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Abstract Diabetes can cause various acute as well as long-term complications in
patients with blood sugar levels of over 600mg/dL, such as blindness, kidney disease,
nervous and circulatory system disease, limb amputations, stroke, and cardiovas-
cular disease (CVD). Frequent and regular blood glucose monitoring by diabetics
and physicians is an essential step in the management of diabetes. Over the last five
decades, there have been numerous attempts to develop viable painless, non- or mini-
mally invasive blood glucose monitoring techniques to replace all existing invasive
methods, such as home blood glucose monitoring, which usually require drawing a
blood sample by piercing the skin (typically, on the finger). This method strongly
discourages the patients’ compliance and has serious drawbacks as the procedure
is invasive, causing discomfort, pain, and potential risks of infection or tissue
damage. It is highly desired to have alternative non-invasive blood glucose moni-
toring techniques. This review investigates the principles of three major emerging
general technologies, namely optical, Radio Frequency (RF)/microwave, and electro-
chemical glucose monitoring technologies. These glucose monitoring technologies
can be classified as 15 specific techniques that use multivariate regression anal-
yses to correlate feeble optical, Radio Frequency (RF)/microwave, or electrochem-
ical signals from various body fluids to physiological glucose concentration. This
review also offers how-to utilize glucose-sensing techniques to target variable areas
by sampling physiological human body fluids as an alternative diagnostic medium
to blood; for example, interstitial fluid, urine, sweat, ocular fluids, and saliva all
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contain traces of blood glucose. The feasibility of adopting these emerging tech-
nologies in the commercial market is discussed regarding safety, cost-effectiveness,
data management, and accuracy.

Keywords Blood glucose monitoring · Diabetics · Non- or minimally invasive ·
Optical · RF/Microwave · Electrochemical · Targeting areas · Physiological
human body fluids

1 Introduction

Diabetes mellitus, commonly referred to as diabetes, is a disease in which the body
does not produce or properly use insulin, causing high blood sugar levels over a
prolonged period. This chronic disease is among the top leading causes of death
globally that require long-term medical attention [1]. Often, diabetes can lead to
many serious medical problems. These include blindness, kidney disease, nervous
and circulatory system disease, limb amputations, stroke, and cardiovascular disease
(CVD) [2, 3]. According to data from the 2020 National Diabetes Statistics Report,
diabetes was the seventh leading cause of death in the United States, and an estimated
34.2 million children and adults or 10.5% of the United States population, including
7.3million undiagnosedpeople—2.8%of allU.S. adults havediabetes. The estimated
direct and indirect costs of diabetes-related health care in the United States have risen
to approximately $327 billion annually in 2017 from $188 billion in 2007, a $90
billion in direct medical costs. Diabetes is a disproportionately expensive disease;
in the United States, the individual medical cost per person associated with diabetes
increased from $8417 to $9601 between 2012 and 2017. In 2017, the individual
cost of health care was $16,750 for diabetes, while about $9600 of this amount was
attributed to diabetes [4, 5].

The recent multi-center NIH studies have indicated that the health risks associated
with diabetes are significantly reduced when the blood glucose levels are well and
frequently controlled, indicating that it is prudent to measure the blood glucose as
often as five or six times a day. Thus, it is very important that proper monitoring be
done by diabetics at home or work [6]. At present, all existing home blood glucose
monitoring methods require drawing a blood sample by piercing the skin (typically,
on the finger). This method strongly discourages a patients’ compliance and has
serious drawbacks because the procedures are invasive [7].

Additionally, a recentMayo Clinic report listed 10 ways to avoid diabetes compli-
cations. Their recommendations included: (1) Commit to managing your diabetes.
(2) Do not smoke. (3) Keep your blood pressure and cholesterol under control. (4)
Schedule regular physicals and eye exams. (5) Keep your vaccines up to date. (6)
Take care of your teeth. (7) Pay attention to your feet. (8) Consider a daily aspirin.
(9) If you drink alcohol, do so responsibly. (10) Manage your stress [8]. However,
not included in this list are just as important as regular exercise and choosing water
as your primary beverage.
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2 Alternative Physiological Body Fluids to Blood

Since anon-invasivemethodofmonitoringbloodglucosewouldpresentmajor advan-
tages over existing invasive techniques, many research groups have attempted to
propose numerous attractive alternatives in terms of non- or minimally invasive
glucose-sensing techniques within the physiological glucose concentrations (18–
450 mg/dl) in human blood. These approaches have demonstrated promising results
through in/ex vivo and in vitro experimental/clinical glucose evaluations. Through
our previous study, we attempted to review the number of emerging non- or mini-
mally invasive techniques and methods and provided a comprehensive list in terms
of applying alternative physiological body fluids as opposed to blood [9].

