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MO DAU

Phan tich dién ho4 12 mét trong nhitng hudng tiép cin quan
trong trong hod hoc phan tich hién dai, dap g cac yéu cau vé
do nhay, do chon loc va tbc do phan tich. So voi nhiéu ky thuat
truyén thong, cac cam bién dién hoa c6 wu thé vé quy trinh vén
hanh don gian, chi phi thip va thoi gian phan tich ngan, cho
phép xac dinh cac chat & ndng d6 thap trong nhitng nén mau
phirc tap. Hiéu nang ctia cac hé cam bién nay phu thude cha yéu
v&o vat liéu bién tinh dién cuc, dic biét & kha nang nang cao tinh
chon loc va thuc day qua trinh trao doi electron.

Vat liéu khung hiru co—kim loai (MOF) nhu mot hé vat
liéu tiém nang nham nang cao hiéu qua phan tich dién hoa
nho céu trac mao quan c¢ trat tu, dién tich bé mat riéng lon
va kha nang diéu chinh cau tric linh hoat thong qua sy phoi
tri gitta cac ion kim loai va phdi tir hitu co. Trong sé cac MOF,
MIL-101 nén chromium ndi bat nhd thé tich 16 xdp 16n, do
bén hod hoc cao, 6n dinh trong moi truong nudc va kha nang
hap phu manh céc phan tir hitu co [5—11] phi hop véi didu
kién ctia cac phép do dién hoa. Tuy nhién, d6 dan dién ndi tai
thip ctua MIL-101 c6 thé giy han ché qua trinh truyén
electron, 1am giam hiéu nang cam bién. Vi vay, viéc phat trién
cac vat li¢u composite trén co sé MIL-101 nham cai thién tinh
chét dién hoa 12 hudng nghién ctru can thiét [12-14].

Trong hoé hoc phan tich, vi¢c dinh lugng cac hop chat hiru
co nhu uric acid (URA), xanthine (XAT), hypoxanthine (HPX),
theophylline (THE) va ciprofloxacin (CPR) c6 y nghia quan
trong trong y hoc, dugc pham va kiém soat moi trudng.
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Hién nay, nhiéu phuong phap phan tich nhu sic ky léng,
sdc ky 16ng hiéu ning cao [25,30-33], sic ky khi-khdi phod
[34], dién di mao quan [35,36], quang phd huynh quang [37]
va Raman tang cuong bé mat [38—40] di duogc st dung dé xéac
dinh céac hop chdt URA, XAT, HPX, THE va CPR trong cac
mAu sinh pham, duoc pham véi d6 chinh x4c cao. Tuy nhién,
cac k¥ thuat nay thudng doi hoi hé thng thiét bi dét tién, quy
trinh xtr Iy va chuan bj mau phuc tap, ciing nhu yéu cau nhan
luc c6 trinh d§ chuyén mon cao, déng thoi con han ché vé kha
nang phan tich nhanh. Trong bdi canh d6, cam bién dién hoa
duge xem 1a mot giai phap thay thé tiém ning nhd cac wu
diém noi bat nhu quy trinh phan tich don gian, chi phi thap,
thoi gian dap ung ngan, do nhay cao, phu hop cho viéc xac
dinh URA, XAT, HPX, THE va CPR & nong do thap.

Theo hiéu biét hién tai, cc vét liéu MIL-101 va MIL-
101 bién tinh méi chi duoc nghién ctru trong mot sé ing dung
dién hoa nhat dinh [13,41-46] va cong b lién quan dén viéc
stt dung chung trong bién tinh dién cuc carbon thily tinh
(GCE) nham xéc dinh riéng 1¢ hay dong thoi mot s6 hop chat
hitu co trong cac méu sinh hoc, duge pham bang phuong phap
von-ampe con it. Khoang trong nghién ctru nay dit ra nhu cau
phat trién vat liéu méi trén co s MIL-101 ¢6 hoat tinh dién
hoa cao hon, nham tng dung trong phan tich dong thoi cac
hop chit purine (URA, XAT, HPX), THE va CPR mét cach
hi¢éu qua. Trong nghién ctru nay, vat licu MIL-101 va
composite trén co s¢ MIL-101 di dugc tong hop va sir dung
dé bién tinh dién cuc carbon thuy tinh nham phat trién mot sb
cam bién dién hoa co do nhay cao cho vi¢c xac dinh URA,
XAT, HPX, THE va CPR.



Xuat phat tir nhitng 1y do néu trén, chiing toi lwa chon
va thuc hién dé tai: “Phat trién dién cwe bién tinh bing vt
liéu trén co sé MIL-101 dé phan tich mét sé hop chét hiru
co bang phwong phap von-ampe”.

CHUONG 1. TONG QUAN TAI LIEU

1.1. VAT LIEU KHUNG HUU CO-KIM LOAI TREN
CO SO MIL-101 (MATERIALS INSTITUTE OF
LAVOISIER-101)

1.1.1. Gi6i thi€u vat liéu khung hitu co—kim loai

1.1.2. Vat li¢u MIL-101, AgNPs/MIL-101 va MIL-101/rGO
1.1.2.1. Vat liéu MIL-101 va trng dung

1.1.2.2. Vat liéu AgNPs/MIL-101 va tmg dung

1.1.2.3. Vat li¢u MIL-101/rGO va uing dung

1.2. GIOI THIEU MOQT SO HQP CHAT HU'U CO PINH
HUONG NGHIEN CUU

1.2.1. Hypoxanthine

1.2.2. Xanthine

1.2.3. Uric acid

1.2.4. Theophylline

1.2.5. Ciprofloxacin

1.3. CAC PHUONG PHAP PHAN TIiCH URIC ACID,
XANTHINE, HYPOXANTHINE, THEOPHYLLINE VA
CIPROFLOXACIN

1.3.1. Phuong phap sic ky, quang phd va dién di mao quan
1.3.1.1. Phuong phap sac ky

1.3.1.2. Phuong phéap quang phd

1.3.1.3. Phuong phap di¢n di mao quan

1.3.2. Phuong phéap phan tich dién hoa
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CHUONG 2. NOI DUNG VA PHUONG PHAP
NGHIEN CUU

2.1. NOI DUNG NGHIEN CcUU

Noi dung 1: Tong hop vat lidu MIL-101, cac vat liéu
composite AgNPs/MIL-101 va MIL-101/rGO; khao sét cac diéu
kién tong hop thich hop; nghién ciru dédc trung cau tric tinh thé,
hinh thai bé mat, thanh phan nguyén t4, dién tich bé mit riéng va
cac tinh chat hoa 1y cua vat lidu bang cic phuong phap XRD,
SEM, TEM, EDX, XPS, BET va cac phuong phép lién quan.

Noi dung 2: Sir dung vat liéu MIL-101 bién tinh dién cuc
carbon thuy tinh; khao sat dac tinh dién hoa, Iya chon diéu kién
do thich hop va tmg dung x4c dinh dong thoi URA va THE trong
mAu nudc tiéu bang phuong phap von-ampe.

Noi dung 3: Str dung vat lidu AgNPs/MIL-101 bién tinh
dién cuc carbon thuy tinh; khao sat dac tinh di€n hoa, lya chon
diéu kién do thich hop va ing dung xac dinh dong thoi URA,
XAT va HPX trong mau nudc tiéu bang phuwong phap von-ampe.

Noi dung 4: St dung vat liéu MIL-101/rGO bién tinh
dién cuc carbon thuy tinh; khao sat dac tinh dién hoa, lya chon
diéu kién do thich hop va tmg dung xac dinh CPR trong mau
dugc pham bang phuong phap von-ampe.

2.2. PHUONG PHAP NGHIEN CUU

2.2.1. Péi twong nghién ctru

2.2.2. Thiét bi, dung cu va héa chat

2.2.3. Phuong phap tong hop cac vat licu MIL-101, vat liéu
composite AgNPs/MIL-101 va MIL-101/rGO

2.2.4. Cac phép do dic trung vat liéu dung bién tinh dién cuc
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2.2.5. Céc quy trinh bién tinh dién cyc carbon thity tinh bang vt
licu MIL-101, AgNPs/MIL-101 va MIL-101/rGO dé xé4c dinh
cac hop chit hitu co

2.2.6. Phuong phap phan tich dién hoa

2.2.7. Phuong phap sic ky 1ong hiéu ning cao

2.2.8. Phuong phap 14y mau va xtr Iy mau

2.2.9. Phuong phap danh gia do¢ tin cay cua phuwong phap
phan tich

CHUONG 3. KET QUA VA THAO LUAN

3.1. TONG HQP VA PAC TRUNG TiNH CHAT CAC
VAT LIEU MIL-101, AgNPs/MIL-101 VA MIL-101/rGO

3.1.1. Vat liéu MIL-101
H N I ;

1111

Cwong do / cps
L

-J ceoc edssth MiL101 e < gl
o6 6 om » Hinh 3.2. Anh TEM cua

Hinh 3.1. Gian d6 XRD MIL-101 va cac vat licu MIL

ctia MIL-101 va céc vat ligu O thoi gian thiy nhi¢t khac
MIL ¢ thoi gian thuy nhiét nhau.
~ khac nhau.

