (XRD) SR AL T BUIE S8 1 T A RIURL A BR T 2514 5 v 45 Bt P2
ZE AW EHE DPPH SE50 i L SRR TR B B BTG BRBE /T, I REAT RACH0 ) 19 2 A1 R B AT Al 5 2 AT 7
KGR M4 R A BRI S 2 B B, R B E M ST ISP EE J1. Yang Z5[18]1LLE
PERREN 9 JE AN AR E R, @I K BRI & 1RSI S AR AR R . TR I, MR IR A R
FEHRBEAMMNZHREFRILE, @R # i 5 25 A A7 PR A JE iR A&, iTfS AgNPs I H
e e 10 2 T 384 SR 2 U 1 BN G WL AR ) s R AL B A R T, R T 2 IR (0B I K ARAE S #T
F -5 A 815 B UK B AT 77 . Bindhu S5 [19] M i 1A (Moringa oleifera) fESEIUNE N & B i, AN
SEIL T AgNPs H)ZR il o6, SR FAE 71 IR e A T T 17 TR A58 v 4 125 1 (Cu*) 1) v
M, SEIL T AETE T S AR BRI RE I SE R . A, Zangeneh 5 [201 8 FH B /R 28 B (Allium saralicum)$iE
WY& I AgNPs I 22452 ) A2 e Re, A4 B35 R sh i e g EE (b)) DA P B TS
PE, XRh RN - THGIK” BE GG RFEACT B — H 2 A 2P R . i 2 fos, @l
FeETE R A 0 D@ E R %2y, BA AR AR i & 2T AR RIS ) ke S8 2R, 9T
AT LIS AgNPs PERE )58 [l 42, X PRIk T Y SR DhRe (2 A BRSO R R . 2 DhRefl
LR IR E SRR 7 OB B0 S 5 SEE R AT .

Table 2. Comparison of characteristics of AgNPs synthesis in different plants

= 2. NEEMEIREH AgNPs B ELAR

HYFE =LY/ DA RL42YE B (nm) iz FEAYEE
RA i 10~30 BRIE/GRR PUE.
] It 22~42 BR¥ U Je Al
524 i 15~40 BRIE indEe . sl
FDEFHEL i 7.67~8.34 BRIE Sl P
1€ 8 2917
A P U
WE + M+ i) 50~70 2917
BT /R 7R 2 i 8 S/ b PrEdb. PumiE T

2.2. WEMERE

TE & BRI M A L 35 BRI A P M B R R B SR SRR T, L A B Mk
S WEIR I K B T R IR AR A R AR S B0 AT R R, TSN AR
@A LA 1S R AgNPs BRI EHURR T, 12 ALHT b &2 5 k. fEX— BN, e
WHIREANEE . 2 IR SR BARE T R 78 24 1 e SRR SR . i TRt o < Jm oA B
FATES 32 SR B RE 7, IR AP RARHIZR AN B4R T 1 H Ag ISR 5 45 530K .

FERARBE U B, S A A A R A S E BT 12 IR RIS T SRR [21]. Das
S8R T IX 43 B3 5 A 2 AT B8 (Bacillus strain CS 11)BINSEIL T AR AR RN =80 A B, NHFRE
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EE N AR B IR AR SR it 7 SR . AR LR A ROT ), R AR AE[22]8) H 425 45 (Flammulina ve-
lutipes) I TC AN MO JEWR I £ BRI A2 3B HI7E 1.5~10 nm 2 (8], BEH RIS ERERIBANERBINL; Seetha-
raman 5[ 23] W I A A2 L B IEF UL 2 SR (Phomopsis liquidambaris) & ) AgNPs EILH 525 FPTH 5 7%
W HIE . BEAk, B0 E AR BRI TF A, John SF[24] ) 5 e AR B YA iR AR S AE G B R I ER (Pseudomonas
strain) & T BAA VST RIGURAR, RO T S E 5 AR s

AR GEXS I AR W) 22 R X R 1 R 1 R 42 4 B AHEAT T IR NEINT[24] (% 3)o Alsharif ZE[25 i i % A
[ 53 TR AR Pt 26 IR SRR R IEAT BIE AL, 87 1 00 22 50k AgNPs P 3AL S BT R owt iR A= L TR
I, Husain 5526 11 W A B 1E ARV IR BLAE, RGIRT T IR A& AR RLAR 73 A (1) 5200 Je FLAE GG 6 Hh (1)
ES AR ARRE J1. W0l 1 B, DAESFEZEFRAT B Bacillus cereus A1~5 NHMM T ERA|, HERIRAEY
MAE 35 CHRAM T RGHTR BOBERRUTIE LA BRI 55 A N & A% 0P IR i i I A R v G € 1) 3
oy B P i BB AR X — OGRS B R AR, L& RAE AT AT R RARLE 6~50 nm X [A] P 23 BCME R 4F I ERTE 44
KAER . XM AU = E AL B K R A S50, AMUGRIE T @ = & 1 E A=, WoAHAEE
MR 2] RIS B S S EHMA R IR AR FH B8 1 1RSI 57 1 Al