Physiological body fluids are highly complexmixtures of a variable concentration
of cells, proteins, macromolecules, metabolites, small molecules, including glucose
[9, 10]. Although blood is the most commonly studied body fluid and is considered
as the gold standard medium for detecting glucose concentration, other emerging
biological body fluids such as interstitial fluid (IF), urine, sweat, saliva, or ocular
fluids, are more accessible due to the significant advance of nanotechnology. The
amount of glucose contained in the biological body is proportional to its concentration
in the blood. These fluids have been utilized as attractive alternative sample media
for non-invasive continuous monitoring. The glucose level in these body fluids is
identical to the glucose concentration in the blood plasma. Table 1 summarizes the
comparison and contrast of the key aspects, including glucose concentration for
diabetics and non-diabetics, pH level, and time lag of the various physiological body
fluids under the current review.

Blood has been the gold-standard medium for glucose monitoring since measure-
ments carried out in this fluid were first introduced in 1953 [25, 26]. Blood is

Table 1 A summary of relevant glucose concentrations, time lag, and pH values measured in
physiological body fluids of diabetics and non-diabetics

Body fluid Glucose
concentration for
non-diabetics
(mg/dl)

Glucose
concentration for
diabetics (mg/dl)

pH level Time lag (min)

Blood 70–130 [2, 11] 36–720 [2, 11, 12] 7.35–7.45 [10, 12] –

Interstitial fluid 65–118 [13, 14] 35.8–400 [12–14] 7.20–7.40 [10, 12] ~10 [14, 15]

Urine 10.8–27.1 [16, 17] 50.1–100 [16, 18] 4.50–8.00 [10, 12] ~20 [16, 19]

Sweat 1.1–1.98 [10, 12,
20]

0.18–18.0 [10, 12,
20]

4.60–6.80 [10, 12] ~20 [18]

Saliva 4.14–10.3 [12, 21,
22]

9.91–31.9 [21–23] 6.20–7.40 [10, 12] ~15 [23]

Ocular fluids 1.8–9.0 [18, 24] 9.01–90.1 [18, 20,
24]

6.50–7.50 [10, 12,
24]

~10 [10, 24]

Time lag is the time required to diffuse blood from the capillaries to the tissues [9]
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complex plasma containing metabolites and electrolytes (sodium, potassium, chlo-
ride, calcium, bicarbonate, glucose, urea, and creatinine) [10]. The sensor using elec-
trochemical/amperometric enzyme electrodes and transducers, employed the non-
or enzyme glucose oxidase (GOx) and glucose dehydrogenase (GDH) utilizing the
biochemical reaction, has become themost popular and commercially available blood
glucose monitoring method in the market because of its suitable sensitivity, wide
selectivity, good reproducibility, and easy manufacturability at relatively low cost,
although it is an invasivemethod [26]. Several non-invasivemethods are used to detect
and monitor the glucose level in the blood, including Absorbance spectroscopy such
as Near and Mid Infrared spectroscopy, Raman spectroscopy, Photoacoustic spec-
troscopy, Fluorescence spectrophotometry, Bio-impedance spectroscopy, Optical
coherence tomography, and Thermal emission spectroscopy [27–37].

Interstitial fluid is the extracellular fluid that fills the spaces between most of
the body’s tissue cells and makes up a substantial portion of the liquid envi-
ronment of the body. It has significant potential for medical diagnostics as it
closely resembles blood plasma in composition but contains less protein [10,
38]. Since tiny molecular biomarkers are exchanged as biochemical information
between blood and subcutaneous ISF through diffusion, the correlation between
ISF and blood can be used to indirectly obtain the diagnostic information of
patients. Methods for monitoring glucose via the skin have become very popular
in recent years, where these approaches have been developed to counteract the
challenges associated with patient compliance and invasive monitoring. Some of
these approaches include Reverse iontophoresis, Electrochemical methods, Elec-
tromagnetic techniques, Metabolic heat conformation, Microwave resonator-based
technique, Sonophoresis, and Bio-impedance spectroscopy [39–47].