Tong hop thuy nhiét vat liéu MIL theo thoi gian tir 6-72
gio cho thdy tai thoi gian thuy nhiét 8 gid thu duoc pha tinh
khiét MIL-101 véi dién tich bé mat riéng cao nhét (2.515,4
m2.g™"). Khi kéo dai thoi gian trén 12 gid, xuat hién sy chuyén
pha tao hdn hop MIL-101/MIL-88B va dén 72 gio hinh thanh
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hoan toan pha MIL-88B. Su chuyén pha duoc khang dinh bang
XRD, TEM, Raman, BET va UV-Vis DRS, dong thoi cho thay
dién tich bé mit giam dan theo thoi gian thuy nhiét.

3.1.2. Vat liéu composite AgNPs/MIL-101
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N Hinh 3.6. Anh TEM

f”: ctia (2) MIL-101, (b)

B d A2-AgNPs/MIL-101
QT va (c) AgNPs.

Hinh 3.5. (a) Gian d6 XRD, (b)
UV-Vis DRS va (¢) Buong dang
nhiét hap phu/giai hap nitrogen
cua MIL-101, AgNPs va cac vat
licu AgNPs/MIL-101. v
Vit liéu composite AgNPs/MIL-101 duoc tong hop thanh
cong véi cau trac MIL-101 dugc bao toan sau khi dua AgNPs
vao, thé hién qua XRD, Raman va TEM. Cac hat AgNPs kich
thudc trung binh ~13 nm phén tan dong déu trén nén MIL-101,
trong khi dién tich bé mit BET giam dan khi ham lugng Ag ting
do hién twong che 14p mao quan. Két qua UV-Vis DRS va EDX
xac nhan sy hinh thanh vat lidu t6 hop va su hién dién cia Ag
v6i ty 16 Ag/Cr tang theo lvong Ag ban dau.
3.1.3. Vat liéu composite MIL-101/rGO
Vit liéu composite MIL-101/rGO dugc tong hop thanh
cong, trong d6 ciu tric tinh thé MIL-101 dugc bao toan va
rGO dugc khir hiéu qua, xac nhan qua XRD, Raman, EDX va
XPS. Anh SEM cho thiy céc tinh thé MIL-101 phan bd déu
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va neo gitr trén nén rGO dang tam, han ché két tu va tang dién
tich tiép xtic. Su két hop ndy tao mang dan dién tét, cai thién
kha nang truyén di¢n tich, thuan lgi cho ing dung di¢n hoa.

Cumg 00/ a
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Hinh 3.11. Anh SEM cua:
(a) rGO, (b) MIL-101, (c)
MIL-101/rGO (3,3).

(a) GO, GO, MIL-101, (b)
cac vat liéu MIL-101/rGO va
Pho Raman cua (c) GO, rGO,

MIL-101, (d) cac vat liéu
MIL-101/rGO.

3.2. BIEN TiNH PIEN CUC CARBON THUY TINH
BANG MIL-101 PE XAC PINH PONG THOI URIC
ACID VA THEOPHYLLINE
3.2.1. Khio sat va tim diéu kién thich hop dé phan tich
URA va THE
3.2.1.1. Lwa chon vit ligu bién tinh

Céc phép do CV va EIS cho thiy dién cyc ShMIL/GCE
cho tin hiéu oxy hoa URA va THE 10 rang, cuong do dong cao
va dién tré truyén dién tich nho nhét (R = 112 Q) so véi cac
mau khéc. Hiéu qua nay dugc cho 14 dién tich bé mat 16n va kha
ning hap phu tot cia MIL-101, giup ting cuong truyén electron
va d6 nhay dién hoa. Khi thoi gian thuy nhiét kéo dai hinh thanh



pha MIL-88B, dién tich bé mit giam lam giam tin hiéu, do d6
8hMIL/GCE dugc lua chon cho cic nghién ctru tiép theo.

—— GEH khéng o8 URA & T) -
e

S EEEEEEEE<;

Hinh 3.12. (a) Cac duong CV cua URA va THE (Cura = CruE
=5,0 uM) va (b) Cudng do dong dinh ghi trén cac dién cuc
khac nhau (n = 3), (c) Biéu d6 Nyquist thu duoc tir phép do

pho EIS cua dung dich [Fe(CN)s]>+ 0,5 mM va KC10,1 M,
khoang tan sb tir 100-10 MHz duoc ghi trén GCE tran,
8hMIL/GCE, 48hMIL/GCE va 72hMIL/GCE.

3.2.1.2. Anh hwong ciia pH

Cuong do dong dinh cia URA va THE phu thuoc manh
vao pH; gié tri pH = 3,0 dugc khao sat va lya chon thich hop
dé xac dinh dong thoi URA va THE do tin hiéu 6n dinh va

RSD thap. Thé dinh oxy hoa dich chuyén tuyén tinh vé phia

kém duong khi pH ting, voi do doc —0,0499 V/pH (URA) va

—0,0567 V/pH (THE), gan gia tri 1y thuyét —0,059 V/pH. Két

qua cho thiy qué trinh oxy hoa ctia ca hai chit lién quan dén

sO proton va electron bang nhau.
3.2.1.3. Anh huwéng ciia toc dp quét

Khi tang toc d6 quét (0,05-0,3 V.s™), thé dinh dich chuyén
vé phia duong cho thay qua trinh oxy hoa 13 bat thuan nghich.

Cuong d6 dong dinh ty 18 tuyén tinh voi can bac 2 cta tée do quét
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nhung khong di qua gbc toa do, chimg t6 qué trinh dugc kiém
soat bdi hép phu trén bé mit dién cuc. Quan h¢ Ep—inv theo
phuong trinh Laviron cho thdy mdi qué trinh lién quan khoang 2
electron (n ~ 2). Két hop v6i nghién ctru pH, co ché oxy hoa cua
URA va THE duoc xac dinh lién quan dén 2 electron va 2 proton.
3.2.1.4. Khdo sdt anh hwéng ciia thong sé von-ampe hoa tan
anode xung vi phin

Cac thong s6 van hanh cia phuong phap DP-ASV bao gdm
thé 1am giau (Euc), thoi gian 1am giau (Zue), bién d6 xung (4E) va
budc thé (Usep) da duge nghién ctru. Cac gia tri Euce, tace, AE va
Ustep lan luot 14 0 V: 10 gidy; 0,09 V va 0,007 V, da dugc chon
sau qua trinh nghién ctru dé dam bao tin hiéu DP-ASV 1a t6t nhat.
3.2.1.5. Anh hwéng ciia chit cin tré

Céc chét can tr& duoc lua chon trong nghién ctru anh
hudng dén phuong phap chil yéu 1a nhitng thanh phan pho bién
¢6 mit trong mau nudc tiéu hodc co kha ning cling ton tai trong
qué trinh phan tich thyc té. Két qua khao sat cho thiy hau hét
cac chét can tré' & ndng do cao gap 100 1an chét phan tich khong
lam thay ddi dang ké tin hiéu (RE < 5%). Ngoai trir sodium
benzoate anh hudng dén tin hiéu cua URA, céac chat con lai
khong gy can trd, ching t6 phuong phap c6 do chon loc tét.
3.2.2. Panh gia phwong phap DP-ASV sir dung dién cuc
bién tinh MIL-101/GCE
3.2.2.1. Khodng tuyén tinh, giéi han phat hién va gidi
han dinh lirong

Pién cuc MIL-101/GCE cho phép xac dinh dong thoi
URA va THE bang DP-ASV voi hai khoang tuyén tinh 0,20—
1,69 uM va 1,69-4,55 uM (R? > 0,99). LOD dat 0,12 uM
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(20,2 ppb) cho URA va 0,13 uM (23,4 ppb) cho THE; khi xac
dinh riéng 1é, LOD giam xudng 0,09 pM (15 ppb) va 0,07 uM
(12 ppb). Hai dinh oxy hoéa tach biét r6 (0,554 V va 1,227 V),
anh huong chéo gitta cac chét phan tich khong dang ké.

™
T THE
™

s ¥ ¥ ¥ 5 &

Hinh 3.21. (a) Cac duong DP-ASV ctua URA va THE (Cura
= Cruetang tir 0,20 dén 4,55 pM) ghi trén MIL-101/GCE,
(b) Do thi biéu dién quan hé tuyén tinh ctia cuong d6 dong

dinh v6i ndng d6 URA va THE, (c) Puong DP-ASV ciia

URA va THE (Cura = 0,20-1,69 uM, Crug =1,69 uM) va

(d) buong DP-ASV cua URA va THE (Ctue = 0,20-1,69
uM, Cura = 1,69 uM).

