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Abstract

a-Amylase is an endo-acting enzyme that hydrolyzes a-1,4-glucan linkages in starch and has broad
applications in the beverage, food, and biomedical industries. Conventional quantification techniques (e.g.,
spectroscopy, ELISA) typically require expensive instrumentation, complex workflows, and long analysis
times. Here, we present a flexible electrochemical sensor based on laser-scribed porous graphene on a polymer
substrate, which increases the electroactive surface area and enhances interfacial electron transfer, thereby
improving sensitivity. a-Amylase is quantified indirectly via the amount of maltose produced during enzyme-
catalyzed starch hydrolysis in neutral buffer; maltose subsequently reduces K3;[Fe(CN)g] to K4[Fe(CN)s] in
alkaline medium, and the electrochemical oxidation current of K4[Fe(CN)s] is proportional to a-amylase
activity. Under optimized conditions, the sensor achieves a limit of detection (LOD) of 0.61 U/mL and a limit
of quantification (LOQ) of 1.08 U/mL, demonstrating its potential as a simple, low-cost, and point-of-care—
deployable approach for a-amylase determination in food, industrial, and clinical samples.
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Electrochemical sensor for a-amylase determination using porous graphene ...

Cam hién dién hoa xac dinh «-amylase dua trén vat liéu graphene xadp trén dé déo

Nguyén Kim Hoai, Nguyén Thi Ngoc, Nguyén Vin Thire, Lé Khanh Toan, Nguyén Anh Tuén,
Nguyén Minh Ngoc, Nguyén Xuén Viét
Khoa Hoa hoc, Truwong Pai hoc Khoa hoc Ty nhién, Pai hoc Quéc gia Ha Noi, Ha Noi, Viét Nam
Tém tit

o-Amylase 14 enzyme xtc tac cat lién két a-1,4-glucan ndi mach trong tinh bt voi nhiéu tmg dung trong
cong nghiép san xuat ¢ udng, thuc pham va y té. Cac ky thuat dinh lugng a-amylase hién hanh (quang pho,
ELISA) thudng doi hoi thiét bi dat tién, quy trinh phirc tap va thoi gian phan tich dai. Nghién ctru nay trinh
bay mdt cam bién dién hoa dua trén graphene xép trén dé déo duoc ché tao boi ki thuat khic laser, cho phép
tang dién tich bé mit hoat dong va cai thién chuyén electron tai bé mit dién cuc, tir d6 nang cao d¢ nhay. Pinh
luong hoat tinh cta a-amylase duoc xac dinh gian tiép thong qua luong maltose sinh ra khi a-amylase thuy
phan tinh bot trong moi truong dém trung tinh; maltose tiép d6 khir K3[Fe(CN)s] thanh K4[Fe(CN)s] trong moi
truong kiém, va cuong do dong oxi hoa cta Ka[Fe(CN)s] do bang phwong phap dién hoa ty 1& véi hoat tinh a-
amylase. Trong diéu kién tdi wu, cam bién dat gidi han phat hién (LOD) 0,61 U/mL va gidi han dinh lugng
(LOQ) 1,08 U/mL, cho thdy tiém ning ap dung nhu mot giai phap don gian, chi phi thap, dé trién khai tai chd

dé dinh luong hoat tinh a-amylase trong cac mau thuc phim, cong nghiép hay trong y té.

Tir khéa: a-amylase, cam bién dién héa trén dé déo, graphene xop.
1. PAT VAN PE

o-Amylase 1 enzyme xtic tac cét lién két a-1,4-glucan ndi mach trong tinh bot, “hoa 1ong” tinh bot thanh
dextrin va maltose, qua d6 giam d¢ nhét va tao tién chat cho cac budc chuyén hoa nhu duong héa va 1én men
[1-3]. Nho co ché nay, a-amylase duoc img dung rong rii trong cong nghiép thuc pham: (i) d6 udng 1én men
(bia, rgu gao, rugu manh) dé duong hoa dich ndu va t6i wu hiéu suat [4]; (ii) 1am banh nham cai thién no thé
tich, cau trac rudt banh va lam cham retrogradation tinh bot [3, 6]; (iii) san xuat siro duong (glucose/maltose)
va 1a bude dau cua quy trinh HFCS khi két hop véi glucoamylase va isomerase [1, 7]; (iv) xir 1y tinh bot du
gdy duc trong cac san phim long, gitp 6n dinh cam quan va dé nhét [1]. Ngoai thuc phim, a-amylase con
dugc ding trong nhién lidu sinh hoc [8], chat giat rira [9], cling nhu gidy va dét [10, 11].