Urine is a commonly collected sample for clinical and nonclinical testing, espe-
cially due to the ease of collection, usually without invasive procedures. Urine is
composed of inorganic salts and organic compounds, including proteins, hormones,
and a wide range of metabolites, including glucose [10, 48]. It is related to applying
an enzyme and nanomaterials-based biosensor as important methods for moni-
toring glucose concentration within the physiologic range, including Colorimetric
biosensing utilizingEnzymatic nanomaterials, Laser-generated photonic nanosensor,
and Photonic crystal-based biosensor [48–51].

Sweating is a primary biological role of thermoregulation. Sweat is considered one
of the most accessible body fluids for glucose detection. Sweat is easily accessible
for sampling with sufficient quantities and rapid reproduction compared to all other
body fluids. Sweat is an acidic electrolyte-rich fluid, and its production is induced by
exercise, resulting in the secretion of metabolites, such as lactate, glucose, alcohol,
and uric acid [10, 12]. More recent studies suggest a direct correlation between
sweat and blood glucose concentration, although glucose levels in sweat are of a
much smaller concentration than those in blood. Wearable sweat-based continuous
glucose monitoring biosensors include non- or Enzyme-based electrochemical tech-
niques, Optical fiber long-period grating (LPG), and Electrochemically enhanced
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iontophoresis integrated with feedback transdermal drug delivery module are under
development [43–45, 52–55].

Saliva is increasingly recognized as an attractive diagnostic fluid because it can be
collected non-invasively without employing specific devices or trained personnel.
More recent studies investigated and confirmed a significant correlation between
salivary and blood glucose levels in diabetics and non-diabetics. Saliva is a complex
mixture of 99.5% water and 0.5% electrolytes (amylase, lipase, mucin, glyco-
proteins, glucose, and antimicrobial enzymes) [10, 56]. Saliva can be utilized as
an alternative to blood and can be monitored by a non-invasive measuring sali-
vary glucose. Some non-invasive techniques for saliva glucose monitoring have
been studied include Enzyme-based electrochemical/Amperometric/Colorimetric
nano-biosensor and Functionalized carbon nano-tube FET/organic electrochemical
transistor [23, 43–45, 56–61].

Ocularfluids include tears, aqueous humor, andvitreous humor,which are promising
fluids because the glucose concentration of ocular fluids is highly correlated to
blood glucose. Monitoring the glucose concentration in the fluids is considered
a relatively new technique that is a worthwhile alternative to invasive methods
for repetitive or continuous monitoring. Ocular fluids excreted from the body
as an extracellular fluid contain glucose water, mucin, lipids, lysozyme, lacto-
ferrin, lipocalin, lacritin, immunoglobulins, glucose, urea, sodium, and potas-
sium [10, 12, 23]. Research working towards non-invasive monitoring methods
of glucose in the ocular fluids consists of Chronoamperometric technique, Elec-
trode/electrochemically embedded contact lens, CMOS/Amperometric needle-type
electrochemical method, Optical coherence tomography (OCT), Fluorescence spec-
trophotometry, Ocular spectroscopy, and Optical polarimetry [62–68].

3 Emerging Non- or Minimally Invasive Glucose
Monitoring Techniques

Through the literature search for the current review, we learned that techniques
for non- or minimally invasive monitoring glucose via the skin had become the
most popular approach in recent years, where these methods have been developed to
counteract the challenges associatedwith patient compliance and invasivemonitoring
[18, 27]. The description and target areas of the leading approaches are presented in
Table 2,mainly classified asOptical technology, includingAbsorbance spectroscopy,
Raman spectroscopy, Photoacoustic spectroscopy, Optical coherence tomography
(OCT), Fluorescence spectrophotometry, Ocular spectroscopy, and Metabolic heat
conformation. The availability of the non- or minimally invasive glucose monitoring
devices in the market is also shown in Tables 2, 3 and 4, respectively. Some devices
have been withdrawn from the market due to inaccuracy, unreliability, inconsistency,