3.2.2.2. D¢ lap lai, dp tdi lap, dé én dinh

Do lap lai cua dién cuc MIL-101/GCE dugc danh gia
bang 10 phép do DP-ASV lién tiép trong dung dich chua

URA va THE (0,98; 1,69 va 4,55 uM), cho RSD nhoé hon

%RSD theo ham Horwitz, ching té d6 lap lai cao. B9 tai lap

giita 7 dién cuc ché tao ciing quy trinh cho RSD < 5,0%. Két

qua phan tich phuong sai mot yéu té cho thay khong co su

khac biét c6 y nghia thong ké giita tin hi¢u dong dinh cua 7
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ngay khao sat di voi ca hai chit phén tich, véi URA: F(6,14)
= 1,346; p = 0,301 va THE: F(6,14) = 1,558; p = 0,231 (mtic
¥ nghia thong ké lya chon o = 0,05). Tin hiéu dong dinh theo
ting ngay cé sy giam khong dang ké dén ngay thir 7 (ti 18
cuong do dong dinh ngay thir 7 con 93% d6i véi URA va 96%
d6i v6i THE so v6i ngay dau). Két qua khing dinh phwong
phap c6 d6 1ap lai, tai lap va do 6n dinh tot.
3.2.3. Phén tich dong thoi URA va THE trong nwéc tiéu

Mau nudc tiéu nguoi duoc pha lodng bang cach thém 400
puL mau nudc tiéu véi dung dich dém BR 0,1 M (pH = 3,0) dugc
100 mL, sau do6 lay 20 mL cho vao té bao dién hoa dé phan tich
URA, THE bang DP-ASV. Thi nghiém thém chuan cho d6 thu
héi tir 97,5-104,4%, chimg t6 phuong phap c6 do chinh xac t6t
khi 4p dung cho mau thyc. N@)ng d6 URA trong mau thuc duoc
tinh toan sau khi quy d6i vé& ndng d6 ban du trude pha loang tir
218,6 dén 825,2 uM dugc coi 1a phi hop véi dic diém 1a chat
ndi sinh cé trong nudc tiéu, voi n6ng d6 dao dong rong tuy thudc
vao trang thai sinh 1y va do pha loang ctia mau.
3.3. BIEN TiNH PIEN CUC CARBON THUY TINH
BANG AgNPs/MIL-101 PE XAC PINH PONG THOI
URIC ACID, XANTHINE VA HYPOXANTHINE
3.3.1. Khio sat va tim diéu kién thich hop dé phan tich
URA, XAT va HPX
3.3.1.1. Lwa chon di¢n cwc bién tinh

Cac phép do CV cho thay tin hiéu oxy hoa ciia URA, XAT
va HPX duoc cai thién rd rét khi sir dung dién cuc bién tinh
AgNPs/MIL-101 so v&i GCE tran, trong d6 mau A2-AgNPs/MIL-
101 cho cudng do dong dinh cao nhat. Két qua EIS chimg minh
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A2-AgNPs/MIL-101 c6 dién trd truyén dién tich thap va kha ning
dan dién t6t nho sy phan bd AgNPs tdi wu. Do do, dién cuc A2-
AgNPs/MIL-101/GCE duoc lya chon cho cac nghién ctu tiép
theo (ky hiéu 1a AgNPs/MIL-101/GCE).

@)
1 u THPX )

e A1-AGNPS MIL-101
Az AgNPsMIL-101
A3AGNPSMIL101

—— A4-AGNPSMIL-101

11pA

Hinh 3.24. (a) BPuong CV cua Cura = Cxat= Cupx =25 uM
va (b) Su thay d6i cudng d6 dong dinh ghi trén cac dién cuc
khac nhau (n = 3), (c) Biéu d6 Nyquist dugc ghi lai trong
KC1 0,1 M str dung hé [Fe(CN)s]*’*" 1 mM ghi trén GCE
tran, MIL-101/GCE va AgNPs/MIL-101/GCE.

3.3.1.2. Anh hwéng ciia pH

Két qua CV cho thiy qua trinh oxy hoa URA, XAT va
HPX phu thudc pH, trong d6 cudng do dong dinh cao nhat
cua URA va XAT tai pH 4, con HPX tai pH 6; tuy nhién pH
4 cho tin hiéu thich hop khi xac dinh dong thoi ba chat. Thé
dinh (Ep) dich chuyén tuyén tinh theo pH vé&i do doc xap xi
—0,059 V/pH. Piéu nay cho thiy sb proton va electron tham
gia phan g oxy hoa la twong duong.
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11pA

Hinh 3.25. (a) Cac duong CV cua Cura = Cxat = Cupx = 25
uM theo pH, (b) Su th,ay doi I, theo pH va (c) B0 thi biéu
dién quan h¢ tuyén tinh cua E, theo pH (n = 3).

3.3.1.3. Anh huwéng cia téc dp quét

Khi ting téc do quét tir 0,05-0,3 V.s', thé dinh dich
chuyén vé phia duong hon, chimg t6 qua trinh oxy hoa cta
URA, XAT va HPX 1a bat thuan nghich. Quan hé tuyén tinh
gitra Ip va v/ c6 hé sb twong quan cao nhung khong di qua
gdc toa do, cho thdy qua trinh duoc kiém soét chil yéu boi su
hap phu trén bé mit dién cuc.

D6 thi Ep—Inv tuan theo phurong trinh Laviron véi twong
quan tot (R? = 0,9695-0,9862), tir d6 tinh duoc (on) xap xi
0,76-1,01. Gia st & = 0,5, sb electron trao d6i n ~ 2 cho ca ba
chat, phtt hop véi co ché oxy héa di duoc cong bd, trong d6
s6 proton va electron tham gia 13 twong duong.
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3.3.1.4. Khdo sdt anh hwéng ciia thong sé von-ampe hoa tan
anode xung vi phdn

Viéc nghién ctru cac thong sb phép do DP-ASV nhu thé
lam giau, thoi gian 1am giau, bién d6 xung, budc thé 1a can
thiét trong cac phuong phap dién héa nhu phwong phap von-
ampe hoa tan xung vi phan vi cac thong s6 ndy anh huéng
truc tiép dén do nhay, d0 chon lgc va do chinh xéc cta phép
do. Cac phép do DP-ASV trong té bao dién héa duoc diéu
chinh pH bang dung dich dém BR 0,1 M (pH 4,0). Két qua
cho thay thé 1am giau (Euc)=-0,5 V, thoi gian 1am giau (acc)
= 5 gidy, bién do xung (4E) = 0,1 V va budc thé (Use) =
0,009 V c6 thé cho tin hi¢u dién hoa tét nhat.
3.3.1.5. Anh hwéng ciia chit cin tré

Anh huéng ctia mdt s6 ion vo co va hop chat hitu co phd
bién duoc khao sat tai nong do URA, XAT, HPX 5 uM trong
dém BR pH 4,0. Gi6i han can trd duoc xac dinh khi sai s6 tuong
d6i (RE%) < 5%. Két qua cho thay sy c6 mit 60—100 lan cac
mubi vo co va 80—100 1an cac hop chat hitu co (urea, glucose, L-
cysteine, sodium benzoate,...) déu cho RE% < 5%. Diéu nay
chimg to dién cuc AgNPs/MIL-101/GCE c6 d6 chon loc tot va it
bi anh hudng béi cac chét can trd.
3.3.2. Panh gia phuwong phap DP-ASV sir dung dién cuc
bién tinh AgNPs/MIL-101/GCE
3.3.2.1. Khodng tuyén tinh, gidi han phdt hién va gidi han
dinh luwong

Phép do DP-ASV cho thdy Ip ting tuyén tinh theo ndng
do URA, XAT va HPX trong hai khoang 0,5-4,93 uM va
4,93-23,26 uM, voi hé ) tuong quan cao (R? = 0,9872—
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0,9980); trong khoang thip, hé s goc lan luot 1a 0,7889;
0,9918 va 0,6099 cho URA, XAT va HPX. LOD (3S,+/b)
trong khoang 0,5-4,93 uM dat 0,36 uM (60,5 ppb) d6i véi
URA; 0,22 uM (33,5 ppb) ddi véi XAT va 0,25 uM (34,0
ppb) dbi voi HPX; LOQ twong Gng 1a 1,20; 0,73 va 0,83 pM.
bang chu v, tin hi¢u HPX duoc cai thién 1o rét, cho LOD thép
hon so v6i mot sb cong bd trude.

1 15 (b)
1] = URA(0,50-493um)

®  XAT (0,50 - 4,93 uM)
121 & HPX(050-4,93 uM)

50

1A

v URA (4,93 -23,26 pM)
XAT (4,93 - 23,26 pM)
HPX (4,93 - 23,26 uM)

0 5 10 15 20 25
C/pm

Hinh 3.32. (a) Cac duong DP-ASV cua URA, XAT va HPX
(Cura = Cxar = Cuprx = 0,5-23,26 uM) ghi trén AgNPs/MIL-
101/GCE va (b) Db thi biéu dién quan hé tuyén tinh cta cudng
d6 dong dinh voi ndng d6 URA, XAT va HPX.