Table 3. Microbial resources for green synthesis of AgNPs
% 3. AgNPs 2 & BRI AR

(G ILES hige JEAR FEAYES
SEHE27] 1.5~10 BRIE Pk
AU =25 ST 28] 10~20 291 BBt RghduEtE
BN AUEAA[9] 6~15 2917 . bUEIETE
WA 25 AT T [29] 6~50 2917 Pl AL REE
TR RTE[30] 20~70 R BN E i
MEBERE25] 60~80 BRI Qe fi
N
{;‘@3 BEW (te0ERH) (a9  TEEASE (R
&I (aleI{:dT\?J)g]Z Asgn::ts) AgN03 (Sl}vzr g:uré:)
|
! | amammRGE
EMAR AgNPs (SRETF (Ag) EH) f Green :;'nthle:i; Process
Biosynthesis of AgNPs 2 Optimization
(Silver ion (Ag*) reduction) '\
0 imﬁﬁﬁ?&
@g“y‘ __> "):v T Bioresource Species
Ag* Ag THERRIREE
¢ Silver nitrate concentration
BB AENPs e
High yield and homogeneous AgNPs
00000000 1 el
Q0900000 "o
QUOQOVVO = Incubation time )
¢ b -
RIEEMER AgNPs
Characterization of biosynthesized AgNPs |
i ‘: i [ .“ ‘
IR (OV-vie EERA GEW) e (TEV) R (EDX)
UV-vis spectroscopy (,El ctro nnsmlssion Eleclron Energy-Dispersive
copy ~ Microscoj X-ray Spectroscopy
\ .

Flgure 1. Schematic presentation of mlcroblal-mediated synthesis of AgNPs

1. WEPNSE R AgNPs BIRIER
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2.3. %¥E

FHT, R 1 2% 0 & BT IR PRt B S, 5 BRI 20 WK — ] A P 5 (I 58 S A PR A )
WIFHTE AR E K ML . ZHEE AR B E TR THIRZ(10], HAGEHEZ HRER, BAR
LA AT AP ORA 1l i 2 R A A A A o MR B 5 A 0 e e AT I LA KV T PP A I S I R A . TS I
FoIE T DA — 2 & 1 1 IR SR HOR IR K e, B WA S AR IR . IX R TR BEA R 1k 4K
R IR [31]. ZHEENIEIR - e XD REWAINS , B SN IRBETR . P M2 A o JL i iR
BAL VER . TORMESEINE SRS, OB AR B A (B B .

2.3.1. SREEPRKIRERPERET

ZHELEYRAR 1B b 20 3 78 2 e e RURE TR VE o 75 78 AR IR, 22 W) A MRy 1) =
YESEFAE S A] EASE AOKAR, S AOKELLE € 72 2 B A B} b SEIANKAR AR E « 2 K8 Rt AT DLIE S 2
R M AT R E . 2 Bl T SV T O LB R e oKAR . s Z B R L S KR G, 5
IBPIKEA L 2 EEAROE f5 I APK AR 60 nm F#{K 2] 10 nm, PDIE M 0.359 FEIK % 0.206. 5 b[RIR,
H Zeta HAAE T K, FWIHLFEMEHE =[32]. Hamouda Z5[33 (U FL RN, 4Kerdis, —Fh B A NITER
FRE M R LR TR SRR M 1) 2 Bt T DARRUE oK BN . LB ORI B R AR G2 E T X 9K AR i) i,
KRR RS RESE 12 nm & 19 nm SEEIN, RE 7782518 - AR F1 o8l

— UG B MR R A R 2, UBE S5 R R REAE AR B GORAR 2 5 DB AE FH[34] [35]. — e DAEBEME H
YERF I = WRE 25 A8 1) 22 0, RSB X U PR R T A DA S IR R P A e AN e, K 2R A (36, T
I F 22 1 0 3 b AR e SR 3R AT B BRI RS A2 G KA RN 37] . Cai 5[ 1118 H DMSO ¥4 34% 1l = MBUiie 45 1 1 ZE A
HZPER G S PORARM B BB REZT Ag-O A E A P PURARE A TES M NER, HH R
FEESE 10nm LY, FERRIEIE—D R RE. BT S8 BART 25, AR — L = 18)iE 2 ¥E[38] 41 & 4%
ZHE[39] 242 HE[ 40 B L IX FE 1) 77 2L A IR AR TP AR e FURIVE R o BITDA, 38 W B AR 2 [ (i
PR AL R AT DA 94 K R AR 1 B v el LR ST (416