14 S. Jang et al.

Ta
bl
e
2

Su
m
m
ar
iz
es

th
e
pr
in
ci
pl
e
an
d
ta
rg
et

ar
ea
s/
bo

dy
flu

id
s
of

th
e
la
te
st
sp
ec
ia
liz

ed
ap
pr
oa
ch
es

in
te
rm

s
of

em
er
gi
ng

no
n-

or
m
in
im

al
ly

in
va
si
ve

gl
uc
os
e

m
on

ito
ri
ng

te
ch
ni
qu

es
af
te
r
m
ai
nl
y
cl
as
si
fy
in
g
ca
te
go

ri
es

as
op

tic
al
te
ch
no

lo
gy

O
pt
ic
al
te
ch
no
lo
gy

Sp
ec
ifi
c
te
ch
ni
qu
e

D
es
cr
ip
tio

n
Ta
rg
et
ar
ea
s
(b
od
y
flu

id
s)

A
bs
or
ba
nc
e
sp
ec
tr
os
co
py

a,
b,
c

M
ea
su
re
s
tr
an
sm

itt
an
ce
,r
efl

ec
ta
nc
e
(i
nc
lu
di
ng

di
ff
us
e

re
fle

ct
an
ce
),
an
d
in
te
ra
ct
io
n
of

th
e
lig

ht
w
he
n
di
re
ct
ed

ov
er

th
e
sa
m
pl
e
tis
su
es

fo
r
an
al
yt
ic
al
pu

rp
os
es
.

N
ea
r-
in
fr
ar
ed

ab
so
rp
tio

n
sp
ec
tr
os
co
py

(N
IR

)
us
es

a
be
am

of
lig

ht
w
ith

75
0–
25
00

nm
.M

id
-i
nf
ra
re
d
ab
so
rp
tio

n
sp
ec
tr
os
co
py

(M
IR

)
us
es

25
00
–1
0,
00
0
nm

,w
hi
ch

ar
e

fo
cu
se
d
on

th
e
bo
dy

to
de
te
rm

in
e
gl
uc
os
e
co
nc
en
tr
at
io
n

w
ith

in
tis
su
es
.T

he
lig

ht
an
d
sa
m
pl
e
tis
su
e
in
te
ra
ct
io
ns

pr
od
uc
e
m
ol
ec
ul
ar
-s
pe
ci
fic

vi
br
at
io
na
li
nf
or
m
at
io
n
of

th
e

ab
so
rp
tio

n
an
d
sc
at
te
ri
ng

ph
en
om

en
on

in
th
e
in
fr
ar
ed

sp
ec
tr
al
do

m
ai
n
[1
2,

27
,2

8]

Fi
ng
er
tip

,p
al
m
,f
or
ea
rm

,i
nn
er

lip
,a
nd

ea
rl
ob
e
(b
lo
od

an
d
in
te
rs
tit
ia
lfl

ui
d)

[1
2,

27
,2

8]

R
am

an
sp
ec
tr
os
co
py

b,
c

A
pp
lie
s
a
sp
ec
tr
os
co
pi
c
te
ch
ni
qu
e
us
in
g
th
e
sc
at
te
ri
ng

ph
en
om

en
on

of
m
on
oc
hr
om

at
ic
lig

ht
to

ob
se
rv
e

vi
br
at
io
na
la
nd

ro
ta
tio

na
ls
ta
te
s
w
ith

in
m
ol
ec
ul
es
.W

he
n

si
ng

le
-w

av
el
en
gt
h
lig

ht
hi
ts
a
ta
rg
et
,i
tp

ro
du

ce
s
sc
at
te
re
d

lig
ht

tr
av
el
in
g
in

al
ld

ir
ec
tio

ns
.T

he
de
gr
ee
s
of

sc
at
te
ri
ng

du
e
to

gl
uc
os
e
m
ol
ec
ul
es

ar
e
pu
re
ly

de
pe
nd
en
to

n
th
ei
r

co
nc
en
tr
at
io
n
le
ve
ls
[2
7,

29
]

Fi
ng
er
,a
rm

,e
ye
,w

ri
st
,h
an
d
(o
cu
la
r
flu

id
s
an
d
bl
oo
d)

[2
7,

29
]

Ph
ot
oa
co
us
tic

sp
ec
tr
os
co
py

b,
c

E
m
pl
oy
s
la
se
r
pu

ls
es

w
ith

a
w
av
el
en
gt
h
th
at
is
ab
so
rb
ed

by
a
sp
ec
ifi
c
m
ol
ec
ul
e
in

th
e
bo
dy

flu
id

to
pr
od
uc
e

lo
ca
liz

ed
he
at
in
g,

de
pe
nd

en
to

n
th
e
sp
ec
ifi
c
he
at
ca
pa
ci
ty

of
th
e
ta
rg
et
ed

tis
su
e,
an
d
m
ea
su
re
s
th
e
ef
fe
ct
of

lig
ht

ab
so
rp
tio

n
to

de
te
ct
a
gl
uc
os
e
co
nc
en
tr
at
io
n
in

bl
oo

d
ba
se
d
on

th
e
ve
lo
ci
ty

of
ul
tr
as
on

ic
w
av
es

ge
ne
ra
te
d
in

gl
uc
os
e
so
lu
tio

n
by

th
e
ph
ot
oa
co
us
tic

pr
in
ci
pa
l[
30
,6

9]