Ngoai ra, o-amylase trong nhitng ndm gan day con dugc coi 1a mot dau 4n sinh hoc trong tudn soat bénh
tat & nguoi vi du nhu cing thang hay trim cam. N6 1a mot déu 4n sinh hoc khéng xam 14n, tin cdy, cho phép
phat hién som va chinh xac nhiing thay d6i sinh 1y do cing thang. Sy thay di ndng d6 a-amylase c6 tuong
quan véi cang thing [12], cam xtic [13] va mét moi [14]. Hon nira, nuée bot 1a mau chin doan 1y twéng do thu
thap khong xam 14n, yéu cu xtr Iy mau t6i thiéu va phan 4nh ca trang thai sinh 1y toan than 13n tai chd. Vi vay
viéc phan tich xac dinh a-amylase rat co ¥ nghia trong san xuat cong nghiép cua thuc phim va cac qua trinh
hoa hoc cling nhu trong cham soc sttc khoé con nguoi.

Nhiéu phuong phap khac nhau di dugc sir dung dé dinh lwong hoat tinh a-amylase, gdm quang phd [15],
do mau [16], sic ky [17], huynh quang [18], xét nghiém mién dich lién két véi enzyme (ELISA) [19], va cac
phuong phép phan tich dién héa [20, 21]. Trong nghién clru nay, ching t6i stir dung chronoamperometry (CA),
mot k¥ thuét dién hoa do dong dién theo thoi gian, dé dinh luong hoat tinh a-amylase thong qua theo doi su
hinh thanh maltose do thuy phén tinh bt bdi a-amylase. Maltose, mdt duong khiur, phan ung voi kali
ferricyanide (Ks[Fe(CN)s]) thanh kali ferrocyamde (K4[Fe(CN)¢]); qua trinh oxihda-khtr nay dugc ghi nhan
dudi dang tin hi¢u dong dién theo thoi gian. De tang do nhay va tinh ung dung thyc tién ctia hé phat hién,
chung t6i trién khai st dung dién cuc graphene xdp trén dé déo (flexible porous graphene electrode, fPGE) lam
nén cam bién. fPGE dugc ché tao bang phuong phép tao graphene thong qua ki thuat khic laser CO: trén dé
nhua déo polyimide (PI), cho phép hinh thanh mang graphene da 16p dan dién véi do x6p dwoc kiém soat [22].
Nho dién tich bé mit 16n, d6 dan cao va do linh hoat co hoc, fPGE cung cép nén tang bén viing cho cic ng
dung cam bién dién hoa.
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2. VAT LIEU VA PHUONG PHAP NGHIEN CUU
2.1. Héa chit va thiét bi

a-Amylase tur nudc bot nguoi (hoat tinh 84 U/mL) mua tr Sigma (M¥). Tinh bt @6 hoa tan 50 mg/L, d6
am 4-8%, maltose (98%), KOH (99,5%), K3[Fe(CN)s] (99,5%), CaCl, (99,5%) va NaCl (99,5%) duoc mua tir
Scharlau (M§). CHsCOOH bang va CH:COONa-3H:0 (99,9%) dugc mua tir Trung Qudc.

Chronoamperometry dugc st dung dé ghi nhan tin hiéu dién hod trén cac fPGE béng hé do dién hoa da
ning Autolab 30 (Metrohm) két ndi may tinh véi phan mém Nova. Dién thé ap dung cho cip
[Fe(CN)g]*/[Fe(CN)g]* 14 0,25 V vs Ag/AgCl trong 150 s, v6i chu ky ghi tin hiéu 13 0,1 s. Dién cuc so sanh
Ag/AgCl trong KCI 3,0 mol/L (Metrohm) dugc dung lam dién cuc so sanh cua hé do.
2.2. Ché tao dién cuc graphene xop trén dé déo, fPGE

Mot 16p graphene xdp dugc sinh ra truc tiép trén nén polyimide, PI, bing ning lugng cua chum tia laser
hong ngoai CO,. Chiing toi sir dung hé Universal Laser Systems VLS3.50 (cong suat danh dinh 40 W, USA),
van hanh & diéu kién: cong suét 7,8%, tbc do quét 6,6% va do phan giai 1000 PPI, nham chuyén hoé bé mat
polyimide t&i wu thanh graphene xdp [23, 24]. Quy trinh ché tao fPGE dugc thé hién trén Hinh 1. Dién cuc
lam viéc hinh thanh trong nghién ctru nay c6 dudng kinh 1,8 mm.