Khi khao sat anh huong chéo (mdt chat thay d6i 0,50-4,93
uM, hai chét con lai ¢6 dinh 4,93 uM), cac duong tuyén tinh van
cd R?> 0,995 va hé sd goc tuong duong. LOD thu dugc 0,32;
0,27 va 0,21 uM (53,7; 41,1 va 28,6 ppb) cho URA, XAT va
HPX, gan véi gia tri khi phan tich dong thoi. Sy trong dong vé
LOD ching to 4anh hudng chéo giira ba chat 1a khong dang ké.
3.3.2.2. Dj lap lai, dp tdi lap, dp én dinh

Do lap lai trong ngay duoc danh gia tai 5 nong do (1,0—
23,3 uM) véi 10 phép do mdi mirc; tat ca gia tri HorRat < 0,5,
ching t6 phuong phap c6 do lap lai dat yéu cau. Do tai lap
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giita cac dién cyc (n="7, C = 5,0 uM) cho RSD lan luot 2,0%
(URA), 1,2% (XAT) va 2,5% (HPX), déu < 5%. Sau 7 ngay
bdo quan, cam bién van gilt duoc tir 95,1% dén 96,4% so véi
tin hiéu dién hoa ban dau déi voi cac chat phan tich, do 1éch
chuan tuong dbi (RSD) cua cudng d6 dong dinh thap: 2,5%
d6i voi URA; 1,2% dbi voi XAT va 2,9% d6i voi HPX (n =
7). Két qua phan tich phuong sai mot yéu td (one-way
ANOVA) cho thdy khong c6 su khéc biét c6 y nghia théng ké
gifra tin hi¢u dong dinh trong 07 ngay khao sat.
3.3.3. Phén tich dong thoi URA, XAT va HPX trong nuéc tiéu

Mau nudc tiéu ctia 3 ngudi khoe manh dugc ly tim, pha
lodng va phan tich URA, XAT, HPX bang DP-ASV; do thu
hoi dat 97,4-104,2%. Kiém dinh tham sd Student's t-test cho
thay khong c6 su khac biét c6 ¥ nghia thong ké so véi phuong
phap HPLC thay (#(5) = 0,064, p = 0,952 (2 phia) > 0,05),
khang dinh db tin cay ctia phuong phap. HPX khong phat hién
trong mau, phii hop véi sinh 1y chuyén héa purine & nguoi
khée manh va cac bao cdo trudc day.
34. BIEN TiNH PIEN CUC CARBON THUY TINH
BANG MIL-101/rGO PE XAC PINH CIPROFLOXACIN
3.4.1. Khio sat va tim diéu kién thich hop dé phan tich CPR
3.4.1.1. Lwa chon dién cwc bién tinh

Hinh 3.35a cho thdy CPR ghi trén GCE tran chi xut
hién dinh oxy hoa yéu, trong khi cac dién cuc bién tinh (MIL-
101, rGO, MIL-101/rGO) cho cudong dd dong tang rd rét.
bién cuc composite MIL-101/rGO thé hién tin hiéu cao hon
s0 véi ting thanh phén riéng 1¢, chimg t6 hiéu tung hiép dong
giita kha ning hap phu ciia MIL-101 va d6 dan dién cta rGO.
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Trong d6, MIL-101/rGO (3,3)/GCE cho dong dinh 16n nhat
va do lap lai tdt nhat, nén duoc chon cho cac nghién ctru tiép
theo (sau day ky hiéu 1a MIL-101/rGO/GCE).

180 4
——— GCE khong c6 CPR

160 —GCE

(a)

140 GO
——rGo
201 MiL101
100]  ——MIL101/rGO(10)
< ] ——MILA01/rGO(S5)
3 —— MIL101/rGO(3,3)
601 ——MIL-101/rGO(2,5)

0] ——MIL101/rGO(2)
204
04

20 -

™ T T T T T T ™ J
00 02 04 06 08 10 12 14 16 18

G
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€ e e
T Y e

Hinh 3.35. (a) Cac duong CV ctua Ccpr= 15 uM ghi trén
cac dién cuc khac nhau, (b) So sanh cuong do dong dinh
tuong trng cua cac dién cyc (n = 3).
3.4.1.2. Anh hwéng ciia pH

A

Hinh 3.36. (a) Cac duong CV cua Ccpr= 15 uM ghi trén MIL-
101/rGO/GCE theo pH, (b) Su thay d6i , theo pH, (c) P thi
biéu dién quan hé tuyén tinh ciia E, theo pH (n = 3).
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Cuong do dong dinh oxy héa cua CPR tang khi pH tang
dén 4 va giam & pH cao hon, do anh huéng cua trang thai
proton héa va twong tic v6i bé mit MIL-101/rGO/GCE; vi
vay pH = 4 duoc chon 1a thich hop. Thé dinh oxy héa dich
chuyén vé phia kém duong khi pH ting va tuan theo quan hé
tuyén tinh: Ep = (1,4790 + 0,0241) — (0,0663 + 0,0041)pH (R?
= 0,9778). b6 dbc ~ —0,066 V/pH gan vé6i gia tri Nernst
(—0,059 V/pH), cho thdy qua trinh oxy hoa CPR 1a co ché
truyén electron ghép proton véi sb electron va proton tham
gia bang nhau.
3.4.1.3. Anh hwéng ciia toc dp quét

Cuong d6 dong dinh oxy héa ctia CPR ting tuyén tinh
theo v!2 (R?=0,9892), cho thay qua trinh cha yéu dugc kiém
soat boi khuéch tan; dong thoi Ep dich chuyén vé phia duong
khi tang tdc do quét, chung to hé bat thuén nghich.

Quan h¢ Ep—Inv tuan theo phuong trinh Laviron: Ep =
(1,1274 £ 0,0024) + (0,0321 £ 0,0013)Inv (R? = 0,9895), tir
d6 tinh dugc an ~ 1,6 (véi a = 0,5). Két hop vai két qua pH,
qua trinh oxi hoa CPR trén MIL-101/rGO/GCE duoc dé xuat
theo co ché trao doi 2 electron — 2 proton.
3.4.1.4. Khdo sdt cdc théng sé von-ampe hoa tan anode
xung vi phdn

Cac thong s6 van hanh ctia phuong phap DP-ASV bao gdm
thé 1am giau (Euc), thoi gian 1am gidu (Zue), bién d6 xung (4E) va
budc thé (Usey) da duge nghién ctru. Cac gid tri Euce, tace, AE VA
Ustep, lan lugt 1A 0 V; 4 gidy; 0,11 Vva 0,01 V, da duogc chon do
dong dinh oxy hoéa ciia CPR dat gia trj 16n nhat dong thoi van
dam béo hinh dang dinh r& rang, d6 on dinh va cho tin higu tét.
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3.4.1.5. Anh hwéng ciia chit cin tré
Tinh chon loc caa cam bién dugc danh gia trong su hi¢n
dién cua cac ion vo co va hop chit hitu co thudng gip; két
qua cho thdy hau hét cac chit, ngay ca & ndng do cao gap 100
lan CPR, khong gy nhiéu dang ké (do 1éch < 5%). Céc két
qua nay chimg minh rang cam bién dé xut c6 tinh chon loc
t6t va kha ning chéng nhidu cao, pht hop cho viée xac dinh
CPR trong cac nén mau phirc tap.
3.4.2. Panh gia phwong phap DP-ASV sir dung dién cuc
bién tinh MIL-101/rGO/GCE
3.4.2.1. Khodng tuyén tinh, gidi han phdt hién va gidi han
dinh lwong

(b)

n 025-9.41 M
® 9412439 M

11 A

EIV C 1M

Hinh 3.44. (a) Cac duong DP-ASV ghi trén MIL-
101/rGO/GCE va (b) D6 thi biéu dién quan hé tuyén tinh
giita dong dinh oxy hoa va ndong d6 CPR (n = 3).

