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Abstract: This paper discusses the electrochemical behavior of antiviral drug Tenofovir (TFV) and 
its possible applicability towards electroanalytical determ ination with diverse detection strategies 
using square-wave voltammetry. Namely, oxidation processes were investigated using glassy carbon 
electrode with graphene oxide surface modification (GO/GCE), while the reduction processes, related 
to the studied analyte, were analyzed at a renewable silver amalgam electrode (Hg(Ag)FE). Scanning 
electron microscopy imaging confirmed the successful deposition of GO at the electrode surface. 
Catalytic properties of graphene oxide were exposed while being compared with those of bare 
GCE. The resultant modification of GCE w ith GO enhanced the electroactive surface area by 50% 
in com parison to the bare one. At both electrodes, i.e., GO/GCE and Hg(Ag)FE, the TFV response 
was used to examine and optimize the influence of square-wave excitation parameters, i.e., square 
wave frequency, step potential and amplitude, and supporting electrolyte com position and its pH. 
Broad selectivity studies were performed with miscellaneous interfering agents influence, including 
ascorbic acid, selected saccharides and aminoacids, metal ions, non-opioid analgesic metamizole, 
non-steroidal anti-inflammatory drug omeprazole, and several drugs used along with TFV treatment. 
The linear concentration range for TFV determination at GO/GCE and Hg(Ag)FE was found to be
0.3-30.0 pmol L-1 and 0.5-7.0 pmol L-1, respectively. The lowest LOD was calculated for GO/GCE 
and was equal to 48.6 nmol L-1 . The developed procedure was used to detect TFV in pharmaceutical 
formulations and patient urine samples and has referenced utilization in HPLC studies.
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1. Introduction

A cco rd in g  to  th e  C en ter for D isease  C o n tro l an d  P rev en tio n  (C D C ) stu d y  fro m  2021,
o v e r a m illio n  p eo p le  o v e r  th e  ag e  o f 13 w e re  in fected  w ith  th e  H IV  v iru s  in  th e  U SA , 
w h ereas , as rep o rted  b y  W orld  H e a lth  O rg an iza tio n  (W H O ) an d  th e  U n ited  N atio n s p ro ­
gram  for A cqu ired  Im m u nod eficiency  Synd rom e p revention  (U N A ID S), in  the entire w orld , 
th e  n u m b e r o f p eo p le  w ith  H IV / A ID S  w as estim ated  a t th e  end  o f 2020  a t ap p ro x im ate ly  
38  m illio n  (3 m illio n  m o re  th a n  in  20 1 3 ) [1] . A ID S  is cau se d  b y  in fe c tio n  w ith  H IV -1 and  
H IV -2, w h ich  b elong  to  the retrovirus fam ily. H IV-1 is encou ntered  w orld w id e in  epidem ic 
p ro p o rtio n s, w h ile  th e  p re v a le n ce  o f H IV -2 is  lim ited  to  W est A frica  [2 ] . W ith in  15 y ears, 
th e  m o rta lity  ra te  o f p a tien ts  in fected  w ith  H IV  d ecreased  b y  a t  lea st 50% , w h ich  h a s  led
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to  th e  re co g n itio n  o f  A ID S  as a ch ro n ic  d ise a se  in stead  o f fa ta l o n e  [3 ]. T h e  n u m b e r o f 
d ea th s  d ecreased  sh arp ly  a fte r  H A A R T  (H ig h ly  A ctiv e  A n tire tro v ira l T h e ra p y ) w h ich  
w as in tro d u ced  in  1990. O n e  o f th e  g ro u p s o f d ru g s to  co m b a t H IV  in fe c tio n  in clu d es 
N R T Is (n u cleo sid e  rev erse  tra n scr ip ta se  in h ib ito fs ), aepre sen ted  b y  T en o fo v ir (TFV"; 1-(6- 
am in o p u rin -9 -y l) p ro p a n -2 -y lo x y m e th y lp h o sp h o m c acid ; F ig u re  1) [4 ], w h ich  w o rk s  b y  
co m p etin g  w ith  d eo xy ad en o zy n o -5-trip h o sp h ate .

Figure 1. Structural formula of TFV.

M an y  ch ro m atog rap h ic and sp ectrop h oto m etric  m eth o d s for T enofovir d etection  are 
k now n [5- 9 ], w h ile  there are; only  (ew  electoochem ical ones [10- 14] . D ue to sensitivity , the 
cath o d ic p o ten tia l w ind ow , and reprodu cib ility , m ercu ry  e lectrod es a (e  unique;. Currently , 
th ere  is a  tren d  fo r th e  u se  o f G re  en  C F em istry , w h ich  re lie  s o n  d ecrea  sin g  o f  e v en  e lim i­
n a tin g  h arm fu l co m p o u n d s d u rin g  a n a ly sis . Tw o g ro u p s o f research ers  h av e  p resen ted  
a m a lg a m  e le ctro d e s (b ased  o n  d en ta l a m alg am s an d  m e ta l a m a lg a m a te d  pow d ern) as 
en v iro n m en ta lly  fr ie n d ly  a ltern a tiv es  fo r m ercu ry  elec3rodes [15, 16] . T h e  n e x t in n o v ativ e  
ty p e  th a t has b een  in trod u ced  is th e  ren ew ab le  si(ver am alg am  film  electrod  e (H glA g )FE ) 
d ev e lo p e d  b y  K o w a lsk i an d  B aś [17,18] . A m a lg e m  film  e lectro d es d esig n e d  b y  B . B aś 
w ere  successfully! u sed  in  v ario u s an a ly tica l ap p lica tio n s, e .g ., ehe d etee m in rtio n  o f m etal 
ions, v itam in s, p esticid es, and d rugs [19- 2 4 ] . A m algam  e lectrod es have m any ad vantages, 
su ch  as n o g ativ e  w o rk in g  p o ten tia is , lo n g -te rm  activ ity , g oo d  sen sitiv ity , m e ch a n ica l sta- 
bitiay, love to x ic ity  (co m p ared  w ith  claso ical m ercu ry  e lectro d es), ond  q u ick  pretreaem ene 
p ro ced u res . B o th  th e  m e rcu ry  an d  am n lg am  e le ctro d e s  o p era te  a t n eg a tiv e  p o ten tia ls  
an d  are  n o t su itab le  fo r e le c tro c h e m ic a l^  activ e  co m p o u n d s o x id a tio n . In  th e  p o aitive  
p o ten tia l w in d o w , th e  b e s t ch o ice  are  so lid  e lectro d es su ch  as g la ssy  ca rb o n  o lectrod es 
(G C E s)— on e o f th e  m o st p o p u la r  onee cu rre n tiy  [25- 2 7 ]— as th e y  o ffer  h ig h  ch em ica l 
in ertn ess, fast refresh m en t proced u re, stability , and low  co sti. V arious substanceo are used  
to  m o d tfy  G C E s ' su rface  to  im p ro v r  th e  ca3alytic p ro p e rtie s , e le ctro activ e  area , y ie ld  o f 
th e  reactio n , o r She se lectiv ity  o f thn m easu rem en ts  [23,28- 30 ] . C u rse d ly , on e  o f th e  m o st 
p o p u lar m o F ifiers  are grap h en e and its d eriv ativ es. G rap h en e w as d isco v tred  in 2004 .3 1 ] 
an d , s in ce  th en , it  h as  b e e n  an  ob ]ect o f m a n y  stu d ies [32- 3 4 ] . Ao a 2 D  o n e -a to m  sh e et o f 
ca rb o n  ato m s in  ep2 h y b rid iz a tio n . g ra p h e n e  is u sed  in  many; fie ld s o f sc ien ce  b eca u se  o f 
its vario u s a d v an taees , tu ch  as exce llen t elecOricnl conductivity!, h ie h  tp e c ific  su rface  area, 
an d  th erm al an d  e lectrica l p ro p erties  [32 ,35- 37 ] . G rap h en e  ox id e  -G O ) is a  stru ctu re  co m ­
p ris in g  a sin g le -lay er g rap h ite  ox id e  w ith  h y d ro x y l, epoxy, carb o n y l, an d  q u in in e  gro u p s 
a i  fu n ctio n a l g ro u p s. T h e se  g ro u p s g e n era te  v e ry  g o o d  o leclro ch em io al an d  m e ch an ica l 
p roperties as w ell as a strongly  h otn op h ilic  character, w h ish  results in  oood  d iepersib ility  in 
vari ous so leen ts  [3 8 ] . In the last dec ade, graphene oxide bocam e very  populor as a w o rk ing 
e le ctro d e  m o d ifie r  [39- 4 2 ] . T h e  g oal o f th is  re sea rch  w as th e  co m p a ra tiv e  e x a m in a tio n  
o f th e  e le c tro ch em ica l b e h a v io r  (o x id a tio n  an d  re d u ctio n  o n  G O / G C E  an d  H g (A g )F E , 
re sp ectiv e ly ) o f Tenofovir. M o reo v er, in  th is  stud y, a  n ew  m eth o d  o f T F V  d eterm in a tio n



in  d ru g s, sp ik ed  u rin e , an d  p a tie n t u rin e  sam p les w as d ev elo p ed . R e ce iv e d  resu lts  w ere  
v erified  w ith  h ig h -p erfo rm an ce  liquid  ch ro m ato g rap h y  reference m eth o d .