20 R O e O FRIE L ZUIRTS 53 [t mT DI e FE FAE LR 5 AR B TR IA B A AN K R I
YRR AT AR FIE 1 . Al-Muhanna FIBA[42]7) FH SR A RIER B 0T oK AR )0 VR SR G R, FF R i
PR B RS> 2 8 nme EE = A G, GOKRERIFRE IR R AT, 28 AN G AR K /NG B 2
Ak, Tordi AIBA[ 131K B SA Hf IR IE L T DURIVER 25 1 I P2 A S AE A, TEIMNIR IR 7SS R SA
(1) 285 KE) i FELI 5| A B HE AR AR AR 1S 22 e M 52 S 7E 24 h WAUREA 9 pg. Bucciol A1BA[43 118 A i
KAERERIMFER M LB R, ERE TR FIR, W35 TYRIEMPUERE 7). Lin A [28)FH
B R IR RAE Ry AN KA R 10 B s RN 3 i 7] I RO e 10 T R I A 2 TR s A (A1 48 e S F A AT LA 5 40
KA AR A 72 A S 2 A HE A FEAE 40K BURLIG PDI BN 0.291, Zeta HAf7ik—41.3 mV, R~FHIRALT
YEBURL . AL, 22 0E P 1 22 Tl EL At 7 PR i Ji [ A A7 70 T o 5 F R B SR AR 9K AR K7 77 44] .

B2 ZHEEGURAR A R VR R AL B AR i 4 BTw .

Table 4. Mechanism and effect of polysaccharide stabilizer
4. ZHERRETIBINH RR
ES | A e MR
JFA 51,18 nm /N5 11.18 nm,  Zeta AL A-4.07 mV &Ny

AL PE45] Eig%gg —23.05mV, pH{H 5 Z 14 1 0°C £ 80°C i [ A F (. F1 L 1l i

FasE, fiffF 30 KR
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R
FE L S R
BRI R HE46] S I A R Y R~ 20 nm, FasEE 90 K
PRI U 5]
ke 2 H[47) Fodt Ag-O oz RSP 15.87 nm, MEEIE 19.81%, 20 RIS —H
FRILAL IR %2 PRI U 5] R~F 15 nm, Zeta HA-20 mV, FagEZE/b 3 AH
P PRI U 5] JR~F 12.8 nm, Ffa BN GIER e ERE AR 5
37 B o iR BRILFR IR T JNSF 120 nm, Zeta Hf7i—22.92 mV, FaEZ/b 49 K

2.3.2. ZEERKIRE BRPIELTIEF

SRR, B, MEMEESERED, BA SRR . B iE . R AR R R
A DA e AR SR, 3R R RO A . R T AR B T OB RS, , AT DU JRAR
T, EREREAURIR . ZREHEIC IR 2 viaiest, MR EA LS 5IRERM[12]. MBIBH R
FH B SR UM it 2 3 77 2B U B T LAE R  64.42 nm IARKER[48] [49]. fEEHRFPIEHRE
LAt R B 7 25 MR AL B S5 R SR B AR 22 Bt ) DA P R el oK AR . U 9IS - B
JRIIREST o 1] 2 N 5e SR KO BE 5 04 S [ S s T

o | OH | OH
0 o) 0
HO 0 o) OH
HO HO HO
NH, NH, NH,
- - N

Figure 2. Glycosyl chains and reducing groups of chitosan

Bl 2. RRENREELTRER

Faid Z5[ 1215 FH 55 BHARAE 90°C 54T R & 12 h BIIE A 12.8 nm /NRSFIIZ KA. Chen 25[47]
WUl S % T SR SR MBI, PR B IR N A IR ARV T A R ST VS BB 50 nm~100 nm FZKAR . 7EAN[F]
RT, RERENEEYRIGME R BT A TREGZHENICEER R, v DOsEE s . K&
FHBIR S, IR R E K. 5 5 S8t w2 B0 SR M (O pL .

Table 5. Mechanism of auxiliary methods to improve the reducing properties of polysaccharides

5. HEHEERS S TR MEALE

Tk WL A

Y WrEpE R, A BTN T BUAE RRCE 38 R TSP
gk 2% B HEALZ I AT M T
et PRIERII ST, PR B i S Mk 2 P e S T % LR
e RALRER, (LA TR T FANUIGIEE SN
ok GINIE SRR, 2 25 S InEr S S AN D B
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3. PRRIA BN AR R