CO,; LASER

"-h-._h_:‘hﬁ ‘-__"'““--.h
— i — I|
T {l
POLYIMIDE !
SUBSTRATE

Hinh 1. Céc bude ché tao dién cuc graphene xop trén dé déo fPGE
2.3. Chuin bi cac dung dich
2.3.1. Dung dich tinh bjt

Hoa 1,0 g tinh bot vao 100,0 mL dém axetat 10,0 mmol/L (pH 6) va khudy lién tuc dé phan tan dong déu
trwde khi sir dung.

2.3.2. Dung dich diéu hoa (conditioning solution)

Chudn bi 500,0 mL dung dich diéu hoa tir dém axetat 10,0 mmol/L (pH 6) bang cach bd sung CaCl, (6,0
mmol/L) va NaCl (20,0 mmol/L).
2.3.3. Dung dich a-amylase chuin

Dung dich a-amylase dugc chudn bi va chuin hoéa theo huéng din cua Sigma (M¥). Hoa tan 5,0 mg o-
amylase trong 35,0 mL dung dich diéu hoa dé thu dugc ndng d6 12,0 U/mL. Viéc b sung CaCl, va NaCl giup
6n dinh hoat tinh enzyme.

2.4. Do dinh lwong a-amylase

Phan ung oxi-khu gitta kali ferricyanide va maltose dugc tdi wu trong su ¢6 mat cuia KOH tai bé didu nhiét
40°C [25]. Véi ty 1& mol maltose:[Fe(CN)q]> 1a 1 : 1, chiing t6i khao sat toi wu thoi gian phan tmg va ndng do
KOH.

Tiép theo, dinh lugng a-amylase dugc tdi vu nhu sau: U cac dng nghiém chira cing thé tich 1,0 mL dung
dich tinh bot 1,0% trong bé diéu nhiét 40°C; thém dung dich a-amylase chuén véi thé tich tir 0 dén 0,6 mL
ndng d6 12,0 U/mL. Dung dich diéu hoa duoc bd sung dé dam bao tdng thé tich hdn hop phan tmg khong dbi
12 2,0 mL. Sau 10 phut & 40°C, hat 0,5 mL hdn hop cho vao 6ng nghiém chira 0,1 mL K3[Fe(CN)s] va 0,4 mL
KOH 250,0 mmol/L. Hdn hgp nay duoc cho phan tng trong 15 phut, sau d6 dugc ngudi vé nhiét do phong.
Dinh lugng hoat tinh cua a-amylase dugc do thong qua phép do dong thoi gian trén dién cuc fPGE.
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3. KET QUA VA BAN LUAN

3.1. Céu tric va hinh thai hoc ciia graphene xop trén fPGE

Hinh thai va dic tinh hoa-1y cia graphene trén dé PI dugc thé hién trong Hinh 2.

1 ze
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G
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T T T
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Raman shift (cm™)
Hinh 2. a) Anh SEM; b) phé Raman ciia graphene xép trén dé déo fPGE
Nghién ciru ndy sir dung kinh hién vi dién tir quét (SEM) va phé Raman dé khao sat hinh thai va dic tinh
hoa-1y cta graphene trén dé PI.