2. Results and Discussion
2.1. P roperties an d  E lectrochem ical P erform an ce o f  the G O /G C  E lectrode

V ario u s m odifying; so lu tio n s b a se d  o n  n a n o m a te ria ls  w e re  tested  d u rin g  in tro d u c­
to ry  research . A m o n g  th e  tested  n a n o su b sta n ces  w ere , in te r a lia , g ra p h e n e  o x id e s  and  
carb o n  n an o tu b es. C o n clu sio n s ab o u t e ach  m o d ifier la y er p erfo rm an ce  w ere  d raw n  a fter 
co m p a riso n s  w ere  co n d u cte d  b e tw e e n  v o lta m m o g ra m s o b ta in ed  o n  m o d ified  an d  b are  
G C E. W ith  resp ect to T en ofo v ir's  signal shape and height, the b est results w ere obtained  on 
G C E  m o d ified  w ith  a g ra p h e n e  o x id e  aq u eo u s su sp e n sio n  (F ig u re  2 A ). A m o n g  d iffe ren t 
G O  co n te n t in  th e  su sp e n sio n , th e  o p tim al re sp o n se  w as reco rd ed  w ith  2 m g  x  m L -1  
(Figure 2A , left inset). N ext, variou s v o lu m es of th is susp ension  (0 .5 -4 .0  pL) w ere dropped 
o n to  a G C E  su rface  to  in v e stig a te  th e  in flu e n ce  o f th e  m o d ifie r 's  a m o u n t o n  T F V  p eaks. 
B ased  on the obtained  resu lts (Figure 2A , right inset), a volueae equ al to  1 pL w as selected  
fo r su b seq u en t stu d ies. Tire co m p ariso n  o f op tim ized  v o lta m m o g ra m  w ith  resp ect to  the 
type and con ten t o f tire m odifier in  re lation  to the bare g lassy  carbon  electrode is presented  
in  F ig u re  2 B . "The p o sitio n  o f th e  T en ofovir o x id a tio n  sign al is v irtu a lly  u n affected , b u t its 
h eig h t increases w h en  th e e  lectrod e surface is m adffied. T hat fact is exhibited  as an e ffect of 
m u ch  larger electroactive su rfaces w h en  com pared  to the; bare G C E .W h a t is w o rth  noticing 
is a lso  the ch an ges in th e  ov erall sh ap a o f th e  v o ltam m o g ram  (here, cf. F igu re  2B -low ered  
b rck g ro u n d  cu rre n t record ed  a t m ooe ° o s i t iv r  p o ten tia l) lh a t cause; im p ro v ed  sep ara tio n  
fro m  th e  su rre n t re la ted  to  th e  o x id a tio r  o f th e  e lectro d e  su r fsce  itse lf an d , th ere fo re , 
fa c ilita te  T F V  sig n a l ch aracb erization . T h e  e lectro d ee  p rep ared  tty; drop-casO ing 1 pL o f 
2 m g  x  m l.-1  G O  aq u eou s su sp en sio n  (G O bG C E) w ere  su b jected  to fu rth er stu d ies.

Figure 2. (A): TFV voltammograms recosded on GCE modified with GO suspensions. Concentrations 
of GO suspensions: 1 t r b x m L-  1 (dotted lme), 2 mg x mL-1  (solid line), 3 mg x m L-1  (dashed line); 
inset left: influence of concentration of GO suspension on TFV peak current; ioset right: influence GO 
suspension volume on TFV peak current; (B): Voltammograms of TFV recorded on bare GCE (dashed 
lme) and GO/ GCE (solid line).

S can n in g  e lectro n  m icro sco p y  w as u sed  to  ch aracterize  G C E  an d  G O / G C E  su rfaces. 
S E M  an a ly sis  sh o w ed  th a t th e  b are  g lassy  ca rb o n  e le ctro d e  e x h ib its  sm o o th  su rfaces  a p ­
p ro p ria te  fo r th e  d e p o sitio n  o f G O  (F ig u re  3 A ). T h e  G O  flak es are  u n ifo rm ly  a tta ch ed  to  
the su bstrate , creating  a con sisten t coating  w ith o u t h oles (Figure 3B ). The obtained  surface 
is ro u g h  d u e  to  th e  p resen ce  o f n o tice a b le  w rin k le s , w h ich  are  ty p ica l fo r G O  co atin g s. 
W rinkles are form ed  due to  w ater evap oration  d uring the d rying process of the G O  d isper­
sions [43 ] . Fabricated  w rin k les increase the active surface area o f a m odified  electrode. The 
m o rp h o lo g y  o f th e  p rep ared  G O  co a tin g  is co n sisten t w ith  th o se  p rev io u sly  rep orted  [44] .



Figure 3. SEM im ages of bare glassy carbon electrode (A) and glassy carbon electrode modified by 
graphene oxide (B) at 5000 x magnification.

T h en , th e  e le ctro a ctiv e  area  o f th e  G C E  an d  G O / G C E  -was estim a ted  fro m  cy clic  
v o lta m m o g ra m s o f tire h e x a cy a n o fe rra te  m o d e l red o x  sy stem . F o r  e le c lro ch e m ica lly  re ­
v e rs ib le  sy stem s, p e a k  cu rre n t ir  d e p e n d e n t o n  th e  e le ctro activ e  area  o f  th e  e lectro d e  

(A ): Ip = 2 .6 9  x  105 n 3/2 A C *  D 1/2 v 1/2, w h ere  n  is th e  n u m b e r o f e le ctro n s , is the 
con cen tration , v is tise scan  rate, and D  represents the d iffusion  coefficient. From  the slopes 
o f rp vs. "V 1/2, the e lectro activ e  su rfaces of th e  G O / G C  and G C  electrod es w ere  ca lcu lated  
and found to  be 2.46 and 1.66 m m 2, respectively. T herefore , the m od ified  e lectro d s had  an 
increased  su rface  area o f 148% . N ext, chronocou lom etric  m ersu rem en ts  w ere em ployed  to 
stu d y the su rfa ce of the G O /G C  and G C  electrod  es. O n the basi s o f the saturated  ad sorption  
cap acity  (SA C) of b arr and m odified  glassy  carbon  electto d e , Q  is prop ortionahy  d ep en d sn t 
to  t1/2 and m ay  lee d escribed  w ith  fo llo w in g  fo im u la  [e 5- 4 7 ] : Q  = [(2nFA cD 1/2t1/2)/7T1/2] 
+ Q ads + Qdl. w .e r e  Q ads is th e  ch arg e  o f t e e o x M afio h  o f th e  a d so rb e n  reag en t, Qdl is the 
d o u b le -la y e r  ch arg e , F is th e  F a ra d a y  co n stan t, an d  th e  o th er sy m b o ls h av e  m e a n in g  as 
d escrib e d  ab o v e . U sin g  th is e q u atio n , i t  w as ca lcu la ted  fh a t G O / G d E  h ad  an  in creased  
su rface  area  o f 156%  m  co m p a riso n  to  b are  G C E 1 . t  hao to  b e  m e n tio n e d  th a t th e  o n ly  
ono p ro b lem  o b serv e d  w h e n  w o rk in g  w ith  G O / G C E  w a s  she con raan t jia ra lle l  d rift o f 
th e  b ase lin e  in co n secu tiv e  m easu rem en ts (F igure 4 A ). Suah in stab ility  in she b ase lin e  can  
ca u se  p ro b lem s nr e v e n  m ad e th e  d e te rm ie a tio n  p ro eess im p o ssib le . H e n ce , to  im p ro v e  
b a stlin e  stability, G O / G C E  w as sycled  in  the supp orting  electro lyte in  a p o larization  range 
o f 1.5 V  (from  0 .5  V  to  12.0 V )t V o ltam m o g ram s record ed  fo r  b lan k s a fte r  cy c liz a tio n  w ere  
im p roved  (F igure 4 B ).