FELE A FRIGE B4 » N T % 4 TR A SRR RESR 1 o ZOKRARMRL B A B IO JIRF I RE
CEZNIURAT T 2N G4 TR, B [S0TM 9K R B & 7 im4t. 6/ PVAL 44
KA JE AR 25 B BT BB AR KT A7 3 B DU RCR  KIA  e 3A BLARIE 2 1 25.1 mm,
LT BV B 70 BB N P9 oK AR 7T T AR B A 10 18 V05 o B S T 8 o o R o (R T, S [S 1]
BRI LT e R % T B AW 2 ORI R EERCR AT 7O BTFURN], BURE AR &3
& ERE MR AT A B BRI PUE R . RIS R ZOK RIVEENE I, AF 2 REHER], &
KL ROREE] 4 do GARIROCTS FIFTH RCR AR LV RO PRI [FIRE 52 2 1 B 22 05 T R BR(52]. 9K
BRI R B2 T A RAE SR A A T PR (R I, thn] DA BEDD 1 I o AR R SR AR 7 51 9005 R AR okt
R F69T FARJERER) O o 45 R E7R, PURIRECRREA ROt 1 JAE, b FARY) ARG .
[, i Re et O 1 &G R B AR 14].

4. RE

ARARER 0 5 AR F AT LE AR A S A6 2 AT [ AU A 7 M 7 5 G P i W 7 e, AR R
KRGS BT RREEM RMA 7 AR R . BEE B S & T Z RS 5 i, Bt R
] %6 AR AR L) 40%, XK B2 IR TH AR DI REME R S AR P IISE L5 . BR 1 5B i L i
PESh, SR G IAPKARPT R DL L S ik S S rT A, IR AR SR T 2 F . B RED
St ST — A RS U AR FE L 54 o RT,  IZEOR I 2 b A4S 32 BR T 2 BRAE PP 4 bk
R VAR IR B L R BE 22 (S AL IR B B3R 60% LA BRI 0 LA, IXESRASK R TAE L AUR M
TREER AN - NI - N - EC eda A AR, RIS 5 E RS 2 e ]
SEo EBUN “HMIREG SRR BORIISE /I IRAN T, RO S PRI LR SRR B4 2030 SERiTH:
RUONSTEAEA G 1 B ZIER DI REA RE, IR AESRTH A 3L AR KT R sh e it 2% (il i 55 22 S U A
A EARI A

SE

[1] Hussain, I., Singh, N.B., Singh, A., Singh, H. and Singh, S.C. (2015) Green Synthesis of Nanoparticles and Its Potential
Application. Biotechnology Letters, 38, 545-560. https://doi.org/10.1007/s10529-015-2026-7

[2] Singh, R.K., et al. (2025) Plant-Mediated Synthesis of AgNPs: Mechanisms and Applications. Plasmonics, 40, 301-315.

[31 Rajeshkumar, S. and Bharath, L.V. (2017) Mechanism of Plant-Mediated Synthesis of Silver Nanoparticles—A Review
on Biomolecules Involved, Characterisation and Antibacterial Activity. Chemico-Biological Interactions, 273, 219-227.
https://doi.org/10.1016/j.cbi.2017.06.019

[4] Ren, Y., Yang, H., Wang, T. and Wang, C. (2016) Green Synthesis and Antimicrobial Activity of Monodisperse Silver
Nanoparticles Synthesized Using Ginkgo Biloba Leaf Extract. Physics Letters A, 380, 3773-3777.
https://doi.org/10.1016/j.physleta.2016.09.029

[5S1 Li S., Zhang, Y., Xu, X. and Zhang, L. (2011) Triple Helical Polysaccharide-Induced Good Dispersion of Silver Nanopar-
ticles in Water. Biomacromolecules, 12, 2864-2871. https://doi.org/10.1021/bm2001439

[6] Yao,P., etal. (2018) Biosynthesis of Eucommia ulmoides Silver Nanoparticles and Application Thereof in Reductive
Catalytic Degradation of Direct Orange 26. Journal of Textile Research, 39, 104-110.

[71 Gupta, S., Choudhary, D.K. and Sundaram, S. (2024) Green Synthesis and Characterization of Silver Nanoparticles Using
Citrus Sinensis (Orange Peel) Extract and Their Antidiabetic, Antioxidant, Antimicrobial and Anticancer Activity. Waste
and Biomass Valorization, 16, 1101-1114. https://doi.org/10.1007/s12649-024-02782-z

[8] Das, V.L., Thomas, R., Varghese, R.T., Soniya, E.V., Mathew, J. and Radhakrishnan, E.K. (2013) Extracellular Synthesis
of Silver Nanoparticles by the Bacillus Strain CS 11 Isolated from Industrialized Area. 3 Biotech, 4, 121-126.
https://doi.org/10.1007/s13205-013-0130-8

DOI: 10.12677/ms.2026.165131 395 PR R


https://doi.org/10.12677/ms.2026.165131
https://doi.org/10.1007/s10529-015-2026-7
https://doi.org/10.1016/j.cbi.2017.06.019
https://doi.org/10.1016/j.physleta.2016.09.029
https://doi.org/10.1021/bm2001439
https://doi.org/10.1007/s12649-024-02782-z
https://doi.org/10.1007/s13205-013-0130-8