Hinh 2a cho thiy mang luéi 15 x6p ctia graphene c6 kich thudce 16n va duoc sép xép tét. Hinh 2b trinh bay
phé Raman cua vat li¢u graphene, vdi ba dinh dac trung D, G va 2D, déu 1a cac du hiéu nhan biét graphene.
Dinh 2D & viing s song cao (~2700 - 2900 cm™") phan anh tinh trat tu ctia cac 16p va cdu tric da 16p. Pinh G
(~1620 cm™) cho thay sus twong tac/tiép xuc giita cac 10p graphene; sy xuat hién cua dinh nay cung ¢ thém
bang chimg vé céu triic graphene da 16p. Nho cac vu thé néi trén, mang ludi xop 16n, c¢6 t6 chirc va dic trung
Raman phu hop, vat liéu graphene nay thuan loi cho phat trién cam bién sinh hoc, cho phép cac chét phan tich
dé dang tham nhap qua 16 x6p t6i bé mit graphene.

3.2 Tinh chit di¢n ho4 ciia Fpge

Trong dién hoa, dé danh gia kha nang hoat dong dién hoa (trao ddi electron) ciia mot dién cyc, ngudi ta
thuong st dung cip phirc chat [Fe(CN)s]*/[Fe(CN)s]* nhu mot chat chi thi hoat tinh. Néu cudng do peak cang
cao va khoang cach giita hai dinh peak cang nho thi tinh chit dién héa cua dién cuc d6 cang tét. Két qua do
duong cong phan cuc vong (CV) cua dién cuc fPGE trong dung dich dém PBS c6 chita 1,0 mM [Fe(CN)s]*
/[Fe(CN)s]*" duge thé hién trén Hinh 3 (mau do). Pudng mau den thé hién duong CV cia fPGE trong moi
truong dém khong chira 1,0 mM Ka[Fe(CN)s]/ Ks[Fe(CN)g], két qua khong co su xuét hién ciia peak trén duong
nay. Trén dudng CV khi c6 mit ciia 1,0 mM Ku[Fe(CN)s]/ Ks[Fe(CN)s] thi peak oxi hoa va khir 14 thé hién cua
cac phan ung:

PBS 0.01M
20 1 mM [Fe(CN)J*/[Fe(CN)JI*>

10+

Epa

Cuong do (nA)
o

Epc

-OI.2 0:0 0:2 0:4 0:6
Thé (V)
Hinh 3. Duong CV trén dién cuc fPGE véi 1,0 mM K4[Fe(CN)s]/ K3[Fe(CN)s]
trong moi truong dém PBS 10,0 mM
Qua trinh oxi héa: [Fe(CN)g]* - € = [Fe(CN)¢]** (1)
Qua trinh khtr: [Fe(CN)g]* + e = [Fe(CN)s]* 2)
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Khoang cach giira 2 dinh peak trén duong CV cua fPGE 14 63,5 mV, rat gan véi gia tri li tuong 59,0 mV
cho cip oxi hoa khir trao ddi 1 electron, va ti 1¢ gitra La:Ie ~ 0,94 (19,6 pA : 20,8 nA) ching t6 qua trinh oxi
hoa cua cip [Fe(CN)s]*/[Fe(CN)s]* trén dién cuc fPGE 1a mot qua trinh thuan nghich [26, 27]. Piéu nay co
nghia hoat dong dién hoa cua dién cyc fPGE xép 1a rat tét.

3.3. Téi wu hoat dong ciia cam bién phan tich a-amylase trén fPGE

Qua trinh xtc tac thity phan cta a-amylase duge mo ta trong Hinh 4.

e
o - o

Pém axetat 10 mM

pH 6,9, nhiét d9 40 °C
PGE Tin hiéu

KOH
80 o —— F T
T=40°C

“ maltose
% a-amylase

Tinh bt

Hinh 4. M6 td quad trinh xdc dinh hogt tinh cua o-amylase trong nghién citu nay
Céac phuong trinh (3), (4) va (5) md ta a-amylase xtc tac thuy phan tinh bt thanh maltose. Maltose 1a mét
duong khir, c6 kha ning khir [Fe(CN)s]*™ thanh [Fe(CN)¢]*. Ty 1é ciip [Fe(CN)s]* /[Fe(CN)¢]*~ trong dung
dich tang khi ndng d6 [Fe(CN)s]* tiang, kéo theo dong dién do dugc ting 1én.