Figure 4. SW voltammograms recorded in supporting electrolyte on GO/GC electrode— (A): without 
cyclization; (B): after cyclization.

2.2. E lectrochem ical B ehav ior o f  Tenofovir

T h e e le c tro ch em ica l b e h a v io r  o f T en ofo v ir w a s  stu d ied  in  a b ro a d  p H  ran g e  as the 
acid ity  o f the analyzed  so lu tion  is one o f the m ain  factors in flu encing  v o ltam etric  response



o f p h arm aceu tica ls . O n  G O / G C E , p re lim in ary  stu d ies w ere  co n d u cte d in  B R b u ffe rs  in  a 
p H  ran g e  1 .6 -8 .0  (F igu re  r A ). A s th e  h ig h e st sig n als  w ere  record ed  in  s tro n g ly  ecid ic  p H , 
tine; n e x t exam in ed  su p p o rtin g  e lectro ly tes w ere  b ased  o n  c iira te -p h o sp h a te  .and ch lorid e  
°u ffe rs , b u t good  resu lts w ere  not; ob served . D u e io  th is ob serv ation , th e  B R  b u ffer w ith  га 
p H  o° 2.0 w ar ch osen  fs r  fu rth er stu d ies. B R  b u ffers w ere also used  in p relim in ary  siud iea 
ro n d u cte d  o n  H g (A e )F E . T F V  sig n als  w e re  o b seav ed  in  o  p H  ran g e  o f 21.0-6.0 w ith  the 
h ig h est ones recerd ed  in p H  2.51. To ch eck  w h eth er o thar b u ffers  can  offer s ign als  of b etter 
m o rp h ology  end  height and taking into accou nt thae the h igh est T FV  signals w ere observed 
in  ecid ic BR  P uffers, tw o other bluffers w ere e x rm in e d : crtrate b u ifer (pH  1 .5 -3 .5 ) and c itra te - 
p h esp h ate  b u f(sr  (pH  12.0-3.5 ). T he b est reru lts w ere  ob ta ined  ln c itrete  p h o sp h ate  buffees 
(F igure 5 B ). A  c itra te -p h o sp h a te  b u ffer o f p H  2.5 w as selected  for su b seq u en t stu d ies.

E  |V| E  |V]

Figure 5. (A): SW voltammogeamT of1 TFV recorded on GO/GCE in a Britton-Robinson buffer at 
pH: a : 1.6, lb: 12.0, c: 2 .5, d : 3.0. Inset: influence ot BR boffer pH on TFV oeak current. (B): SW 
voltammograms of TFV recorded on Hg(Ag)FE in aitrate phosphate buffer at pH: a: 22.0, b: 2 .5, c: 3.0, 
d: 3.5.

O f title p lethora oh electrochem ical techniqu es that are available. cyclic v o ltam m etry  has 
h eco m e as a  p rim ary  ch o ice , e sp ecia liy  fo r th e  ch aracteriza tio n  o f u n d eterm in ed  reactio n  
m ech an ism s. T h e  p erfo rm an ce  ease  an d  in fo rm a tio n  rich n ess  rv a ila lrle  fo r su ch  a sim p  le 
c u t r e n t - p o ten tiiil resp o n se  analyeie  p ro v id e  an  eo ten siv e  a n a iy tica l to o l esta b lish e d  fo r 
electrochem ical response in terpretation . C onsequently , in  eho next step , cyclic vo ltam m etry  
w as used  to ch aracterize  th e  n atu re  o1 the T F V  e lectro d e  reaction . T h ereforef th e  in fluence 
o f th e  scan  rate  (v) on  th e  T F V  p eak  cu rren t F f°  at b o th  e lectro d es w as in tp ected .

A  proposed  m echanism  for the TFV  red uction  on H g(A g)FE is provided  in  Schem e 1:

T FV  + H + 4 v TFVH  +
1. A h c o rp tio r  o f te c  пр1р1ус1 fo llo w ed  b y  р г о . о прЬ оп : о * ) ) (ads);

2  . R e h u r t io r  in  th c  peotorrnted fo rm  o f tire sitelrect: TFVH  + d s T FV H ([lds) ;

3 . 2.TFVHfe f ) ------ e 2TFVfge -e H 2.

Schem e 1. Suggested mechanism o( Tenofovir electrochemical reduction.

T h is m ech an is  m  su g g ests th a t th e  e lectro ch em ica l re actio n  is an  irrev ersib le  p rocess. 
Irreversib ility  is confirm ed  by  a few  factors. F irst, as depicted  in F igure 6A , no anodic peak 
w as observed on the recorded cyclic vo ltam m ogram . The sam e evid ence can  be noted  from  
the course o f forw ard  and backw ard  com p on en ts in squ are w av e vo ltam m etry  (Figure 6B ).



Figure 6. (A): Cyclic voltam mograms of TFV (scan rates: 10, 30, 50 ,100 , 200, 300, and 400 m V-s-1 ) 
on Hg(Ag)FE; (B): SW voltam mograms of TFV (Ct f v  = 1.0 x 10 -5  m ol-L- 1 ) (solid line) including 
components: forward (dashed line) and backward (dotted line) on Hg(Ag)FE.

Second , linear dep end ence betw een  the: scan rate and Tenofovir p eak  currents together 
w ith  thn TFV  pe ak p otential sh ifted  to m ore n egative valu es u p on  the increase tn scon ratu, 
an d  th is is ty p ica l fo r  irre v e rsib le  ca th o d ic  p ro cesses. N ex t, to  e x a m in e  if th e  e lectro d e  
p ro cess is con tro lled  b y  ad sorp tion  or d iffu sion , th e  d ep en d en ce  beUween l og  I f  ond log  v 
w as co n stru cled  and th is prod u ced  a slo p e  of 1.05, w h ich  is co n sisten l w ith  th e  theoretical 
v a lu e  of 1.0 and c h aracteristic  o f e lectro d e  o ro cesses  w h ere  ad sorp tion  takes p lace  [4 8 ] .

T h e  facts p resen ted  ab ove, to g eth er w ith  d ru g  ch em ica l stru ctu re  and the featu res of 
p eak  p o te n t ia l  p o in t out: to a C H E  (cata ly tic  h y d ro g e n  evodution reaction ) m ech an ism , as 
in d ica te d  ini S ch e m e  1, w ith  a h ig h  pro bab ility . T h e o re tica l a n !  e x p e rim e n ta l stu d ies o f 
cata ly tic  h yd rog en  ev o lu tio n  reaction  tak in g  p lace  u n d er the p rev alen ce  o i e lectro cato ly ti- 
ca ily  active com p ou n d s are reported  in the literatu re [4 9 ] . Usually; freq u ency  e ffect during 
electrochem ical stu d ies w ith in  squ are-w  ave vo l)am m etry  оf the com pou nd  p o ssessing  such  
electrocataly tic p roperties are suggested  [24 ,50- 5 2 f. H iv in g  this in  m ind , the observation  of 
She 5 x  10“S M  TFV  peak cu rrent u n d er the effect of squ are-w ave hrevuency w as pvrform ed. 
The- received  characteristic shap es, i.e ., p arabolic avd exp onential, of d ep end encies Ip  = fd") 
e n d  dpi-1  = f ( f) , respectively) are  c o n s is te n i w ith  th e  th e o ry  o f  C H E  re a c tio n  m ech an ism . 
W ith  th e  ab o v e -m e n tio n e d  in fo r m a tio n  it ca n  1st ra tio n a liz ed  th a t T en o fo v ir p la  ys a ro le  
e f  in  C h eC H E  e le c tro ca ta ly st ond  th e  o v era ll m e ch a n ism  is cu b jected  to  th e  e q u a tio n ) 
p ro v id e  d in S ch em e 1.