Phuong phap DP-ASV trén MIL-101/rGO/GCE cho hai
khoang tuyén tinh 0,25-9,41 puM va 9,41-24,39 uM, véi cac
phuong trinh hdi quy ¢6 R?= 0,9990-0,9992; LOD dat 0,11 uM
(36,5 ppb) va LOQ 0,36 uM trong viing ndng do thap. O nong do
thap, hé s6 goc 16n (0,7109) do hap phu hiéu qua ciia CPR 1én cac
tam hoat dong; khi ndng do ting, hé s6 goc giam (0,4247) do bio
hoa mot phan bé mit nhung van duy tri tinh tuyén tinh tt.
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3.4.2.2. D¢ lap lai, dj tdi lap, dé én dinh
Do lip lai duoc danh gia bang 10 phép do DP-ASV lién
tiép & cac ndng do 1,0-24,4 pM; cac gia tri RSD déu nhé hon
15 RSD Horwitz, chimg to do 1ap lai trong ngay tot. Do tai lap
gilra cac dién cuc ché tao doc lap cho Ip = 4,29 + 0,16 pA
(RSD = 3,7% < 5%), khang dinh tinh dong nhit trong quy
trinh ché tao. PO 6n dinh ctia cam bién dugc khao sat trén
mot dién cuc, sau khi stt dung dugc bdo quan trong dung
dich dém BR 0,1 M (pH 4,0) & nhiét do 4 °C va do lai trong
10 ngay lién tiép. Két qua cho thay dong dinh trung binh cia
CPR dat I, crr = 4,25 £ 0,14 pA véi RSD = 3,3% (n = 10)
nho hon gi6i han chdp nhin % RSDu = 7,4% (Hinh 3.45b).
Sau 10 ngdy bao quan, cam bién van duy tri duoc 92,0% tin
hiéu dién hoa ban dau, déng thoi gia tri RSD cua cuong do
dong dinh thap, ching to d6 6n dinh tét theo thoi gian
3.4.3. Phén tich CPR trong duoc pham
Kha ning tng dung thuc té ciia cam bién dugc danh gia
qua phan tich cac miu duoc pham thuong mai bang phuong
phap thém chuan. Két qua cho do thu hoi 95,9—104,7%, hoan
toan chap nhan dugc so véi AOAC [189] cho phép tir 80%
dén 110% tai nong do tir 100 ppb dén 10 ppm. Két qua phan
tich cho thidy ham luong CPR xé4c dinh cac mau khong sai
khéc v61 ham lugng ghi nhan, tuy nhién c6 vién nén 1 sy khac
biét c6 ¥ nghia théng ké so véi gia tri ghi nhin 1a 500 mg (gia
XU gid tri ghi trén nhan chinh xac 500 mg). Tuy nhién, vé mit
thuc tién, ham luong xac dinh duoc van nam trong khoang
95-105% so voi gia tri ghi nhin, phu hop véi giéi han chip
nhén theo tiéu chuén chét lugng dugc phrflm hién hanh trong
20



Duoc dién Viét Nam [152] khi ra thi truong. Do dd, sai khac
quan sat dugc nhiéu kha ning phan 4nh bién thién ham luong
cho phép trong san xuét dugc pham hon 14 sai s6 hé théng cua
phuong phap phan tich.

KET LUAN

Ludn 4n tap trung nghién ctru tong hop vat liéu MIL-101
va cac vat lidu composite trén co so MIL-101, dong thoi khai
thac dic tinh cau tric va dién hod ciia cac vat liu nay nhim phat
trién cac cam bién dién hod tmg dung phan tich cac hop chat
hiru co trong mau nudc tiéu va duge pham. Trén co sd do, dién
cuc carbon thuy tinh duogc bién tinh bﬁng MIL-101 va vat liéu
trén co s& MIL-101 d3 dugc ché tao dé xac dinh mot s6 hop chét
hiru co bang phuong phap von-ampe. Cac két qua nghién ctru
cho phép it ra cac két luan chinh cua luan 4n nhu sau:

1. Vé tong hop, dic trung vat lieu MIL-101 va céc vat
liéu trén co so MIL-101

Luan 4n da téng hop thanh cong vat liéu MIL-101 bang
phuong phép thily nhiét trong 8 gio, thu dugc vat lidu c6 cau
tric tinh thé ddc trung, hinh thai bat dién dong déu va dién tich
bé mat riéng dat 2.515,4 m%.g™'. Trén co s& MIL-101, cac vat
lieu composite AgNPs/MIL-101 va MIL-101/rGO duoc ché
tao bang k¥ thuat bién tinh sau tong hop; trong d6 cac hat
AgNPs phan tan déu trén nén MIL-101 va vat liéu MIL-
101/rGO thé hién sy twong tac hidu qué giita hai thanh phan.
Vit liéu MIL-101 va composite tong hop duoc chirmg minh
bang cac phép do dic trung hoa 1y hién dai nhu: XRD, Raman,
SEM, TEM, UV-Vis DRS, BET, EDX-Mapping, XPS.
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2. Ung dung dién cuc bién tinh MIL-101/GCE dé xac
dinh URA va THE béng phuong phap von-ampe

bién cuc carbon thuy tinh bién tinh bﬁng MIL-101 duoc
str dung dé xac dinh dong thoi URA va THE bang phuong phap
DP-ASV, cho thdy mdi twong quan tuyén tinh t6t gitta cuong
d6 dong dinh va ndng do cac chat phan tich voi hai khoang
tuyén tinh 1an luot 1a tir 0,20 dén 1,69 uM va tir 1,69 dén 4,55
uM. Gi6i han phat hién (LOD) lan luot 13 0,12 uM (20,2 ppb)
va 0,13 uM (23,4 ppb), gidi han dinh lugng (LOQ) 1an luot 12
0,40 uM (67,2 ppb) va 0,43 uM (77,5 ppb) dbi v6i URA va
THE dua trén khoang tuyén tinh ndng do thap 0,20—1,69 uM.
Phuong phap dugc sir dung dé xac dinh URA va THE trong
cac mau nudce tiéu ngudi voi do ding va do tin cay tot. Nghién
ctru khang dinh tiém nang cia dién cuc MIL-101/GCE trong
phan tich dién hoa, md ra huéng phat trién cam bién dién hoa
don gian, nhay va c6 kha ning tung dung thyc tién.

3. Ung dung dién cuc bién tinh AgNPs/MIL-101/GCE
dé xac dinh URA, XAT va HPX bang phuong phap von-ampe

Phuong phap phan tich dién héa DP-ASV xéac dinh dong
tho1 URA, XAT va HPX duoc thuc hién trén dién cuc GCE
bién tinh bang AgNPs/MIL-101, nhan thidy mdi twong quan
tuyén tinh tét gitta cuong do dong dinh va ndng do cac chit
phan tich véi hai khoang tuyén tinh 1an luot tir 0,5 dén 4,93
UM va tir 4,93 dén 23,26 uM; LOD ctia URA, XAT va HPX
1an luot 13 0,36 uM (60,5 ppb); 0,22 uM (33,5 ppb) va 0,25
uM (34,0 ppb) dua trén khoang ndng do tuyén tinh dau tién
tir 0,5 dén 4,93 pM. Viéc két hop AgNPs voi MIL-101 tao
hiéu tmg hiép dong, gitip cai thién kha ning din dién va nang
cao do nhay, cho phép xac dinh dong thoi ba chit ¢6 ciu tric
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turong tu trong cung mot nén mau. Két qua xac dinh URA,
XAT va HPX trong mau nudc tiéu ngudi khong co sy khac
biét thong ké so véi phuong phap d6i chiéu 1a HPLC.

4, Ung dung dién cuc bién tinh MIL-101/rGO/GCE dé
xé4c dinh CPR bang phuong phap von-ampe

Phuong phap phan tich dién hoa DP-ASV xac dinh CPR
duoc thuce hién trén dién cuc GCE bién tinh béng MIL-101/rGO,
cho thdy mdi trong quan tuyén tinh tét gitra cuong do dong dinh
va nong do chat phan tich vai hai khoang tuyén tinh 1an Iuot 1a
tr 0,25 dén 9,41 uM va tir 9,41 dén 24,39 uM v6i LOD ctia CPR
140,11 uM (36,5 ppb), LOQ 13 0,36 uM xét trong khoang ndng
d6 0,25-2,49 pM. Viéc két hop MIL-101 véi rGO gitp ting
cuong hiéu sut truyén dién tich va cai thién dang ké do nhay so
Vi cac vat liéu don thuan. Phuong phéap duge sir dung dé xac
dinh CPR trong cac mau dugc pham véi do ding tét.
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INTRODUCTION

Electrochemical analysis is one of the most important
approaches in modern analytical chemistry, meeting the
increasing demands for sensitivity, selectivity, and rapid
analysis. Compared with many conventional analytical
techniques, electrochemical sensors offer several advantages,
including simple operational procedures, low cost, and short
analysis time, enabling the determination of analytes at trace
levels in complex sample matrices. The performance of these
sensing systems largely depends on the electrode-modifying
materials, particularly their ability to enhance selectivity and
facilitate electron-transfer processes.