R, SRR

(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]
[23]

[24]

[25]

[26]

[27]

Wang, R., Li, R., Zheng, P., Yang, Z., Qian, C., Wang, Z., et al. (2023) Silver Nanoparticles Modified with Polygonatum
Sibiricum Polysaccharide Improve Biocompatibility and Infected Wound Bacteriostasis. Journal of Microbiology, 61,
543-558. https://doi.org/10.1007/s12275-023-00042-8

Meng, Y., Zhang, H., Hu, N., Zhang, B., Qiu, Z., Hu, J., ef al. (2021) Construction of Silver Nanoparticles by the Triple
Helical Polysaccharide from Black Fungus and the Antibacterial Activities. International Journal of Biological Macromol-
ecules, 182, 1170-1178. https://doi.org/10.1016/j.ijbiomac.2021.04.130

Cai, L., Zhang, L. and Xu, X. (2022) One-Step Synthesis of Ultra-Small Silver Nanoparticles-Loaded Triple-Helix f-Glucan
Nanocomposite for Highly Catalytic Hydrogenation of 4-Nitrophenol and Dyes. Chemical Engineering Journal, 442, Arti-
cle 136114. https://doi.org/10.1016/j.cej.2022.136114

Faid, A.H., Rafea, M.A., Gad, S., Sharaky, M. and Ramadan, M.A. (2024) Antitumor Efficiency and Photostability of Newly
Green Synthesized Silver/Graphene Oxide Nanocomposite on Different Cancer Cell Lines. Cancer Nanotechnology, 15,
Article No. 17. https://doi.org/10.1186/s12645-024-00255-5

Tordi, P., Gelli, R., Ridi, F. and Bonini, M. (2024) A Bioinspired and Sustainable Route for the Preparation of Ag-Cross-
linked Alginate Fibers Decorated with Silver Nanoparticles. Carbohydrate Polymers, 326, Article 121586.
https://doi.org/10.1016/j.carbpol.2023.121586

ARESE, TR, Melg, patiE, SF GUR SIS AURIRBORHG T G D) T I R B FU[]. R S R,
2017, 14(29): 85-88.

Li, S., Shen, Y., Xie, A., Yu, X., Qiu, L., Zhang, L., et al. (2007) Green Synthesis of Silver Nanoparticles Using Capsicum
annuum L. Extract. Green Chemistry, 9, 852-858. https://doi.org/10.1039/b615357¢g

Shameli, K., Bin Ahmad, M., Jaffar Al-Mulla, E.A., Ibrahim, N.A., Shabanzadeh, P., Rustaiyan, A., et al. (2012) Green
Biosynthesis of Silver Nanoparticles Using Callicarpa maingayi Stem Bark Extraction. Molecules, 17, 8506-8517.
https://doi.org/10.3390/molecules17078506

Yadav, V., Tak, S.S., Singh, H. and Daga, K. (2025) Biosynthesis of Silver Nanoparticles Using a Mixed Aqueous Extract
of Ficus Religiosa Bark, Leaf, and Root: Free Radical Interactions and Antibacterial Evaluation. Rasayan Journal of Chem-
istry, 18, 538-545. https://doi.org/10.31788/rjc.2025.1819198

Yang, J. and Pan, J. (2012) Hydrothermal Synthesis of Silver Nanoparticles by Sodium Alginate and Their Applications
in Surface-Enhanced Raman Scattering and Catalysis. Acta Materialia, 60, 4753-4758.
https://doi.org/10.1016/j.actamat.2012.05.037

Bindhu, M.R., Umadevi, M., Esmail, G.A., Al-Dhabi, N.A. and Arasu, M.V. (2020) Green Synthesis and Characterization
of Silver Nanoparticles from Moringa Oleifera Flower and Assessment of Antimicrobial and Sensing Properties. Journal
of Photochemistry and Photobiology B: Biology, 205, Article 111836.

https://doi.org/10.1016/j.jphotobiol.2020.111836

Zangeneh, M.M., Bovandi, S., Gharehyakheh, S., Zangeneh, A. and Irani, P. (2019) Green Synthesis and Chemical Char-
acterization of Silver Nanoparticles Obtained Using allium Saralicum Aqueous Extract and Survey of in Vitro Antioxidant,
Cytotoxic, Antibacterial and Antifungal Properties. Applied Organometallic Chemistry, 33, e4961.
https://doi.org/10.1002/a0¢.4961

Qiao, Y., Shen, L., Zhang, Y., Zhou, M. and Sun, Z. (2024) Boldine Promotes Stemness of Human Urine-Derived Stem
Cells by Activating the Wnt/f-Catenin Signaling Pathway. Molecular and Cellular Biochemistry, 479, 243-254.
https://doi.org/10.1007/s11010-023-04721-3

RGE, 2R, 240, . S5 TR IER & IR RARBURI[T]. & &5 REETL, 2021, 47(5): 71-78.