A  s im ila r irre v e rsib le  b eh a v io r  o f T en o fo v ir w as o b serv ed  o n  G O / G C E  (F ig u re  7A ). 
A s e v id e n i fcom  th e  an o d ic  p v rt o f th e  C V  scan  a t G O  /G C E , an  o n id ation  p ro cess o f T F V  
w as ob served  at ca . 1 .5  V. D u rin g  th e  p o ten tia l reverse , no ch an g es in th e  resid u al cu rren t 
w ere n oticed , su g g estin g  com pletely  irreversib le  process d u rin g  Tenofovir e lectrochem ical 
oxidation. M oreover, w ith  increasing scan  rate (from  10 m V  s -  1 to  500 m V  s -  *), TFV  peak 
p o ten tia ls  sh ifted  to  m o re  p o sitiv e  v a lu e s , co n firm in g  th e  irre v e rs ib ility  o f th e  e lectro d e  
procesnes [48] . T h is w as a lso  p ro v en  w ith  a equ are-w av e v o l tam m etry  e x p erim en t w h ere  
th e  co m p o n e n ts  o f th e  re su ltin g  cu rre n t w ere  o f th e  sam e s ig n  (F ig u re  713). A s o b serv e d , 
only  the signal on the forw nrd com penevo can  b t  observed , suggestin g  the occu rrence of an 
n x id a tio n  p ro cess w ith o u t th e  p resen ce  o f anty fu rth er e lectro ch em ica l red u ctio n  received  
f io m th e  uxid ized  p ro d u ct, w h ich  w ouM  b e  ob served  during" a b ackw ard  p o ten tia l p u lse.

N orm ally, relevant inform ation about the m echanism  of the electrode reaction (diffusion­
con tro lled  or ad sorp tion -con tro lled ) m ay  b e  ach iev ed  from  th e  re latio n sh ip  b etw een  p eak  
cu rren t (Ip ) and scan  rate  (v ) or its squ are  root (v1 /2 ). In  th e  case  o f TFV , no reliab le  co n clu ­
sio n s m ay  b e  d raw n  from  b o th  d ep en d en cies. S u ch  b eh av io r w as observed  p rev io u sly  for 
com p ou n d s w ith  sim ilar chem ical stru cture [53] . N ext, the relationsh ip  b etw een  log  I p  and 
log  v  w as exam in ed . A s it is know n, v a lu es o f slo p e  fo r log  Ip  vs. log  v  d ep en d en ce  are ex ­
pected  to  be  1.0 for ad sorp tion -con tro lled  and 0.5 for d iffu sion-contro lled  reactions [48 ,5 4 ].



T h e  m e n tio n e d  d ep en d e n ce  p ro d u ced  a s lo p e  o f  0 .72  (R 2 = 0 .9 9 5 5 ), in d ica tin g  th a t the 
o x id a tio n  cu rre n t is o f m ix ed  n atu re . In  th e  n e x t s tep , th e  n u m b e r o f e le ctro n s in v o lv ed  
in  th e  e lectro o x id a tio n  o f T FV  w as estab lish ed . In  C V  exp erim en ts , th e  d ep en d en ce  o f E p 
on  In v  w as d escribed  b y  eq u atio n  E p [V] = 0 .0248  ln v  [V s _ 1 ] + 1.42. To ca lcu late  n u m ber 
o f th e  e lectro n s tra n sferred  in  th e  ra te  d e te rm in in g  step , L a v iro n 's  e q u atio n , E p [V] = E° 
+ R T ln v / (1  -  a )n F , (w h ere  a  is th e  e le ctro n  tra n sfer  co e ffic ien t an d  E 0 is th e  stan d ard  
p o ten tia l), -was u sed . W ith  a  a tru m e d  as 0 .5  [55], th e  n u m b e r o f e lectro n s 'was ca lcu la ted  
to  b e  2 .07 . In  ad d itio n , th e  n u m b e r o f e lectro n s w as a lso  ca lcu la ted  fro m  th e  re la tio n sh ip  
b e tw e e n  h a lf-p e ck  h e ig h t p o ten tia l an d  p e a k  p o ten tia l I Ep — Epc2 I = 4 7 .7 / (a n ) [5 t ,5 7 ] . 
C o n sid e rin g  a  = 0 .5 , th e  nu m ben o t e lectro n s w as n  = 2 .0 9 6  to 2. T ak in g  in to  a cco u n t 
fectors d escribed  ab ove, w e  su g g est th a i T F V  o x id ation  occu rs sim ila rly  to  ad en in e oxid  a- 
tion  t5C-5 C ]. A d enine ox id atien  in v o lv e stw o  oxidntion steps w h ere  the first one, 2e-process, 
is th e  ra te -d eterm in in g  step  and p ro vid es th e  2 -o xo ad en in e  p ro d u ct [57,59 ,6 0 ]. A s a Teno­
fo v ir  m o le cu le  co n ta in t a d en in e  m o ie ty  an d  9he n u m b e r o f e lectro n s tran sferred  in  the 
ra te -ae term in in g  atep is con sisten t w rth those k n ow n  foe ad en ine, the p ossib le  path w ay  of 
T enofovir ox id ation  is p ro v id ed  in S ch em e 5.

]° igure 7. (A): Cyclic voltammegram o . TFV recorded on GO/GCE; (B): SW voltammograms of TFV 
(solid line) including components: forward (dashed line) and backward (dotted line).

Schem e 2. Suggested pathway of TFV oxidation.

2.3. A n aly tica l S tudies  
12.3.1. C a lib ration  C u rv e

The calibration  cu rve for Tenofovir w as evaluated  un d er optim al cond itions using both  
e lectrode reactions: red uction  on H g(A g)FE and oxid ation  on (GO/GCE. O n silver am algam  
e le ctro d e , th e  p e a k  cu rre n t in  creased  lin e a rly  w ith  T F V  co  n ce n tra tio n  fro  m  5.0 x  10 -7 ao 
7.0 x  10“6 m ol L_1 (F ig u re  8 A ). W h e n  a g rap h en e  o x id e  m odifaed G C  e lectro d e  w as u sed , 
th e  lin e a r  ran g e  starSed fro m  3 .0  x  10_7 an d  e n d ed  a t 3 .0  x  10“5 m o l L -1 (F ig u re  813). 
F o r  b o th  m e th o d s , th e  lim it o f d e tec tio n  (L O D ) w a s  ca lcu la ted , an d  th is  w as e q u al to  
1.35 x  10 - 7  m o l L - i  an d  4 .8 6  x  1 0 - 8  m o l L -1 fo r H g (A g )F E  an d  G O / G C E 2 resp ectiv ely . 
Tire ca lib ra tion  cu rv e 's  statistica l o aram eters  are listed  in Table 1 . /2s can  b e  ob served  that 
tire low  v alu es o f co e ffic ien t o f v a r ia tio n  confarm ed good  rev ro d u cib ility  an d  precis io n  of 
th e  p ro p osed  proced u re.



Figure 8. SW voltam mograms o f  TFV. (A). On Hg(Ag)FE, a: 5.0 x 10 7, b: 7.0 x 10 7, c: 1.0 x 10 6, 
d: 3.0 x 10-6, e: 5.0 x 10~6, f: 7.0 x 1СГ6 mol L-1; (B). On GO/GCE, a: 5.0 x 10~7, b: 1.0 x 10-6, 
c: 5.0 X 10-6, d: 1.0 x 1065, e: 2.0 x 10-5, f: 3.0 x 10-5 mol L-1; each inset: corresponding calibra­
tion curve.

Table 1. Regression parameters for quantitative determination of TFV on Hg(Ag)FE and GO/GCE.