Fi
ng
er
,a
rm

,a
nd

ea
rl
ob
e
(b
lo
od

an
d
in
te
rs
tit
ia
lfl

ui
d)

[1
2,

30
,6

9]

(c
on
tin

ue
d)



Review of Emerging Approaches Utilizing Alternative … 15

Ta
bl
e
2

(c
on
tin

ue
d)

O
pt
ic
al
te
ch
no
lo
gy

O
pt
ic
al
co
he
re
nc
e
to
m
og
ra
ph
y
(O

C
T
)c

In
cl
ud
es

op
tic
al
m
et
ho
ds

w
ith

ul
tr
as
ou
nd
,i
m
pe
da
nc
e,

an
d
he
at
ca
pa
ci
ta
nc
e.
T
hi
s
te
ch
ni
qu

e
ap
pl
ie
s
th
e

pr
in
ci
pl
es

of
lo
w
co
he
re
nc
e
in
te
rf
er
om

et
ry

w
ith

co
he
re
nt

ra
di
at
io
n
an
d
de
te
rm

in
es

th
e
gl
uc
os
e
co
nc
en
tr
at
io
n

pr
es
en
tb

y
de
te
ct
in
g
th
e
ch
an
ge
s
of

op
tic

al
ch
ar
ac
te
ri
st
ic
s

of
bi
o-
tis
su
es

at
m
ic
ro
m
et
er

re
so
lu
tio

ns
,i
nc
lu
di
ng

in
te
ns
ity

/d
el
ay

of
th
e
re
fle

ct
ed
/s
ca
tte

re
d
an
d
tr
an
sm

itt
ed

lig
ht

up
on

in
te
ra
ct
io
n
w
ith

th
e
su
bc
ut
an
eo
us

tis
su
e
by

em
pl
oy
in
g
an

in
te
rf
er
om

et
er

w
ith

co
he
re
nt

lig
ht
,w

ith
a

w
av
el
en
gt
h
be
tw
ee
n
80
0
an
d
13
00

nm
[3
1,

32
]

Fo
re
ar
m

an
d
ey
e
(o
cu
la
r/
in
te
rs
tit
ia
lfl

ui
ds

an
d
bl
oo
d)

[3
1,

32
]

Fl
uo
re
sc
en
ce

sp
ec
tr
op
ho
to
m
et
ry

a,
c

A
pp
lie
s
th
e
pr
in
ci
pl
e
of

flu
or
es
ce
nt

lig
ht

em
is
si
on

of
an

ul
tr
av
io
le
tl
as
er

be
am

(3
40
–4
00

nm
)
af
te
r
ab
so
rb
in
g

ra
di
at
io
n
of

a
di
ff
er
en
te
ne
rg
y
le
ve
lw

hi
ch

ca
us
es

a
w
av
el
en
gt
h
di
ff
er
en
ce
.T

he
m
ea
su
re
m
en
to

f
th
e

co
nc
en
tr
at
io
n
of

gl
uc
os
e
m
ol
ec
ul
es

in
th
e
bl
oo

d
is

co
nd

uc
te
d
ut
ili
zi
ng

a
se
ns
iti
ve

pr
ot
ei
n
an
d
in
te
ns
ity

of
flu

or
es
ce
nc
e
w
hi
ch

ar
e
pr
op
or
tio

na
l[
33
,3

4]

Fi
ng
er
,a
bd
om

en
,u

pp
er

ar
m
,a
nd

ey
e
(b
lo
od
,

oc
ul
ar
/in

te
rs
tit
ia
lfl

ui
ds
)
[3
3,

34
]