Seetharaman, P.K., Chandrasekaran, R., Gnanasekar, S., Chandrakasan, G., Gupta, M., Manikandan, D.B., ef al. (2018)
Antimicrobial and Larvicidal Activity of Eco-Friendly Silver Nanoparticles Synthesized from Endophytic Fungi Phomopsis
Liquidambaris. Biocatalysis and Agricultural Biotechnology, 16, 22-30. https://doi.org/10.1016/j.bcab.2018.07.006

John, M.S., Nagoth, J.A., Ramasamy, K.P., Mancini, A., Giuli, G., Natalello, A., et al. (2020) Synthesis of Bioactive Silver
Nanoparticles by a Pseudomonas Strain Associated with the Antarctic Psychrophilic Protozoon euplotes focardii. Marine
Drugs, 18, Article 38. https://doi.org/10.3390/md18010038

Alsharif, S.M., Salem, S.S., Abdel-Rahman, M.A., Fouda, A., Eid, A.M., EI-Din Hassan, S., et al. (2020) Multifunctional
Properties of Spherical Silver Nanoparticles Fabricated by Different Microbial Taxa. Heliyon, 6, €03943.
https://doi.org/10.1016/j.heliyon.2020.e03943

Husain, S., Afreen, S., Yasin, D., Afzal, B. and Fatma, T. (2019) Cyanobacteria as a Bioreactor for Synthesis of Silver
Nanoparticles—An Effect of Different Reaction Conditions on the Size of Nanoparticles and Their Dye Decolorization
Ability. Journal of Microbiological Methods, 162, 77-82. https://doi.org/10.1016/j.mimet.2019.05.011

Bucciol, F., Manzoli, M., Zhang, C., Di Nardo, G., Gilardi, G., Calcio Gaudino, E., ef al. (2024) Ultrasound-Driven Depo-
sition of Au and Ag Nanoparticles on Citrus Pectin: Preparation and Characterisation of Antimicrobial Composites.
ChemPlusChem, 89, ¢202300774. https://doi.org/10.1002/cplu.202300774

DOI: 10.12677/ms.2026.165131 396 PR R


https://doi.org/10.12677/ms.2026.165131
https://doi.org/10.1007/s12275-023-00042-8
https://doi.org/10.1016/j.ijbiomac.2021.04.130
https://doi.org/10.1016/j.cej.2022.136114
https://doi.org/10.1186/s12645-024-00255-5
https://doi.org/10.1016/j.carbpol.2023.121586
https://doi.org/10.1039/b615357g
https://doi.org/10.3390/molecules17078506
https://doi.org/10.31788/rjc.2025.1819198
https://doi.org/10.1016/j.actamat.2012.05.037
https://doi.org/10.1016/j.jphotobiol.2020.111836
https://doi.org/10.1002/aoc.4961
https://doi.org/10.1007/s11010-023-04721-3
https://doi.org/10.1016/j.bcab.2018.07.006
https://doi.org/10.3390/md18010038
https://doi.org/10.1016/j.heliyon.2020.e03943
https://doi.org/10.1016/j.mimet.2019.05.011
https://doi.org/10.1002/cplu.202300774

BEm, GREEA

(28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

Lin, J., Sathiyaseelan, A., Zhang, X., Jin, Y. and Wang, M. (2024) Utilization of Xanthan Gum-Silver Nitroprusside Nano-
particles for Prospective Advancements in Bacteriostasis and Wound Healing. Journal of Inorganic and Organometallic
Polymers and Materials, 34, 4133-4145. https://doi.org/10.1007/s10904-023-02992-3

Xu, X., Pan, Y., Liu, X., Han, Z. and Chen, S. (2023) Constructing Selenium Nanoparticles with Enhanced Storage Stability
and Antioxidant Activities via Conformational Transition of Curdlan. Foods, 12, Article 563.
https://doi.org/10.3390/foods12030563

Biscari, G., Malkoch, M., Fiorica, C., Fan, Y., Palumbo, F.S., Indelicato, S., et al. (2024) Gellan Gum-Dopamine Mediated
in Situ Synthesis of Silver Nanoparticles and Development of Nano/Micro-Composite Injectable Hydrogel with Antimi-
crobial Activity. International Journal of Biological Macromolecules, 258, Article 128766.
https://doi.org/10.1016/j.ijbiomac.2023.128766

Jia, X., Yao, Y., Yu, G., Qu, L., Li, T., Li, Z., et al. (2020) Synthesis of Gold-Silver Nanoalloys under Microwave-Assisted
Irradiation by Deposition of Silver on Gold Nanoclusters/triple Helix Glucan and Antifungal Activity. Carbohydrate Pol-
ymers, 238, Article 116169. https://doi.org/10.1016/j.carbpol.2020.116169