H0(Ag)FE GO/GC

Linear range (mol L 1) 5.0 x 10-7-7 .0  x 10-6 3.0 x 10-7-3 .0  x 10-5
LOD (mol L-1) 1.35 x 1 0 -  7 4.86 x 10-8
LOQ (mol L-1) 4.48 x 10-7 1.X2 x 10-7

R2 0.9999 0.9992
Reproducibility of the peak current, CV (%) (5.(5 6.7

Reproducibility of the peak potential, CV (%) 2.5 -4.3
Repeatability o° tire procedure, CV (%) 3.9 3.8

F o r th e  sak e  a f  co m p a riso n , th e  lin e ar ran g e  w as a lso  e v a lu a te d  fo r b are  G C E , and  
th is  w as fo u n d  to  b e  7 .0  x  10-1-7 .0  x  10-6 m o l L -1 . T ak ing  in to  a cco u n t th e  resu lts  
d escrib e d  ab o v e , G O / G C E  (ra th er th an  b are  g la ssy  ca rb o n  e lectro d e) w as ch o se n  fo r 
su b seq u e n t e x p e rim e n ts  b a se d  o n  T F V  o x id a tio n . C o n sid e rin g  o th er  e le ctro ch em ica l 
m e th o d s o f T F V  d e term in a tio n  in  th e  lite ra tu re  an d  th o se  p resen ted  in  th is m a n u scrip t 
(cf. Table 2), it can  b e  con clu d ed  th a t the d ev elop ed  m eth o d o lo g y  has sev era l ad van tages. 
T h e  lin e ar co n cen tra tio n  ran g e  lay s in  th e  su b m icro m o lar reg io n , w h ile  m o st o f rep o rted  
in  o th er p ap ers  are  m icro m o la r an d  h ig h e r  [10- 12], an d  o n ly  o n e  o f th e  m e th o d s is m o re 
sen sitiv e  in  Ohfs re sp ect [13 ] . M o reov er, it  is w o rth  m e n tio n in g  th a t th e  m eth o d  u sm g  
ox id ation  at G O / G C E  cov ers a fu ll tw o-fo ld  con cen tratio n  range, w h ich  is n o t so  com m on 
w ith in  o th er  e le c tro ch em ica l m e th o d s o f T F V  d etectio n . T h e  a n a ly tica l p e rfo rm a n ce  o f 
th e  m eth o d s p resen ted  h e re in  can  b e  a lso  em p h asized  b y  m ean s o f rep ea tab ility  (< 5% , cf. 
Table 1) an d  re co v ery  (± 5 % ) . W h a t is  m o re  is th a t th e  co rrectn ess  o f o u r m e th o d s w as 
revealed  n o t on ly  in sp iked  b u t also in real sam p les as w ell, and it w as confirm ed  w ith  the 
re fe re n ce  ch ro m a to g ra p h ic  m eth o d . I t  is a g a in  w o rth  stressin g  th e  p o ss ib ility  o f d iv erse  
d e te c tio n  stra teg ies  (b ased  o n  o x id a tio n  o r re d u ctio n  reactio n ) th a t w ill b e  ab le  to  d eal 
w ith  th e  p o ssib le  u n p re d icte d  e ffects  o f  n o n -stu d ied  in te rfe ren ts  o r th e  m a trix  p ro b lem  
m o re ap p rop riate ly .



Table 2. Methods for electrochemical determination of TFV.

M ethod
Surface M odification If 

Applicable and Electrode Type
Sam ple Type

Linear Concentration 
Range [mol L-1] LOD [mol L-1] LOQ [mol L-1] Reference

adsorptive stripping differential pulse 
and square-wave voltammetry

adsorptive stripping square 
wave voltammetry 

cathodic adsorptive stripping 
square-wave voltammetry

differential pulse voltammetry

square wave voltammetry 
square wave voltammetry 
square wave voltammetry

bare GCE

benzalkonium chloride coated 
AgNP on GCE

hanging mercury drop electrode

nickel-cobalt sulphide decorated 
graphene quantum dots on GCE 
boron-doped diamond electrode 

renewable silver amalgam electrode 
graphene oxide on GCE

pharmaceutical formulation

pharmaceutical dosage form

human plasma and 
tablet formulation 

pharmaceutical formulation, 
spiked urine 

pharmaceutical formulation 
pharmaceutical formulations 
spiked and real patients urine

6.0 x 10-7 -6 .0  x 10-5
both

6.0 x 10-8 -1 .0  x 10-6 

1.7 x 10-6 -1 .7  x 10-5

5.0 x 10-6 -1 .8  x 10-5

5.0 x 10-6 -1 .0  x 10-4
5.0 x 10-7-7 .0  x 10-6
3.0 x 10-7-3 .0  x 10-5

1.02 x 10-7  and 
8.40 x 10- 8 , 
respectively

2.39 x 10-9

1.21 x 10-8

1.9 x 10-6  
1.35 x 10-7  
4.86 x 10-8

3.39 x 10-7  and 
2.80 x 10- 7 , 
respectively

7.96 x 1 0 -9  

1 .3 x 1 0 -6

5.6 x 10-7  
4.48 x 10-7  
1.62 x 10-7

[14]

[13]

[11]

[10]

[12] 
This work 
This work



2.3.2. A n aly sis  of P h arm aceu tica l Form u lation s

T h e d ev e lo p e d  p ro ced u re  w as su cce ssfu lly  u sed  fo r th e  d e term in a tio n  o f T en ofo v ir 
in p h arm aceu tica l fo rm u lation s: V iread  and T enofovir d isop rox il Teva. Sam p les p repared  
fro m  tab le ts  w e re  m ad e  as d escrib e d  in  S e ctio n  3 .4 . To av o id  m a trix  e ffects , th e  stan d ard  
a d d itio n  m eth o d  (S A M ) w a s  u sed . U n fo rtu n ate ly , th e  u sag e  o f S A M  w as in su ffic ien t to  
e lim in a te  th e  m a tr ix  e ffe c t w ith  G O / G C  e le ctro d e s , w h ere  su b stan ces  p re sen t in  tab le ts  
m a d e  its d e term in a tio n  im p o ss ib le  (reco v ery  o b ta in ed  fo r G O / G C E  w a s  a ro u n d  40%  
fo r  b o th  fo rm u la tio n s). To e lim in a te  th e  p o ssib le  n e g a tiv e  in flu e n ce  o f  g ra p h e n e  o x id e , 
exp erim en ts w ere  repeated  on b are G C  e lectrod es— good  resu lts w ere  n ot obtained . T hese 
d ifficu lties w ere not observed  in  the exp erim ents w ith  silver am algam  electrodes. R ecovery 
w as eq u a l to  9 7 .5%  an d  104 .4%  fo r V iread  an d  T en o fo v ir d iso p ro x il Teva, resp ectiv ely , 
con firm in g  th at the d eterm in ation  of Tenofovir w as sen sitive  and effective. T he results are 
p resen ted  in Table 3 .

Table 3. Results of pharmaceutical formulation's analysis.

Pharmaceutical Formulation Declared (mg) Found (mg) Recovery (%)

Viread 245.0 238.8 ±  14.1 97.5
Tenofovir disoproxil Teva 245.0 255.8 ±  14.3 104.4

2.3.3. A n aly sis  of U rin e  Sam p les

T he d eveloped  proced u re w as used  to  detect Tenofovir in  sp iked  urine sam ples. U rine 
sam p les  (b o th  sp ik ed  an d  p a tie n t's )  a n a ly sis  w as im p o ss ib le  o n  H g (A g )F E  d u e  to  the 
n e g a tiv e  in flu e n ce  o f su b stan ces  p re sen t in  th e  u rin e  m atrix . R e su lts  o f sp ik ed  u rin e  
sam p les analysis obtained  on  G O / G C E  are listed in Table 4 . G ood  accu racy  o f the m ethod  
w as con firm ed  b y  th e  av erag e  p ercen t recoveries.

Table 4. Results of spiked urine samples analysis.