Metal-organic frameworks (MOFs) have emerged as
promising materials for enhancing electrochemical analytical
performance owing to their well-defined porous structures,
high specific surface areas, and tunable architectures resulting
from the coordination between metal ions and organic
ligands. Among various MOFs, chromium-based MIL-101
has attracted considerable attention because of its large pore
volume, excellent chemical stability, stability in aqueous
media, and strong adsorption capacity toward organic
molecules [5—11], making it well suited for electrochemical
measurements. However, the intrinsically low electrical
conductivity of MIL-101 may hinder -electron-transfer
processes, thereby limiting sensor performance. Therefore,
the development of MIL-101-based composite materials with
improved electrochemical properties has become an
important and necessary research direction [12—14].
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In analytical chemistry, the quantification of organic
compounds such as uric acid (URA), xanthine (XAT),
hypoxanthine (HPX), theophylline (THE), and ciprofloxacin
(CPR) is of great importance in medical, pharmaceutical, and
environmental applications.

Various analytical techniques, including liquid
chromatography, high-performance liquid chromatography
(HPLC) [25,30-33], gas chromatography—mass spectrometry
(GC-MYS) [34], capillary electrophoresis [35,36], fluorescence
spectroscopy [37], and surface-enhanced Raman spectroscopy
(SERS) [38-40], have been employed for the determination of
these compounds in biological and pharmaceutical samples with
high accuracy. However, these methods generally require
expensive instrumentation, complex sample preparation
procedures, and skilled operators, while offering limited
capability for rapid analysis. In this context, electrochemical
sensors have emerged as a promising alternative owing to their
simple operation, low cost, rapid response, and high sensitivity,
making them suitable for the determination of URA, XAT,
HPX, THE, and CPR at low concentrations.

To the best of current knowledge, MIL-101 and its
modified derivatives have only been explored in a limited
number of electrochemical applications [13,41-46], and
reports on their use for modifying glassy carbon electrodes
(GCEs) for the individual or simultaneous voltammetric
determination of organic compounds in biological and
pharmaceutical samples remain scarce. This research gap
highlights the need for developing new MIL-101-based
materials with enhanced electrochemical activity for the
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efficient determination of purine compounds (URA, XAT,
and HPX), THE, and CPR. In this study, MIL-101 and MIL-
101-based composites were synthesized and employed to
modify GCEs for the development of highly sensitive
electrochemical sensors for the determination of URA, XAT,
HPX, THE, and CPR.

Motivated by the above considerations, this dissertation
was undertaken with the following research topic:
“Development of MIL-101-Based Modified Electrodes for
Voltammetric Determination of Selected Organic
Compounds”.

CHAPTER 1. LITERATURE REVIEW

1.1. MIL-101-BASED METAL-ORGANIC FRAMEWORKS
(MATERIALS INSTITUTE LAVOISIER-101)

1.1.1. Introduction to Metal-Organic Frameworks

1.1.2. MIL-101, AgNPs/MIL-101, and MIL-101/rGO
Materials

1.1.2.1. MIL-101 and Its Applications

1.1.2.2. AgNPs/MIL-101 and Its Applications

1.1.2.3. MIL-101/rGO and Its Applications

1.2. INTRODUCTION TO SELECTED ORGANIC
COMPOUNDS

1.2.1. Hypoxanthine

1.2.2. Xanthine

1.2.3. Uric acid

1.2.4. Theophylline

1.2.5. Ciprofloxacin



1.3. ANALYTICAL METHODS FOR URIC ACID,
XANTHINE, HYPOXANTHINE, THEOPHYLLINE,
AND CIPROFLOXACIN

1.3.1. Chromatographic, Spectroscopic and Capillary
Electrophoresis Methods

1.3.2. Electrochemical Methods

CHAPTER 2. CONTENTS AND RESEARCH METHODS

2.1. RESEARCH CONTENT

Content 1: Synthesis of MIL-101, AgNPs/MIL-101, and
MIL-1011/GO composite materials; optimization of synthesis
conditions; and investigation of structural, morphological,
elemental, surface area, and physicochemical properties using
XRD, SEM, TEM, EDX, XPS, BET and related techniques.

Content 2: Modification of glassy carbon electrodes
(GCEs) with MIL-101; electrochemical characterization,
optimization of analytical conditions, and voltammetric
determination of URA and THE in urine samples.

Content 3: Modification of GCEs with AgNPs/MIL-101;
electrochemical characterization, optimization of analytical
conditions, and voltammetric simultaneous determination of
URA, XAT, and HPX in urine samples.

Content 4: Modification of GCEs with MIL-101/rGO;
electrochemical characterization, optimization of analytical
conditions, and voltammetric determination of CPR in
pharmaceutical samples.



2.2. RESEARCH METHODS

2.2.1. Research Objects

2.2.2. Instruments, Equipment, and Chemicals

2.2.3. Synthesis Methods for MIL-101 and Composite
Materials AgNPs/MIL-101 and MIL-101/rGO

2.2.4. Characterization = Techniques for Electrode-
Modification Materials

2.2.5. Procedures for Modifying Glassy Carbon Electrodes
with MIL-101, AgNPs/MIL-101, and MIL-101/rGO for
Organic Compound Determination

2.2.6. Electrochemical Analysis Methods

2.2.7. High-Performance Liquid Chromatography (HPLC) Method
2.2.8. Sampling and Sample Preparation Methods

2.2.9. Methods for Evaluating the Reliability of the
Analytical Method

CHAPTER 3. RESULTS AND DISCUSSION

3.1. SYNTHESIS AND CHARACTERIZATION OF MIL-
101, AgNPs/MIL-101 AND MIL-101/rGO MATERIALS
3.1.1. MIL-101

Hydrothermal synthesis of MIL materials for 6-72 h
revealed that pure-phase MIL-101 was obtained at 8 h,
exhibiting the highest specific surface area (2,515.4 m* g').
Prolonging the hydrothermal time beyond 12 h induced a phase
transformation from MIL-101 to a MIL-101/MIL-88B mixture,
with complete formation of MIL-88B after 72 h. This phase
transition was confirmed by XRD, TEM, Raman, BET, and
UV-Vis DRS analyses, accompanied by a gradual decrease in
specific surface area with increasing hydrothermal time.
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Figure 3.1. XRD patterns
of MIL-101 and MIL
materials synthesized at
different hydrothermal
treatment times.
3.1.2. AgNPs/MIL-101
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Figure 3.6. TEM
images of (a) MIL-
101, (b) A2-
e AgNPs/MIL-101, and
Figure 3.5. (a) XRD patterns, (b) (c) AgNPs.
UV-Vis DRS spectra, and (c) N2
adsorption—desorption isotherms
of MIL-101, AgNPs, and
AgNPs/MIL-101 composites.

AgNPs/MIL-101  composites  were  successfully
synthesized while retaining the MIL-101 structure. Uniformly
dispersed AgNPs (~13 nm) were observed on the MIL-101
surface, and the BET surface area decreased with increasing Ag
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loading due to pore blockage. UV—Vis DRS and EDX analyses
confirmed the successful incorporation of Ag, with the Ag/Cr
ratio increasing with Ag content.
3.1.3. MIL-101/rGO

MIL-101/rGO  composites  were  successfully
synthesized, preserving the MIL-101 structure and
confirming effective GO reduction. MIL-101 crystals were
uniformly distributed on rGO sheets, reducing aggregation
and enhancing electrical conductivity and charge transfer.
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Figure 3.8. XRD patterns of (a ] DR ;
ng rGO, and MIE-I 01, and Eb)) Figure 3.11. SEM images
MIL-101/rGO composites; of (a) rGO, (b) MIL-101,
Raman spectra of (¢) GO, rGO, and (c) MIL-101GO
and MIL-101, and (d) MIL- (3.3).
101/rGO composites.
3.2 MIL-101-MODIFIED GLASSY CARBON
ELECTRODE FOR SIMULTANEOUS DETERMINATION
OF URIC ACID AND THEOPHYLLINE
3.2.1. Optimization of Conditions for Uric Acid and
Theophylline Determination
3.2.1.1. Selection of the Modifying Material
CV and EIS results showed that ShMIL/GCE exhibited

the highest oxidation currents for URA and THE and the lowest
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charge-transfer resistance (R = 112 ). This superior
performance was attributed to the high surface area and
adsorption capacity of MIL-101, which enhanced electron
transfer and  electrochemical sensitivity.  Therefore,
8hMIL/GCE was selected for subsequent studies.

GEE knéag ¢ @

Figure 3.12. (a) CV of URA and THE, (b) peak currents on
different electrodes, and (c) EIS Nyquist plots on GCE and
MIL-modified GCEs.

3.2.1.2. Effect of pH

The peak currents of URA and THE were strongly pH-
dependent, with pH 3.0 selected as the optimum condition due
to stable signals and low RSD values. The oxidation peak
potentials shifted linearly toward less positive values with
increasing pH, showing slopes close to the theoretical value of
—0.059 V/pH. These results indicate that equal numbers of
protons and electrons participate in the oxidation processes of
both analytes.