Tinh bdt + a-amylase = maltose 3)
Maltose + 20H™ - maltobionic axit + H,O + e~ (4)
[Fe(CN)s > + e~ = [Fe(CN)s |* ®)

Luong maltose tao ra tir qua trinh thuy phan ty 1¢ thuan véi mic tang cudng ¢ dong dién. Do do, ham
lugng a-amylase trong nudc bot cod thé dugc dinh lugng tir dong dién do dugc. Dé xéc dinh diéu kién tbi wu,
chung t6i khao sat anh huong ciia ndng d6 maltose, ndng d6 KOH, thoi gian phan g & cic bude ciia qua trinh
phéan tich (Hinh 5).

=

1.0 ferri
2) KOH g
08 ——70mM
<08 100mM
I _
gos é“'“‘
0.4 200.4
0.24 0.2
—=—SPCE
—e— fPGE
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1.4 K3[Fe(CN)8] 045
' 040 d)
121 0.35]
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E é 0.25+4
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02 0.05
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Hinh 5. a) Anh huong ciia nong dg maltose (0,3 mM dén 3,0 mM) lén do nhay ciia cam bién fPGE va SPCE;

b) Anh hudng ciia nong dé KOH (tir 30,0 dén 100,0 mM) 1én qud trinh khir [Fe(CN)s]*"; ¢) Puong dong thoi

gian thu dwoc khi khir K3[Fe(CN)s] bang tinh bét duwoc thuy phdn & thoi gian phan g khdc nhau; d) Do thi
méi quan hé gitka cuong dé dong va thoi gian phan iing & hinh c.
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Hinh 5a thé hién cudng d6 dong thu dugc khi cho [Fe(CN)s]** 1,0 mM phén tng v6i maltose (0,3 - 3,0
mM) trong méi trudng KOH 100,0 mM, dugc do trén SPCE (screen-printed carbon electrode) va fPGE. Két
qua cho thay khi ndng d¢ maltose dat 2,0 mM thi cuong do dong dat bao hoa trén ca hai dién cuc. Trong khoang
ndng do nay, fPGE cho tin hiéu dong 0,26 - 1,04 pA, trong khi SPCE chi dat 0,12 - 0,52 pA. Két qua nay cho
théy fPGE cho d6 nhay cao gép 2 1an so v&i SPCE. Nhu vay, fPGE thé hién sy cai thién dang ké va déy hira
hen. Su cai thién nay dugc quy cho dién tich bé mat x5p 16n hon ciia fPGE so voi SPCE, dan dén dong do cao
hon va d¢ nhay tang.

Viéc sir dung maltose nhu duong khir chiu anh huong manh boi pH, von phu thude vao nong d6 KOH. Nhu
thé hién & Hinh 5b, cudong d6 dong thay ddi khong nhiéu khi ndng ¢6 KOH nam trong khoang 30,0 - 70,0 mM.
0 100,0 mM, dong ting manh chimg té phan tmg khir [Fe(CN)s]>~ boi maltose dién tién rét tot ¢ didu kién nay.
C6 thé quan sat dugc su khac biét giita cuong d6 dong ¢ diéu kién phan tng KOH 100 mM véi cac ndng do
khac. Mtc phan tach nay du dé phan biét 15 tin hiéu. Do d6, tit ca cac thi nghiém tiép theo duoc thyuc hién &
diéu kiegn KOH 100,0 mM.

Theo dinh nghia trong diéu kién chuan, 1,0 U/mL o-amylase c6 thé giai phong 1,0 mg maltose tir tinh bot
sau mdi 3 phut. Thoi gian dé a-amylase thuy phéan tinh bot duoc khao sat nham bao dam lugng maltose tao
thanh du dé ghi nhan tin hiéu khi [Fe(CN)s]*~ dugc khir thanh [Fe(CN)s]*". Dé tbi wu thoi gian phan tng cho
qua trinh khir K3[Fe(CN)g], chung t6i ¢ dinh thoi gian thuy phén tinh bt & 10 phut va khao st bién thién thoi
gian phan tmg. Két qua tin hiéu dugc trinh bay & Hinh 5S¢, 5d. Khi thoi gian phan tng ting tir 5 1én 45 phut,
dong tang twong ung tir 0,07 pA 1én 0,40 pA, va dat bao hoa ¢ khoang 55 phut. Sau 15 phat, cuong d6 dong
tang thém 0,14 pA, cho thdy mirc chuyén ho4 dang ké ciia Ks[Fe(CN)s]. Dé tranh bdo hoa va duy tri thoi gian
dap g phu hop ciia cam bién, qué trinh oxy hoa/khir dugc u 15 phut trude khi do.