Declared (p m o lL -1 ) Found (p m o lL - 1 ) CV  (%) Recovery (%)

10.0 10.3 ±  0.9 9.5 103.0
50.0 47.7 ±  4.0 9.7 95.5
100.0 97.5 ±  7.6 8.9 97.5

M o reov er, th e  d ev elo p e d  m e th o d  w as v e rified  w ith  real sam p les  a n a ly sis  (Table 5 ) . 
U rine sam p les w ere taken  from  p atien ts after 12h from  T FV  in take (one tab let of Tenofovir 
d isoproxil Teva). D uring  prelim inary  stud ies w ith  p atien t's  urine sam p les, the e lectrochem ­
ica l b eh a v io r o f u rin e  m atrix  w as exam in ed . It w as stated  th a t th e  u rin e  m atrix  p ro d u ces 
tw o  v o lta m e tric  p eak s (E 1  = 0 .6 5 V  an d  E 2  = 0 .95V ). A s th e  o b serv ed  s ig n als  are  o u t o f 
p o ten tia l ra n g e  u sed  fo r  T F V  d eterm in a tio n , it  w as co n c lu d e d  th a t th e  u rin e  m a tr ix  d id  
n o t in terfere  w ith  th e  v o ltam etric  an aly sis  o f T F V  o n  G O / G C E . T h e  reco v ery  e x p erim en t 
fo r  T F V  in  th e  co lle cte d  u rin e  sam p les h as b e e n  p e rfo rm e d  b y  th e  a d d itio n  o f 2 0 0  pL  o f 
u rin e  sam p le  to  9.8 m L  o f th e  su p p o rtin g  e lectro ly te . T F V  co n cen tra tio n s  h a v e  b ee n  m e a­
sured  v ia  a stan d ard  ad d ition  p ro toco l. T he sam e sam p les w ere  an alyzed  b y  the reference 
H P L C  m e th o d , as d escrib ed  in  th e  E x p e rim e n ta l S e ctio n . In  o rd e r to  s ta tis tica lly  assess 
th e  co m p lian ce  o f th e  resu lts ob ta in ed  w ith  SW V  an d  H P L C  m eth o d s, th e  s tu d e n t's  t-test 
w as ap p lied . T h e  ca lcu la ted  v a lu es  o f t (1 .697  an d  2 .035) w ere  co m p ared  w ith  th e  tab u lar 
v a lu e  o f tcr (2 .776). T he ca lcu lated  v a lu es w ere  low er th an  th e  tab u lar valu e ; therefore, the 
obtained  results do not d iffer statistica lly  significantly. T h u s, it can  be stated  that the results 
o b ta in ed  w ith  b o th  m e th o d s w ere  co n s is te n t an d  co n se q u e n tly  co n firm ed  th e  u tility  o f 
vo ltam etric  m ethod .



Table 5. Results of patient's urine analysis.

Patient TFV  Content pg x m L- 1

SWV HPLC
I 98.4 ±  8.1 86.8 ±  7.8
II 88.7 ±  7.5 80.1 ±  6.5

2.3.4. S e lectiv ity  of the M ethod

T h e in flu e n ce  o f su b stan ces  th a t co u ld  b e  p re sen t in  b io lo g ica l sam p les w as in v e sti­
gated . T he effect of possib le  in terferin g  agents (IA ), such  as ions and organic m o lecu les, w as 
ex am in e d , as d escrib e d  in  S e ctio n  3 .5 . In  th e  ex am in ed  co n cen tra tio n  ran g e , in terferen ce  
w as n o t ob serv ed  (th e p ercen tag e  o f th e  p e a k  cu rre n t ch an g e  w ere  p ro v ed  to  b e  less th an  
10%  in  com parison  to those obtained  w ith  un contam inated  T F V  so lu tion s) for ascorbic acid, 
ibu p rofen , acetylsalicylic acid , g lu cose , fru ctose, sucrose, g lycine, lysine, and p henylalan ine; 
and the cations C a2+, M g 2+, C d 2+, F e2+, Fe3+, N a+, and K+ on both  H g(A g)FE  and G O /G C E. 
L acto se  in terfered  e lectro ch em ica l d eterm in atio n  o f T F V  o n  G O / G C E , w h ile  o m ep razo le  
an d  m e ta m iz o le  w h e n  H g (A g )F E  w as u sed . M o reo v er, as  G O / G C E  w as u sed  fo r u rin e  
sam p les analysis, three drugs (lopinavir, em tricitab in e, or ritonav ir), w h ich  m ay be used  in 
p a tie n t tre a tm e n t to g eth e r w ith  TFV, w e re  e x a m in e d  as p o ssib le  in terferen ts . A  n eg ativ e  
in flu en ce  o f th ese  co m p o u n d s o n  th e  e lectro ch em ica l d e term in a tio n  o f T F V  o n  G O / G C E  
w as n o t observed .

3. Materials and Methods
3.1. A pparatu s

E lectrochem ical m easurem ents w ere perform ed  using  a pA utolab type III potentiostat 
(E co C h em ie , U trech t, N e th erlan d s) co n n ected  to  P C  w ith  G P E S  v. 4 .9  so ftw are . A n  M 164 
stan d  (M T M  A n k o  In stru m en ts , K rako w , P o la n d ) w ith  a stan d ard  th ree  e lectro d e  system  
com prised  of H g(A g)FE  (A G H  U n iv ersity  of Science and Technology, C racow , P oland ), bare 
G C E or grap hene oxide m odified  G C E (GCE from  BA SI, IN , U SA , geom etric area 7.1 m m 2) 
as th e  w o rk in g  e le ctro d e , A g / A g C l as th e  re feren ce  e le ctro d e , an d  p la tin u m  w ire  as the 
cou nter electrode. H g(A g)FE  w as em p loy ed  for the e lectrochem ical red u ction  of Tenofovir, 
w h ile  G C E  an d  G O / G C E  w ere  u sed  as w o rk in g  e le ctro d e s in  T F V  e le ctro o x id a tio n . T he 
H g(A g)FE  electrode has an ad ju stable geom etric area, w h ich  can  be easily  changed from  1.5 
to  12.0 m m 2; in  th is phase, a stud y area o f 8 .0  m m 2 w as used. The surface of H g(A g)FE w as 
ren ew ed  b efo re  e ach  ex p e rim e n t. G C E 's  su rface  w as c lea n e d  b y  p o lish in g  p re tre a tm e n t 
w ith  0 .05 pm  alum ina and then  carefu lly  w ash ed  w ith  dou ble d istilled  w ater, im m ersed  in 
w ater, son ica ted  for 3 m in , and d ried  in  air.

Su b seq u en tly , a  w a ter  su sp e n sio n  o f g ra p h e n e  o x id e  w a s  k e p t in  a n  u ltra so n ic  b a th  
fo r 5 m in. G O / G C E  w as p repared  b y  d rop p in g  1.0 pL o f th e  G O  su sp en sio n  d irectly  onto 
th e  e le c tro d e 's  su rface  an d  lea v in g  it to  dry. A  scan n in g  e lectro n  m icro sco p e  (N o v aN an o  
S E M  450, F E I, H illsboro , O R , U SA ) w ith  a through  lens detector (TLD ) in  im m ersio n  m ode 
w as u sed  in  th e  im a g in g  o f th e  w o rk in g  e lectro d e  su rfaces. Im ag e s w ere  acq u ired  a t a 
m a g n ifica tio n  o f 50 0 0  x . H P L C  an a ly ses  w ere  p e rfo rm e d  o n  a 1220 In fin ity  L C  sy stem  
fro m  A g ile n t (S an ta  C la ra , C A , U SA ) eq u ip p ed  w ith  a b in a ry  p u m p  in te g ra te d  w ith  a 
tw o-chan nel degasser, autosam pler, co lu m n oven , and D A D  detector. A ll chrom atographic 
sep ara tio n s  w ere  co m p le te d  o n  th e  Z O R B A X  SB  C -18  (150  x  4 .6  m m , 5 pm ) co lu m n  
delivered  b y  A gilent Technologies, (W aldbronn, G erm any). The control of the 1220 Infin ity  
H P L C  sy stem  w as ach iev ed  b y  ap p licatio n  of the O p en L A B  C D S C h em S ta tio n  E d ition .