Wu, J., Zhang, F. and Zhang, H. (2012) Facile Synthesis of Carboxymethyl Curdlan-Capped Silver Nanoparticles and Their
Application in Sers. Carbohydrate Polymers, 90, 261-269. https://doi.org/10.1016/j.carbpol.2012.05.033

Hamouda, R.A., Makharita, R.R., Qarabai, F.A K., Shahabuddin, F.S., Saddiq, A.A., Bahammam, L.A., ez al. (2023) Anti-
bacterial Activities of Ag/Cellulose Nanocomposites Derived from Marine Environment Algae against Bacterial Tooth De-
cay. Microorganisms, 12, Article 1. https://doi.org/10.3390/microorganisms12010001

Abdel-Mohsen, A.M., Abdel-Rahman, R.M., Fouda, M.M.G., Vojtova, L., Uhrova, L., Hassan, A.F., et al. (2014) Prepara-
tion, Characterization and Cytotoxicity of Schizophyllan/Silver Nanoparticle Composite. Carbohydrate Polymers, 102,
238-245. https://doi.org/10.1016/j.carbpol.2013.11.040

Zhang, Y., Zhang, Y., Jian, M., Pei, Y., Liu, J., Zheng, X., et al. (2024) Sustained-Release, Antibacterial, Adhesive Gelatin

Composite Hydrogel with AgNPs Double-Capped with Curdlan Derivatives. International Journal of Biological Macromol-
ecules, 2777, Article 134222 https://doi.org/10.1016/].ijbiomac.2024.134222

Nigoghossian, K., dos Santos, M.V., Barud, H.S., da Silva, R.R., Rocha, L.A., Caiut, J.M.A., et al. (2015) Orange Pectin
Mediated Growth and Stability of Aqueous Gold and Silver Nanocolloids. Applied Surface Science, 341, 28-36.
https://doi.org/10.1016/j.apsusc.2015.02.140

Wu, X.D., Lu, C.H., Zhou, Z.H., Yuan, G., Xiong, R. and Zhang, X. (2014) Green Synthesis and Formation Mechanism
of Cellulose Nanocrystal-Supported Gold Nanoparticles with Enhanced Catalytic Performance. Environmental Science:
Nano, 1, 71-79. https://doi.org/10.1039/¢3en00066d

Antunes, D.R., Forini, M.M.L.H., Coqueiro, Y.A., Pontes, M.S., Lima, P.H.C., Cavalcante, L.A.F., et al. (2024) Effect

of Hyaluronic Acid-Stabilized Silver Nanoparticles on Lettuce (Lactuca sativa L.) Seed Germination. Chemosphere, 364,
Article 143080. https://doi.org/10.1016/j.chemosphere.2024.143080

Yan, Y.C., Li, G.F., Su, M.M.,, et al. (2024) Scutellaria baicalensis Polysaccharide-Mediated Green Synthesis of Smaller
Silver Nanoparticles with Enhanced Antimicrobial and Antibiofilm Activity. ACS Applied Materials & Interfaces, 16,45289-
45306. https://doi.org/10.1021/acsami.4c07770

Deng, Y.F., Luo, SW., Li, J.F., Bi, S., Wei, F., Xu, C., et al. (2024) In Situ Ultrafast Construction of Polysaccharide-Based

Janus Hydrogel Films by Asymmetric Cross-Linking for On-Demand Sterilization. ACS Sustainable Chemistry & Engineer-
ing, 12, 10905-10918. https://doi.org/10.1021/acssuschemeng.4c02961

Wang, G.L., Yang, X., Chen, X., Huang, J., He, R., Zhang, R., et al. (2024) Construction and Antibacterial Activities of
Walnut Green Husk Polysaccharide Based Silver Nanoparticles (AgNPs). International Journal of Biological Macromole-
cules, 276, Article 133798. https://doi.org/10.1016/j.ijbiomac.2024.133798

Al-Muhanna, M.K.A., Hileuskaya, K.S., Kulikouskaya, V.I., Kraskouski, A.N. and Agabekov, V.E. (2015) Preparation of
Stable Sols of Silver Nanoparticles in Aqueous Pectin Solutions and Properties of the Sols. Colloid Journal, 77, 677-684.
https://doi.org/10.1134/s1061933x15060022

Bucciol, F., Manzoli, M., Zhang, C., Di Nardo, G., Gilardi, G., Calcio Gaudino, E., ef al. (2024) Ultrasound-Driven Depo-
sition of Au and Ag Nanoparticles on Citrus Pectin: Preparation and Characterisation of Antimicrobial Composites.
ChemPlusChem, 89, €202300774. https://doi.org/10.1002/cplu.202300774