O
cu
la
r
sp
ec
tr
os
co
py

c
U
til
iz
es

th
e
sp
ec
ia
lly

de
si
gn

ed
hy
dr
og

el
-b
as
ed

di
sp
os
ab
le

te
ar

gl
uc
os
e-
se
ns
in
g
co
nt
ac
tl
en
se
s,
w
hi
ch

ch
an
ge

co
lo
r

de
pe
nd
in
g
on

th
e
gl
uc
os
e
co
nc
en
tr
at
io
ns
.T

he
flu

or
es
ce
nc
e
re
sp
on
se

fr
om

th
e
le
ns
es

ca
n
be

m
on
ito

re
d

us
in
g
si
m
pl
e
ex
ci
ta
tio

n
an
d
em

is
si
on

de
te
ct
io
n
de
vi
ce
s

an
d
se
rv
es

as
th
e
to
ol

fo
r
bl
oo
d
gl
uc
os
e
de
te
ct
io
ns

fr
om

th
e
te
ar
s
[3
5,

36
]

E
ye

(t
ea
rs
)
[3
5,

36
]

(c
on
tin

ue
d)



16 S. Jang et al.

Ta
bl
e
2

(c
on
tin

ue
d)

O
pt
ic
al
te
ch
no
lo
gy

M
et
ab
ol
ic
he
at
co
nf
or
m
at
io
na

,b
,c

M
ea
su
re
s
ph
ys
io
lo
gi
ca
lp

ar
am

et
er
s
as
so
ci
at
ed

w
ith

th
e

ge
ne
ra
te
d
qu

an
tit
y
of

m
et
ab
ol
ic
he
at
di
ss
ip
at
io
n,
bl
oo

d
flo

w
ra
te
of

lo
ca
lt
is
su
e,
an
d
de
gr
ee

of
bl
oo
d
ox
yg
en

sa
tu
ra
tio

n
be
tw

ee
n
th
e
sk
in

an
d
co
nt
ac
te
d
co
nd

uc
to
r

co
rr
es
po
nd
in
g
to

th
e
gl
uc
os
e
co
nc
en
tr
at
io
n
by

em
pl
oy
in
g

th
e
sy
st
em

co
ns
is
tin

g
of

th
er
m
al
,h
um

id
ity
,i
nf
ra
re
d,

an
d

op
tic

al
se
ns
or
s
[4
1,

42
]

Fi
ng
er
tip

,e
ar
lo
be
,a
nd

fo
re
ar
m

(b
lo
od

an
d
in
te
rs
tit
ia
l

flu
id
)
[1
2,

41
,4

2]

O
pt
ic
al
po

la
ri
m
et
ry

c
A
pp

lie
s
th
e
ph

en
om

en
on

of
th
e
op

tic
al
ac
tiv

ity
,w

hi
ch

is
a

ce
rt
ai
n
ro
ta
tio

n
of

th
e
po

la
ri
ze
d
pl
an
e
of

th
e
in
ci
de
nt

lig
ht

(4
00
–7
80

nm
)
pa
ss
in
g
th
ro
ug
h
th
e
aq
ue
ou
s
hu
m
or

of
th
e

ey
e
an
d
gl
uc
os
e,
kn

ow
n
as

an
op

tic
al
ly

ac
tiv

e
m
ol
ec
ul
e.

W
he
n
th
e
lig

ht
is
pa
ss
ed

th
ro
ug
h
th
e
co
rn
ea

an
d
ac
ro
ss

th
e
an
te
ri
or

ch
am

be
r
of

th
e
ey
e,
th
e
po
la
ri
m
et
ri
c
si
gn
al

th
at
is
co
nv
er
te
d
in
to

a
tim

e-
va
ry
in
g
vo
lta

ge
by

th
e

ph
ot
od

et
ec
to
r
va
ri
es

lin
ea
rl
y
w
ith

ch
an
ge
s
in

gl
uc
os
e

co
nc
en
tr
at
io
n
[6
7,

68
]

E
ye

(o
cu
la
r
flu

id
s)
[6
7,

68
]

a C
om

m
er
ci
al
ly

av
ai
la
bl
e

b
W
ith

dr
aw

n
fr
om

th
e
co
m
m
er
ci
al
m
ar
ke
t

c U
nd
er

de
ve
lo
pm

en
t



Review of Emerging Approaches Utilizing Alternative … 17

Ta
bl
e
3

Su
m
m
ar
iz
es

th
e
pr
in
ci
pl
e
an
d
ta
rg
et

ar
ea
s/
bo

dy
flu

id
s
of

th
e
la
te
st
sp
ec
ia
liz

ed
ap
pr
oa
ch
es

in
te
rm

s
of

em
er
gi
ng

no
n-

or
m
in
im

al
ly

in
va
si
ve

gl
uc
os
e

m
on

ito
ri
ng

te
ch
ni
qu

es
af
te
r
m
ai
nl
y
cl
as
si
fy
in
g
ca
te
go

ri
es

as
el
ec
tr
oc
he
m
ic
al
te
ch
no

lo
gy

E
le
ct
ro
ch
em

ic
al
te
ch
no

lo
gy

Sp
ec
ifi
c
te
ch
ni
qu
e

D
es
cr
ip
tio

n
Ta
rg
et
ar
ea
s
(b
od
y
flu

id
s)