3.2. M easu rem en t P rocedu re

V o ltam m etric  m e asu re m e n ts  w e re  m ad e  as fo llo w s: T h e  su p p o rtin g  e le ctro ly te  w as 
p laced  in the cell and the so lu tion  w as d eaerated  w ith  argon for 600 s (d eoxygen ation  w as 
n o t cond u cted  w ith  G C E and G O / G C E ). W h en  v o ltam m ogram  of the b lan k  w as record ed , 
the appropriate vo lu m es of Tenofovir w ere added to electrochem ical cell. T hen, the so lu tion



w as d eo xyg en ated  for 10 s, and sam p le  v o ltam m o g ram  w as record ed . For H g(A g )F E  and 
G O / G C E , th e  o p tim al S W  p a ra m ete rs  w e re  as fo llo w s: a m p litu d e  30  m V, step  p o ten tia l 
4  m V, fre q u e n cy  25  H z  an d  a m p litu d e  30  m V, step  p o ten tia l 7  mV, an d  fre q u e n cy  30  H z, 
resp ectiv ely . In  th e  H P L C  re feren ce  m e th o d  fo r  th e  sep a ra tio n  o f th e  an a ly te , a  g ra d ie n t 
elu tion  w as used  (0 -6  m in  2 -4 %  A ; 6 -7  m in  4 -2 %  A ; 7 -8  m in 2%  A ), w h ere the fo llow ing is 
th e  case : (A ) w a s  a ce to n itrile , an d  (B ) w a s  0 .015  m o l L -1  p h o sp h a te  b u ffer w ith  a p H  o f 
7 .4 . T h e  co lu m n  te m p e ra tu re  w as 2 5  ° C , th e  flo w ra te  w a s  1 m L  m in - 1 , an d  th e  d etecto r 
w a v ele n g th  w as 26 0  n m . T h e  re ten tio n  tim e  o f th e  a n a ly te  w as 4 .1  m in . T h e  to ta l tim e o f 
th e  an aly sis  w as 10  m in , w ith  8  m in  o f an aly sis  an d  2  m in  o f co lu m n  reco n d itio n in g . T h e  
id e n tifica tio n  o f th e  p e a k  o f th e  a n a ly te  w as b a se d  o n  th e  co m p a riso n  o f re te n tio n  tim e 
w ith  a co rresp o n d in g  set o f d ata  ob tained  for th e  au th en tic  com p ou n d .

3.3. M ateria ls  an d  Solu tion s

A ll ch em icals used  w ere  of reag en t grad e (Sigm a A ld rich , Sa in t L ou is, M O , U SA ) and 
w ere  n o t fu rth e r  p u rified . S tan d ard  sto ck  so lu tio n s o f T en o fo v ir (1 .0  x  10“3 m ol x  L - 1 ) 
w ere  p rep ared  b y  d irec t d isso lu tio n  in  w ater. W o rk in g  so lu tio n s w e re  p rep ared  b y  a 
serial d ilu tion  of the stock  solution . C om m ercia lly  available form u lations— V iread  (G ilead , 
F o ster C ity , C A , U S A ) an d  T en o fo v ir d iso p ro x il T eva (Teva, W arszaw a , P o la n d )— w ere  
p u rch ased  fro m  a lo ca l p h a rm a cy  in  L o d z  (P o lan d ). T h e  su p p o rtin g  e lectro ly tes  w ere  
as fo llo w s: c itra te -p h o s p h a te , citra te , B ritto n -R o b in so n  (B R ) an d  ch lo rid e  b u ffers . A ll 
so lu tio n s w ere  p repared  w ith  d ou ble  d istilled  and d eion ized  w ater.

3.4. A n aly sis o f  P harm aceu tica l F orm u lation s an d  U rine Sam ples

F o r ta b le t so lu tio n s, s ix  tab le ts  o f V iread / T en o fo v ir d iso p ro x il Teva w ere  w eig h ed  
an d  th e  a v e ra g e  m ass p e r  ta b le t w as d eterm in ed . A n  ap p ro p ria te  w e ig h ed  p o rtio n  o f a 
ta b le t p o w d er w a s  d isso lv ed  to  p ro d u ce  a 1.0 x  10“3 m o l L _1 so lu tio n . T ab let so lu tion s 
w ere  filtered  th ro u g h  a M illip o re  filter  to  sep ara te  in so lu b le  e x c ip ien ts . U rin e  w as tak en  
fro m  p atien ts  treated  w ith  T F V  an d  fro m  h e a lth y  v o lu n teers. D u rin g  first m o rn in g , u rin e  
sam p les w ere  ob ta in ed  fro m  p atien ts  an d  v o lu n teers  an d  an aly zed  w ith o u t d ela y  o r k e p t 
a t - 8 0  °C . To p rep are  sp ik ed  u rin e  sa m p les , accu ra te ly  m easu red  a liq u o ts  o f T F V  so ­
lu tio n s  w e re  p laced  in to  v o lu m e tric  flask s an d  filled  u p  to  v o lu m e  w ith  u rin e  o b ta in ed  
fro m  h e a lth y  v o lu n te ers . U rin e  so lu tio n s (b o th  real an d  sp ik ed  sam p les) w e re  an a ly zed  
w ith o u t sam p le  p re treatm en t o r ex tractio n  steps. F o r th e  ch ro m ato g rap h ic  d eterm in atio n  
o f T enofovir, 450  pL o f p h o sp h a te  b u ffer  (0 .015  m o l L - 1 ; p H  7.4) w a s  ad d ed  to  50  pL o f 
u rin e . Ten  m icro lite r  o f fin al a n a ly tica l so lu tio n s  w as in je cte d  in to  th e  ch ro m ato g rap h ic  
sy stem . T h e  n o m in a l co n ten ts  o f T F V  in  all d escrib e d  sam p les  w e re  ca lcu la ted  u s in g  a 
stan d ard  ad d ition  m ethod .

T he d escribed  stu d ies w ere con d u cted  in  accord ance w ith  the D eclara tion  of H elsinki 
and accepted  b y  the E thical C om m ittee of the U n iv ersity  of Łódz. A ll participants provided 
in form ed  co n sen t for p artic ip atio n  in th ese  stu d ies.

3.5. In terferen ce S tudies

The influence of possible  in terferin g  agents (IA ), inclu ding ions and organic m olecules, 
w as ex am in e d . F irs t, 50  pL o r 100  pL (for H g (A g )F E  an d  G O / G C E , re sp ectiv e ly ) o f 
s to ck  so lu tio n  o f  T F V  w as ad d ed  to  th e  ce ll w ith  th e  su p p o rtin g  e le c tro ly te  an d  the 
S W  v o lta m m o g ra m  o f T F V  w as reco rd ed  (th e fin al T F V  co n cen tra tio n  in  th e  ce ll w as
5.0 x  1 0 -6  m ol L -1  an d  1.0 x  1 0 - 5  m ol L -1  fo r  H g (A g )F E  an d  G O / G C E , resp ectiv e ly ). 
N ext, each  IA  w as added at concentrations of 2.5 x  10- 7 , 5.0 x  10 - 7 , 1.0 x  10- 6 , 2.5 x  10- 6 ,
5.0 x  10 - 6 , 1.0 x  10 - 5 , 2.5 x  10 - 5 , 5.0 x  1 0 - 5 , an d  1.0 x  1 0 - 4  m ol L -1  fo r H g (A g )F E ; an d
5.0 x  1 0 - 7 ,1 .0  x  1 0 - 6 , 2.0 x  10 - 6 , 5.0 x  10 - 6 ,1 .0  x  10 - 5 ,2 .0  x  10- 5 ,5 .0  x  10- 5 ,1 .0  x  10- 4 , 
an d  2.0 x  10 - 4  m ol L -1  fo r G O / G C E  to  th e  ce ll w ith  T enofovir, an d  S W  v o lta m m o g ra m s 
w ere registered  after each  ad dition  of IAs. The final concentration  ratios (cIA :cT FV ) w ere as 
fo llo w s: 1 :2 0 ,1 :1 0 ,1 :5 ,1 :2 ,1 :1 ,2 :1 ,  5 :1 ,1 0 :1 , an d  20 :1 . M o reov er, lop in av ir, em tric ita b in e , 
an d  r ito n a v ir  w ere  tested  o n  G O / G C E , as th ese  d ru gs are  co m m o n ly  u sed  to g eth e r w ith



Tenofovir. In  th is  case , th e  co n cen tra tio n  ra tio s  (c IA :cT F V )  w e re  ch o se n  o n  th e  b a sis  o f 
d osag es co m m o n ly  u sed  in su ch  co m b in atio n  therapy.