3.2.1.3. Effect of Scan Rate

As the scan rate increased from 0.05 to 0.3 V s, the peak
potential shifts toward more positive values, indicating an
irreversible oxidation process. The peak current shows a linear
relationship with the square root of scan rate but does not pass
through the origin, suggesting an adsorption-controlled process.
The Ep-Inv relationship based on the Laviron equation indicates
that approximately two electrons are involved (n = 2). Combined
with pH studies, the oxidation mechanism of URA and THE is
determined to involve two electrons and two protons.
3.2.1.4. Optimization of DP-ASV Parameters

The operational parameters of the DP-ASV method,
including accumulation potential (Eeu), accumulation time (Zucc),
pulse amplitude (4E), and potential step (Usyep), were
investigated. The optimized values of Eucc, tace, AE, and Usp Were
0V,10s,0.09 V, and 0.007 V, respectively, selected to obtain
the best DP-ASV response.
3.2.1.5. Effect of Interfering Species

The selected interfering species were mainly common
constituents present in urine samples or compounds that may
coexist during real sample analysis. The results showed that
most interferents at concentrations 100 times higher than the
analytes did not significantly affect the signal (RE < 5%).
Except for sodium benzoate, which affected the URA signal,
other species showed no noticeable interference, indicating
good selectivity of the proposed method.



3.2.2. Evaluation of the DP-ASV Method Based on MIL-101/GCE
3.2.2.1. Linear Range, Limit of Detection (LOD), and
Limit of Quantification (LOQ)

The MIL-101/GCE electrode enables simultaneous
determination of URA and THE by DP-ASV with two linear
ranges of 0.20-1.69 uM and 1.69-4.55 uM (R? > 0.99). The
LODs are 0.12 uM (20.2 ppb) for URA and 0.13 uM (23.4
ppb) for THE; when determined individually, the LODs
decrease to 0.09 uM (15 ppb) and 0.07 uM (12 ppb),
respectively. The two oxidation peaks are well resolved
(0.554 V and 1.227 V), and cross-interference between
analytes is negligible.

Figure 3.21. (a) DP-ASV curves, (b) calibration plots, and (c,d)
interference studies for URA and THE on MIL-101/GCE.
3.2.2.2. Repeatability, Reproducibility and Stability
The MIL-101/GCE electrode exhibited good
repeatability, reproducibility, and stability. Ten consecutive
DP-ASV measurements yielded RSD values lower than 2
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Horwitz RSD, while seven independently prepared electrodes
showed RSD values below 5.0%. One-way ANOVA revealed
no significant differences in peak currents over seven days (p
> 0.05). After 7 days, the peak currents retained 93% (URA)
and 96% (THE) of their initial values, confirming good
operational stability.
3.2.3. Simultaneous Analysis of Uric Acid and
Theophylline in Urine

Human urine samples were diluted by adding 400 puL of
urine to 100 mL of 0.1 M BR buffer (pH 3.0), and 20 mL of the
diluted solution was used for DP-ASV determination of URA
and THE. Spike-recovery experiments yielded recoveries of
97.5-104.4%, confirming good method accuracy. The
calculated URA concentrations in original samples ranged from
218.6 to 825.2 uM, consistent with its endogenous presence in
urine and its physiological variability.
3.3. MODIFICATION OF A GLASSY CARBON
ELECTRODE WITH AGNPS/MIL-101 FOR THE
SIMULTANEOUS DETERMINATION OF URIC ACID,
XANTHINE, AND HYPOXANTHINE
3.3.1. Optimization of Conditions for Uric Acid, Xanthine,
and Hypoxanthine Determination
3.3.1.1. Selection of the Modified Electrode

CV measurements showed significantly enhanced
oxidation signals for URA, XAT, and HPX at AgNPs/MIL-
101-modified electrodes compared with the bare GCE, with
A2-AgNPs/MIL-101 exhibiting the highest peak currents.
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EIS results revealed low charge-transfer resistance and
improved conductivity due to the optimal distribution of
AgNPs. Therefore, A2-AgNPs/MIL-101/GCE was selected
for subsequent studies and denoted as AgNPs/MIL-
101/GCE.

e AT-AGNPSMIL101
A2 AGNPSMIL101
A3AGNPSMIL.101

—— A4 AGNPSMIL101

401 ——nghPs

Figure 3.24. (a) CV curves, (b) peak currents on different
electrodes, and (c) EIS Nyquist plots of GCE, MIL-
101/GCE, and AgNPs/MIL-101/GCE.

3.3.1.2. Effect of pH

CV results indicated that the oxidation of URA, XAT, and
HPX is pH-dependent. The maximum peak currents for URA
and XAT were obtained at pH 4, while HPX showed its highest
response at pH 6; however, pH 4 was selected for simultaneous
determination. The peak potential (Ep) shifted linearly with pH
with a slope of —0.059 V/pH, suggesting equal numbers of
protons and electrons involved in the redox process.

12



11pA

Figure 3.25. (a) CV curves of CURA = CXAT = CHPX =25
uM at different pH values, (b) variation of peak current with
pH, and (c) linear relationship between Ep and pH (n = 3).

3.3.1.3. Effect of Scan Rate

As the scan rate increased from 0.05 to 0.3 V s7!, the
oxidation peak potentials shifted toward more positive values,
indicating irreversible oxidation processes for URA, XAT,
and HPX. The linear relationship between peak current and
v!/2 with high correlation coefficients but non-zero
intercepts, suggests that the electrochemical process is
predominantly adsorption-controlled. Analysis of the Ep—Inv
plots using Laviron’s equation yielded an values of 0.76—
1.01. Assuming a = 0.5, the number of transferred electrons
was estimated to be approximately 2 for all three analytes,
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consistent with the reported oxidation mechanisms involving
equal numbers of protons and electrons.
3.3.1.4. Optimization of DP-ASV Parameters

Optimization of DP-ASV parameters is essential
because they directly affect the sensitivity, selectivity, and
accuracy of electrochemical measurements. DP-ASV
experiments were performed in 0.1 M BR buffer (pH 4.0).
The optimal conditions were found to be an accumulation
potential of —0.5 V, an accumulation time of 5 s, a pulse
amplitude of 0.1 V, and a step potential of 0.009 V, which
provided the best electrochemical responses.
3.3.1.5. Effect of Interfering Substances

The influence of common inorganic ions and organic
compounds was evaluated at 5 uM of URA, XAT, and HPX in
BR buffer (pH 4.0). Interference limits were defined at a relative
error (RE%) < 5%. The results showed that 60—100-fold excess
of inorganic salts and 80-100-fold excess of organic species
(urea, glucose, L-cysteine, sodium benzoate, etc.) did not
significantly affect the response (RE% < 5%). These findings
indicate that the AgNPs/MIL-101/GCE electrode exhibits good
selectivity with minimal interference.
3.3.2. Evaluation of the DP-ASV Method with
AgNPs/MIL-101/GCE
3.3.2.1. Linear Range, Limit of Detection (LOD), and Limit
of Quantification (LOQ)

DP-ASV measurements showed that the peak current
(Ip) increased linearly with the concentrations of URA, XAT,
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and HPX in two ranges (0.5-4.93 uM and 4.93-23.26 uM), with
high correlation coefficients (R? = 0.9872—0.9980). In the low-
concentration range, the slopes were 0.7889, 0.9918, and 0.6099
for URA, XAT, and HPX, respectively. The LODs (3Syx/b) in
the range 0.5-4.93 uM were 0.36 uM (60.5 ppb) for URA, 0.22
uM (33.5 ppb) for XAT, and 0.25 uM (34.0 ppb) for HPX,
while the corresponding LOQs were 1.20, 0.73, and 0.83 uM.
Notably, the HPX signal was significantly improved, yielding a
lower LOD compared with previous reports.
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Figure 3.32. (a) DP-ASV curves of URA, XAT, and HPX
(Cura = Cxar = Cupx = 0.5-23.26 uM) on AgNPs/MIL-
101/GCE, and (b) calibration plots of peak current versus

concentrations of URA, XAT, and HPX.
In the interference study (one analyte varied from 0.50—
493 uM while the others were fixed at 4.93 uM), linear
responses with R?>0.995 and similar slopes were obtained. The
LODs (0.32, 0.27, and 0.21 uM for URA, XAT, and HPX,
respectively) were comparable to those from simultaneous
analysis, indicating negligible mutual interference.
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3.3.2.2. Repeatability, Reproducibility and Stability

The method exhibited good repeatability, reproducibility,
and stability. Intraday repeatability assessed at five
concentration levels (1.0-23.3 uM) yielded HorRat values
below 0.5. Reproducibility among seven independently
prepared electrodes showed RSD values of 2.0% (URA), 1.2%
(XAT), and 2.5% (HPX). After 7 days of storage, the sensor
retained 95.1-96.4% of its initial response, with RSD values
below 3.0%. One-way ANOVA indicated no statistically
significant differences in peak currents over the 7-day period.
3.3.3. Simultaneous Determination of URA, XAT, and HPX
in Urine Samples

Urine samples from three healthy volunteers were
centrifuged, diluted, and analyzed for URA, XAT, and HPX
by DP-ASV, with recoveries of 97.4—104.2%. Student’s t-test
showed no significant difference compared with HPLC
results (#(5) = 0.064, p = 0.952 > 0.05), confirming the
reliability of the method. HPX was not detected in the
samples, consistent with purine metabolism in healthy
individuals and previous reports.
34. MODIFICATION OF A GLASSY CARBON
ELECTRODE WITH MIL-101/RGO FOR THE
DETERMINATION OF CIPROFLOXACIN
34.1. Optimization of Experimental Conditions for
Ciprofloxacin Determination
3.4.1.1. Selection of the Modified Electrode

As shown in Figure 3.35a, CPR exhibited only a weak
oxidation peak at the bare GCE, whereas significantly

16



enhanced signals were observed at the modified electrodes
(MIL-101, rGO, and MIL-101/rGO). The MIL-101/+rGO
composite showed higher peak currents than the individual
components, indicating a synergistic effect between the
adsorption capacity of MIL-101 and the conductivity of rGO.
Among the tested electrodes, MIL-101/rGO (3.3)/GCE
provided the highest peak current and best repeatability and
was therefore selected for subsequent studies (hereafter
denoted as MIL-101/rGO/GCE).