R
ev
er
se

io
nt
op
ho
re
si
sa
,c

A
pp
lie
s
a
pa
ss
ag
e
of

lo
w
el
ec
tr
ic
al
cu
rr
en
tt
o
en
ha
nc
e

th
e
tr
an
sp
or
to

f
bo
th

ch
ar
ge
d
an
d
po
la
r,
ne
ut
ra
l

co
m
po
un
ds

ac
ro
ss

th
e
sk
in

to
dr
iv
e
io
ns

be
tw
ee
n
tw
o

el
ec
tr
od
es

fr
om

th
e
in
te
rs
tit
ia
lfl

ui
d
an
d
on
to

th
e
sk
in
’s

su
rf
ac
e,
w
he
re

th
ey

ca
n
be

an
al
yz
ed

in
te
rm

s
of

gl
uc
os
e

co
nc
en
tr
at
io
n.

T
ra
ns
de
rm

al
re
ve
rs
e
io
nt
op
ho
re
si
s
(R
I)

is
a
no
n-
in
va
si
ve

te
ch
ni
qu
e
th
at
ca
n
sa
m
pl
e
bo
dy

flu
id
s

ac
ro
ss

in
ta
ct
sk
in

to
ac
hi
ev
e
th
e
pu

rp
os
e
of

bl
oo

d
gl
uc
os
e
de
te
ct
io
n
[3
9,

40
]

W
ri
st
,a
rm

,a
nd

le
g
(s
w
ea
ta
nd

in
te
rs
tit
ia
lfl

ui
d)

[1
2,

39
,4

0]

E
nz
ym

at
ic
el
ec
tr
oc
he
m
ic
al
el
ec
tr
od

ea
,c

A
na
ly
ze
s
th
e
gl
uc
os
e
ox

id
at
io
n
th
at
to
ok

pl
ac
e
in

th
e

pr
es
en
ce

of
G
O
x,

ox
yg
en
,a
nd

w
at
er

to
fo
rm

gl
uc
on
ic

ac
id

an
d
hy
dr
og
en

pe
ro
xi
de
.T

he
hy
dr
og
en

pe
ro
xi
de

is
th
en

el
ec
tr
oc
he
m
ic
al
ly

ox
id
iz
ed

at
th
e
el
ec
tr
od

e,
w
hi
ch

co
nv
er
ts
gl
uc
os
e
ox

id
as
e
ac
tiv

ity
in
to

an
an
al
yt
ic
al

el
ec
tr
ic
al
si
gn

al
in

pr
op

or
tio

n
to

gl
uc
os
e
co
nc
en
tr
at
io
n

ba
se
d
on

th
e
ra
te
of

gl
uc
os
e
ox
id
at
io
n
by

di
ox
yg
en
,

m
ea
su
re
d
by

th
e
fo
rm

at
io
n
of

hy
dr
og
en

pe
ro
xi
de
.

H
ig
hl
y
se
le
ct
iv
e
en
zy
m
at
ic
re
ac
tio

ns
ca
n
be

us
ed

to
di
m
in
is
h
th
e
in
flu

en
ce

of
el
ec
tr
oa
ct
iv
e
in
te
rf
er
in
g

sp
ec
ie
s
[4
3,

44
]

Fi
ng
er
,a
rm

,a
nd

sk
in

(b
lo
od
,s
al
iv
a,
ur
in
e,
te
ar
s,

in
te
rs
tit
ia
lfl

ui
d,

an
d
sw

ea
t)
[1
0,

12
,4

3,
44
] (c

on
tin

ue
d)



18 S. Jang et al.

Ta
bl
e
3

(c
on
tin

ue
d)