Hashmi, S.S., Ibrahim, M., Adnan, M., Ullah, A., Khan, M.N., Kamal, A., ef al. (2024) Green Synthesis of Silver Nano-
particles from Olea europaea L. Extracted Polysaccharides, Characterization, and Its Assessment as an Antimicrobial Agent
against Multiple Pathogenic Microbes. Open Chemistry, 22, Article 20240016. https://doi.org/10.1515/chem-2024-0016
Xiao, S.,Lao, Y., Liu, H., Li, D., Wei, Q., Ye, L., et al. (2024) A Nanocomposite Hydrogel Loaded with Ag Nanoparticles
Reduced by Aloe Vera Polysaccharides as an Antimicrobial Multifunctional Sensor. International Journal of Biological
Macromolecules, 267, Article 131541. https://doi.org/10.1016/j.ijbiomac.2024.131541

Nagaraja, K. and Oh, T.H. (2024) Green Synthesis of Carbohydrate Polymer Based Gum Kondagogu/Hydroxypropyl Cellulose

DOI: 10.12677/ms.2026.165131 397 PR R


https://doi.org/10.12677/ms.2026.165131
https://doi.org/10.1007/s10904-023-02992-3
https://doi.org/10.3390/foods12030563
https://doi.org/10.1016/j.ijbiomac.2023.128766
https://doi.org/10.1016/j.carbpol.2020.116169
https://doi.org/10.1016/j.carbpol.2012.05.033
https://doi.org/10.3390/microorganisms12010001
https://doi.org/10.1016/j.ijbiomac.2024.134222
https://doi.org/10.1016/j.apsusc.2015.02.140
https://doi.org/10.1039/c3en00066d
https://doi.org/10.1016/j.chemosphere.2024.143080
https://doi.org/10.1021/acsami.4c07770
https://doi.org/10.1021/acssuschemeng.4c02961
https://doi.org/10.1016/j.ijbiomac.2024.133798
https://doi.org/10.1134/s1061933x15060022
https://doi.org/10.1002/cplu.202300774
https://doi.org/10.1515/chem-2024-0016
https://doi.org/10.1016/j.ijbiomac.2024.131541

R, SRR

[47]

[48]

[49]

[50]
[51]

[52]

Blend Silver Nanocomposite Film and Their Antimicrobial Activity. Journal of Polymers and the Environment, 32, 4525-
4537. https://doi.org/10.1007/s10924-024-03226-4

Chen, X.S., Zhang, HM., Yang, X., Zhang, W, Jiang, M., Wen, T., et al. (2021) Preparation and Application of Quater-
nized Chitosan- and AgNPs-Base Synergistic Antibacterial Hydrogel for Burn Wound Healing. Molecules, 26, Article 4037.
https://doi.org/10.3390/molecules26134037

Shao, Y., Wu, C., Wu, T., Yuan, C., Chen, S., Ding, T., et al. (2018) Green Synthesis of Sodium Alginate-Silver Nano-
particles and Their Antibacterial Activity. International Journal of Biological Macromolecules, 111, 1281-1292.
https://doi.org/10.1016/j.ijbiomac.2018.01.012

Li, S., Lu, X., Chen, Y. and Luo, J. (2026) Preparation of Boron Nitride/Epoxy Acrylate Hybrid Microcapsules by Photo-
Polymerization and Its Application in Self-Lubricating Coatings. Polymer, 358, Article 130205.
https://doi.org/10.1016/j.polymer.2026.130205

D, Aus, 20, A5 ARBUEMPTRE AR L PEREDT FU)]. Wi TolloRaE sk, 2011, 25(5): 6-8.

BN, T SRR A2 AR 41 4 R 1 2% e FLAE O L b 1 N S C[D]: [ 250 5T). Kb 1R Tl K
22021,

BEOCaE, THEF. ORIt E LS R IR N A AT HERMAE S AR E, 2022, 34(1): 117-120.

DOI: 10.12677/ms.2026.165131 398 PR R


https://doi.org/10.12677/ms.2026.165131
https://doi.org/10.1007/s10924-024-03226-4
https://doi.org/10.3390/molecules26134037
https://doi.org/10.1016/j.ijbiomac.2018.01.012
https://doi.org/10.1016/j.polymer.2026.130205

	纳米银绿色合成技术的研究进展：方法、机制及应用前景
	摘  要
	关键词
	Research Progress on Green Synthesis Technology of Nano-Silver: Methods, Mechanisms and Application Prospects
	Abstract
	Keywords
	1. 引言
	2. 绿色合成方法
	2.1. 植物提取法
	2.1.1. 合成机制和过程
	2.1.2. 植物资源筛选的多元维度与典型物种

	2.2. 微生物合成法
	2.3. 多糖
	2.3.1. 多糖在纳米银合成中作稳定剂
	2.3.2. 多糖在纳米银合成中作还原剂


	3. 纳米银材料的应用前景
	4. 展望
	参考文献