180 -
—— GCE khong ¢6 CPR ol
180 —_goe (a)
140 4 Go
—rGO

209 M0t
100 4 MIL-101/rGO(10)

o] MIL-101/rGO(5)
~———MIL-101/rGO(3,3)
609 ——MIL-101/rGO(2,5)
0] ——MIL-101/rGO(2)

204
0]
20

113A

00 02 04 06 08 10 12 14 16 18

G
EIV &

¥ A0 3) A) 3
S e o ot o
A A

Figure 3.35. (a) CV curves of 15 uM CPR recorded at
different electrodes and (b) comparison of the corresponding
peak currents (n = 3).

3.4.1.2. Effect of pH

The oxidation peak current of CPR increased with pH
up to 4.0 and decreased at higher pH values; therefore, pH 4.0
was selected as the optimum condition. The oxidation peak
potential shifted toward less positive values with increasing
pH and showed a linear dependence on pH (R?=0.9778). The
slope (~—0.066 V pH™), close to the Nernstian value (—0.059
V pH™), indicates a proton-coupled electron transfer process
involving equal numbers of protons and electrons.
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Figure 3.36. (a) CV curves of 15 uM CPR recorded at MIL-
101/rGO/GCE at different pH values, (b) variation of peak current with
pH, and (c) linear relationship between peak potential and pH (n=23).

3.4.1.3. Effect of Scan Rate

The oxidation peak current of CPR increased linearly

with v/2 (R?=0.9892), indicating a predominantly diffusion-
controlled process, while the positive shift of Ep with
increasing scan rate confirmed the irreversible nature of the
reaction. The Ep-Inv relationship followed Laviron’s
equation (R?=0.9895), yielding an an value of approximately
1.6. Combined with the pH study, the oxidation of CPR at
MIL-101/rGO/GCE 1is proposed to proceed via a two-
electron/two-proton transfer mechanism.

3.4.1.4. Optimization of DP-ASV Parameters

The DP-ASV  operational parameters, including

accumulation potential (Eu..c), accumulation time (Z.), pulse
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amplitude (41E), and potential step (Usep), were investigated. The
optimized values (Euwe =0V, tace =4 8, AE=0.11 V, Ussep = 0.01
V) were selected as they provided the maximum oxidation peak
current of CPR while maintaining well-defined, stable, and high-
quality signals.

3.4.1.5. Effect of Interfering Substances

The selectivity of the sensor was evaluated in the
presence of common inorganic ions and organic compounds.
Most interferents, even at 100-fold higher concentrations than
CPR, showed negligible effects (deviation < 5%). These
results demonstrate that the proposed sensor exhibits good
selectivity and high anti-interference ability for CPR
determination in complex matrices.

3.4.2. Evaluation of the DP-ASV Method Using MIL-
101/rGO-Modified GCE
3.4.2.1. Linear Range, Limit of Detection (LOD), and Limit
of Quantification (LOQ)

DP-ASV on MIL-101/rGO/GCE exhibited two linear
ranges (0.25-9.41 pM and 9.41-24.39 uM) with excellent
linearity (R? = 0.9990-0.9992). The LOD and LOQ in the low-
concentration range were 0.11 uM (36.5 ppb) and 0.36 uM,
respectively. The higher slope at low concentration (0.7109) is
attributed to efficient adsorption of CPR on active sites, while the
decreased slope at higher concentration (0.4247) suggests partial
surface saturation, though good linearity is still maintained.
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Figure 3.44. (a) DP-ASV curves recorded on MIL-
101/rGO/GCE and (b) calibration plot of oxidation peak
current versus CPR concentration (n = 3).

3.4.2.2. Repeatability, Reproducibility and Stability
The MIL-101/rGO/GCE sensor exhibited good

repeatability, reproducibility, and stability. Ten consecutive
DP-ASV measurements at CPR concentrations of 1.0-24.4
uM yielded RSD values lower than !2 Horwitz RSD.
Independently  prepared  electrodes  showed  good
reproducibility (RSD = 3.7%). The sensor retained 92.0% of
its initial response after 10 days of storage, with an RSD of
3.3%, confirming good long-term stability.
3.4.3. Determination of CPR in Pharmaceutical Samples

The practical applicability of the sensor was evaluated by
analyzing commercial pharmaceutical samples using the
standard addition method. Recoveries ranged from 95.9-
104.7%, which are acceptable according to AOAC guidelines
[189] (80—110% for 100 ppb—10 ppm levels). The determined
CPR contents were generally consistent with the labeled
amounts; however, one tablet showed a statistically
significant difference from the nominal value of 500 mg
(assuming the label value is exact). Nevertheless, the
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measured content remained within 95-105% of the label
claim, meeting the acceptance criteria of the Vietnamese
Pharmacopoeia [152] for marketed pharmaceuticals. Thus,
the observed deviation is likely attributable to manufacturing
variability rather than systematic analytical error.

CONCLUSION

This dissertation focused on the synthesis of MIL-101 and
MIL-101-based composites and their application in
electrochemical sensing of organic compounds in urine and
pharmaceutical samples. Based on these materials, modified
glassy carbon electrodes were developed and applied for
voltammetric analysis. The main conclusions are summarized
as follows:

1. Synthesis and characterization of MIL-101 and MIL-
101-based materials

MIL-101 was successfully synthesized by a
hydrothermal method with an optimized reaction time of 8 h,
yielding a material with the characteristic MIL-101 crystal
structure, uniform octahedral morphology, and a high specific
surface area of 2,515.4 m? g'. AgNPs/MIL-101 and MIL-
101/rfGO composites were subsequently prepared via post-
synthetic modification. AgNPs were uniformly dispersed on
the MIL-101 framework, while MIL-101/rGO exhibited
effective integration between the MOF and rGO components.
The  synthesized materials were  comprehensively
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characterized by XRD, Raman, SEM, TEM, UV—-Vis DRS,
BET, EDX mapping, and XPS, confirming their successful
preparation.

2. Application of MIL-101/GCE for the determination
of URA and THE

MIL-101/GCE was developed for the simultaneous
determination of URA and THE by DP-ASV. Good linear
responses were obtained over two concentration ranges (0.20—
1.69 and 1.69-4.55 uM). The LODs were 0.12 uM (20.2 ppb)
for URA and 0.13 uM (23.4 ppb) for THE, while the
corresponding LOQs were 0.40 and 0.43 uM. The method was
successfully applied to human urine samples with satisfactory
accuracy and reliability, demonstrating the potential of MIL-
101/GCE as a sensitive electrochemical sensing platform.

3. Application of AgNPs/MIL-101/GCE for the
determination of URA, XAT, and HPX

AgNPs/MIL-101/GCE  was employed for the
simultaneous determination of URA, XAT, and HPX by DP-
ASV. Two linear ranges (0.50-4.93 and 4.93-23.26 uM)
were obtained, with LODs of 0.36, 0.22, and 0.25 uM for
URA, XAT, and HPX, respectively. The synergistic effect
between AgNPs and MIL-101 enhanced conductivity and
analytical sensitivity, enabling simultaneous detection of the
three purine derivatives. Results obtained for human urine
samples showed no statistically significant difference from
those of the reference HPLC method.
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4. Application of MIL-101/rGO/GCE for the
determination of CPR

MIL-101/rGO/GCE was developed for the determination
of CPR by DP-ASV. The method showed good linearity over
two concentration ranges (0.25-9.41 and 9.41-24.39 uM), with
an LOD of 0.11 uM (36.5 ppb) and an LOQ of 0.36 uM.
Incorporation of rGO improved charge-transfer efficiency and
enhanced sensitivity compared with the individual materials.
The method was successfully applied to pharmaceutical
samples with satisfactory analytical accuracy.
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