3.6. V alidation  o f  the M ethod

A  ca lib ra tio n  cu rv e  (y  = ax  + b ) w as co n stru cted  as a d ep en d en ce  b e tw ee n  T F V  p eak  
cu rre n t (Ip, A ) an d  co n cen tra tio n  (C , m o l x  L -1 ). T h e  lim it o f d e tec tio n  (L O D ) an d  lim it 
o f q u an tifica tio n  (L O Q ) w ere  ca lcu la ted  fro m  3sa_1 an d  10sa_1, w h ere  a  is th e  slo p e  o f the 
ca lib ra tio n  cu rv e , and s is th e  stand ard  d ev iation  o f the p eak  h eig h ts (five runs; fo r low est 
T F V  co n cen tra tio n  fro m  ca lib ra tio n  cu rv e  ran g e ) [4 1 ] . R e p ea ta b ility  w as ca lcu la ted  a fter 
five m easurem ents at the sam e Tenofovir concentration . The reprod u cib ility  w as estim ated  
on  the basis of five m easurem ents on d ifferent days [63 ] . R ep eatability  w as m easured  using 
th e  sam e G O / G C  e lectro d e , w h ile  e ach  m e a su re m e n t u sed  to  ca lcu la te  rep ro d u cib ility  
w as reg istered  u s in g  G O / G C E  w ith  n ew  m o d ifie r  layer. In  th e  case  o f H g (A g )F E , the 
e le ctro d e  su rface  w a s  ren ew ed  b efo re  e ach  m e a su re m e n t, d u e  to  a sp ecific  co n stru ctio n  
o f th e  e lectro d e . To e v a lu a te  re co v ery  (R ), th e  R  = (fo u n d / ad d ed ) x  100%  fo rm u la  w as 
u sed . C o n fid en ce  in terv a l an d  co e ffic ien t o f v a r ia tio n  w ere  ca lcu la ted  fro m  th e  eq u atio n s 
follow ing: t(S/ n 1/2), p  = 95% , n = 5 and C V  = (SD /ave) x  100%  (ave— average from  m easured  
values; SD — stand ard  d eviation  betw een  those valu es), respectively. Seven -p oin t calibration  
p lots w ere u sed  to  test the linearity  of the H P L C  m ethod. E ach  con cen tratio n  w as assessed  
in  four replicates. A  linear relationsh ip  w as expressed  as a peak  area and T F V  concentration  
co rre la tio n  in  th e  ra n g e  fro m  0.01 to  0 .30  m g  m L - 1 . T h e  lin e ar e q u a tio n  w as exp ressed  
as y  = 2 0 2 0 x  + 0 .4745 , w h ile  th e  co rre la tio n  co e ffic ien t w as R 2 = 0 .9996 . A cco rd in g  to  the 
v a lid a tio n  p ro ced u res , to  te s t th e  p re c isio n  an d  a ccu ra cy  o f th e  m e th o d , sam p les sp ik ed  
w ith  k n o w n  a m o u n ts  o f T F V  w e re  a n a ly z ed  in  tr ip lica te . P rec is io n  w a s  d efin ed  as the 
re la tiv e  stan d ard  d ev ia tio n  (R SD ). A ccu ra cy  w as estab lish ed  as th e  p ercen tag e  o f an a ly te  
re co v ery  ca lcu la ted  as a d iffe ren ce  b e tw e e n  th e  re su lta n t a m o u n t an d  th e  tru e/ ad d ed  
am ount of TFV. The m ean  R SD  (%) and m ean  recovery  (%) w ere 3.41 and 99.29, respectively. 
To co m p are  resu lts  o b ta in ed  v ia  th e  S W V  an d  H P L C  m e th o d s , S tu d e n t's  t-tes t w as used . 
In  th e  firs t s tep , th e  t v a lu e  w a s  ca lcu la ted  u sin g  t = [ I av e  sw v - a v e  h p lc  I/ (S D 2sw v + 
S D 2HPLC)1/2] n 1/2, w h ere  av e , S D , an d  n  h av e  th e  sam e m e a n in g  as s ta ted  ab ov e . In  the 
n e x t step , th e  ta b u la r v a lu e  o f tcr w as ch eck ed  fo r th e  ch o se n  sta tistica l s ig n ifican ce  (0 .05) 
an d  a p p ro p ria te  d eg rees  o f freed o m . T h e  ca lcu la ted  t (for e ach  series) w a s  co m p ared
w ith  tcr.

4. Conclusions

A  sim p le  an d  e ffic ie n t S W V  m eth o d  fo r T F V  d e term in a tio n  b a se d  o n  H g (A g )F E  
an d  G O / G C E  u sag e  w as e stab lish e d . U n d e r th e  sam e e x p e rim e n ta l co n d itio n s, a n  e le c ­
tro d e  m o d ified  b y  g ra p h e n e  o x id e  sh o w ed  b etter  e le c tro ch em ica l a c tiv ity  to w ard  T F V  
th a n  b are  G C E . T h e  S E M  te ch n iq u e  w a s  u sed  to  sh ow  d ifferen ces  in  th e  m o rp h o lo g y  
o f G C E  an d  G O / G C E  su rfaces . E le c tro a n a ly tica l m e a su re m e n ts  rev ea led  th a t m o d ified  
e le ctro d e  e x h ib it m u ch  la rg er e le ctro a ctiv e  su rface  w h e n  co m p ared  to  b are  G C E . F o r  a n ­
a ly tica l s tu d ies, H g (A g )F E  an d  G O / G C E  w e re  ch o sen . T F V  p ro d u ced  a w e ll-d e fin ed  
re d u ctio n  p e a k  a t a b o u t - 1 .2  V  o n  th e  s ilv er a m alg am  film  e le ctro d e  an d , o n  g rap h en e  
o x id e-m o d ified  g la ssy -ca rb o n  e lectro d e , an  o x id a tio n  p e a k  a t  ab o u t 1.5 V. B o th  th e  silv er 
a m a lg a m  film  e lectro d e  an d  g ra p h e n e  o x id e -m o d ifie d  g la ssy  ca rb o n  e le ctro d e  w ere  su c­
cessfu lly  used  for the q u an titative  d etection  of Tenofovir. U sin g  SW V, the cu rrent response 
o f T F V  in creased  lin e a rly  w ith  in cre a sin g  co n cen tra tio n s  fro m  0 .5  to  7 .0  pm ol L _1 and  
fro m  0 .3  to  30.0  pm ol L_1 o n  H g (A g )F E  an d  G O / G C E , resp ectiv ely . L O D s w ere  fo u n d  
to  b e  1.35 x  10 - 7  an d  4 .86 x  1 0 - 8  m ol L-1 fo r H g (A g )F E  an d  G O / G C E , resp ectiv ely . It 
w as stated  th a t H g (A g )F E  ca n  b e  ap p lied  fo r d irect T F V  d eterm in atio n  in  p h arm aceu tica l 
fo rm u la tio n s , w h ere  G O / G C E  e n ab les  th e  d eterm in a tio n  o f T F V  in  sp ik ed  an d  p a tien ts  
u r in e  sa m p les , in d ica tin g  th a t th e  d ev elo p e d  v o lta m e tric  p ro ced u re  ca n  b e  ap p lied  to  
rou tine analysis. A cco rd in g  to  th is, th e  carb on  e lectro d e  m od ified  b y  g rap h en e  oxid e m ay  
have w id er application  in  stud ies of Tenofovir; n on eth eless, the m erits o f the both  m ethods



are  as fo llo w s: lo w  co st, easy  co n stru ctio n  an d  storag e, p o ten tia l fo r m in ia tu riza tio n , and  
fa s t an a ly sis . In  co m p a riso n  to  p rev io u s rep o rts  o n  th e  e le ctro ch em ica l d e term in a tio n  o f 
T enofovir, th e  h e re in  p ro p o sed  p ro ced u re  o ffers  s ig n ifica n tly  ex te n d e d  lin e ar resp o n ses 
to w ard  th e  an aly te . F u rth erm o re, w e  h av e  d em o n stra ted  th a t th e  G O / G C  e lectro d e  m ay  
also  b e  u sed  in real sam p les an alysis, i.e ., p a tien ts ' urine.
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