3.4. Hoat ddng ciia cam bién trén fPGE khi phén tich a-amylase

Hinh 6b trinh bay duong chuan cho thdy méi twong quan tuyén tinh gitra dong, xac dinh tai gia tri thoi gian
100 s va néng d6 a-amylase: khoang tuyén tinh 1,08 - 7,2 U/mL, v&i phuong trinh: Cudng do dbng (HA) =
0,0552 x ndng d6 a-amylase (U/mL) + 0,2131 va hé sb twong quan R2=0,9945. Trong khoang tuyén tinh nay,
d6 nhay udce tinh 0,0552 pA-( U/mL) ™. Gidi han phat hién (LOD) dat 0,61 U/mL theo quy uéc S/N = 3.

1.5

— fer
| A ] b)

—— 1.8 units/mL

2.52 unitsiml.
3.6 wnits/mL.
5.4 units/mlL
7.2 units/mL.

=Y
L
b
o
L

y =0.0552x +0.2131
R?=0.9945

Cuimg dj (nA)

Cuimg 4§ (1A)

o
w

0.2 L] = Current

T T T T T T T T T T T T T T T T
0 20 40 60 80 100 120 140 -1 Q 1 2 3 4 5 8 7 1

Thoi gian (gidy) Nong d a-amylase (U/mL)

Hinh 6. Puong dong thoi gian khi nong do a-amylase dwoc thay déi (tie 1,08 dén 7,2 U/mL); b) Puong
chudn moi quan hé giita cuwong dg dong dién va nong do a-amylase véi dwong hoi quy tuyén tinh twong vmg.

Bing 1. So sanh phuong phdp dé xuat vOi cdc phwong phap hién co diung @é phat hién a-amylase di cong bo
trong tai liéu, bao gom ky thudt, nén tang cam bién, va gioi han phat hién (LOD).

Nén tiang cam . " ; Khodang lam viéc Tai liéu
biéﬁ Ky thuat do LOD, U.mL! (U.gmL") tham khio
Modified SPE Amperometry 0,02 0,06 - 0,84 [29]
Modified SPE Amperometry 5,0 5,0 -250 [30]
Test Strip Glucometer 0,02 0-1,0 [31]
SPE Potentiometry 0,12 30,0 - 1000 [32]
SPCE Amperometry 1,1 100,0 - 1200,0 [28]
fPGE Amperometry 0,61 1,0-7,2 NCN

*SPE: Screen-printed electrode; SPCE: Screen-printed carbon electrode.
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So sanh gitra cac gia tri thu dugc trong nghién ctru nay va tai liéu trude day dugc trinh bay 6 Bang 1. Luu
¥ rang cac nghién ciru trude doi hoi diéu kién phan g nhiét do cao va bién tinh hoa hoc phirc tap. Nguoc lai,
cong trinh nay khong can bt ky bién tinh bé mit nao trén dién cuc twong tu, nhung van dat do nhay cao hon
va LOD thép hon déng ké so véi Paulo T. Garcia et al. [28].

4. KET LUAN

Nghién ctru nay giéi thiéu mot ki thuat don gian dé phat hién va dinh lugng hoat tinh o-amylase bang cam
bién dién hoa thu nho véi phép do ampe (chronoamperometry). Viéc tdi uu cac bién s (thoi gian phan tng,
d6 kiém) cho phép dinh lugng hoat tinh a-amylase & ndng do thap tai 1,08 U/mL, véi gidi han phat hién (LOD)
dat 0,61 U/mL va d6 nhay 0,0552 pA/(U/mL). Dién cyc fPGE c6 4o xép cao duge ché tao béng ki thuat khéc
laser trén nén polymer thuong mai theo mot bude duy nhét, giup giam chi phi va don gian héa quy trinh. Cam
bién duoc phit trién trong nghién ctru nay c¢é chi phi thap, thiét bi do don gian, va hi¢u nang dap tmg yéu cau
cho tmg dung phat hién a-amylase trong cong nghiép thuc pham, dan dung va tai nhirng noi c6 kinh té kho
khin thiéu thén phuong tién ki thuat phan tich.
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