E
le
ct
ro
ch
em

ic
al
te
ch
no

lo
gy

N
on

-e
nz
ym

at
ic
am

pe
ro
m
et
ri
c
el
ec
tr
od

ea
,c

U
se
s
m
et
al
–o
rg
an
ic
fr
am

ew
or
k
(M

O
F)
-b
as
ed

na
no

co
m
po

si
te
s
an
d
pr
ov
id
es

an
al
te
rn
at
iv
e
to

an
en
zy
m
at
ic
m
et
ho

d,
w
hi
ch

is
im

po
ss
ib
le
to

im
pl
an
ti
nt
o

th
e
hu
m
an

bo
dy

fo
r
th
e
lo
ng

te
rm

an
d
in

si
tu

m
on

ito
ri
ng

si
nc
e
th
e
im

m
ob

ili
ze
d
en
zy
m
e
w
ou

ld
de
gr
ad
e
qu
ic
kl
y.
C
os
t-
ef
fe
ct
iv
e
no
n-
en
zy
m
at
ic

am
pe
ro
m
et
ri
c
gl
uc
os
e
bi
os
en
so
rs
w
ith

hi
gh

se
ns
iti
vi
ty
,

se
le
ct
iv
ity
,a
nd

st
ab
ili
ty

co
ul
d
be

co
m
m
er
ci
al
ly

m
or
e

fe
as
ib
le
[4
3,

45
,4

6]

Fi
ng

er
,a
rm

,e
ye
,a
nd

sk
in

(b
lo
od

,s
al
iv
a,
ur
in
e,
te
ar
s,

in
te
rs
tit
ia
lfl

ui
d,

an
d
sw

ea
t)
[1
2,

43
,4

5]

C
ol
or
im

et
ri
c
de
te
ct
io
na

,c
D
et
er
m
in
es

th
e
gl
uc
os
e
co
nc
en
tr
at
io
n
w
ith

th
e
ai
d
of

a
co
lo
r
re
ag
en
t.
W
he
n
gl
uc
os
e
is
ox
id
iz
ed

by
gl
uc
os
e

ox
id
as
e
in
to

D
-g
lu
co
ni
c
ac
id

pl
us

hy
dr
og
en

pe
ro
xi
de
,

th
e
hy
dr
og

en
pe
ro
xi
de

is
th
en

de
te
ct
ed

w
ith

a
hi
gh

ly
sp
ec
ifi
c
co
lo
ri
m
et
ri
c
pr
ob

e.
In

an
en
zy
m
at
ic
an
al
ys
is
,

th
e
co
lo
r
re
ac
tio

n
is
pr
ec
ed
ed

by
a
re
ac
tio

n
ca
ta
ly
ze
d

by
an

en
zy
m
e
[4
8,

49
]

Fi
ng

er
,a
rm

,e
ye
,u

ri
ne
,a
nd

sk
in

(s
w
ea
t,
te
ar
s,
an
d

ur
in
e)

[1
2,

19
,4

8,
49
]

a C
om

m
er
ci
al
ly

av
ai
la
bl
e

b
W
ith

dr
aw

n
fr
om

th
e
co
m
m
er
ci
al
m
ar
ke
t

c U
nd
er

de
ve
lo
pm

en
t



Review of Emerging Approaches Utilizing Alternative … 19

Ta
bl
e
4

Su
m
m
ar
iz
es

th
e
pr
in
ci
pl
e
an
d
ta
rg
et

ar
ea
s/
bo

dy
flu

id
s
of

th
e
la
te
st
sp
ec
ia
liz

ed
ap
pr
oa
ch
es

in
te
rm

s
of

em
er
gi
ng

no
n-

or
m
in
im

al
ly

in
va
si
ve

gl
uc
os
e

m
on

ito
ri
ng

te
ch
ni
qu

es
af
te
r
m
ai
nl
y
cl
as
si
fy
in
g
ca
te
go

ri
es

as
R
F/
m
ic
ro
w
av
e
te
ch
no

lo
gy

R
F/
m
ic
ro
w
av
e
te
ch
no

lo
gy

Sp
ec
ifi
c
te
ch
ni
qu
e

D
es
cr
ip
tio

n
Ta
rg
et
ar
ea
s
(b
od

y
flu

id
s)

M
ic
ro
w
av
e
re
so
na
to
r-
ba
se
da

,c
U
til
iz
es

th
e
in
te
ra
ct
io
n
be
tw
ee
n
el
ec
tr
om

ag
ne
tic

w
av
es

an
d

bi
ol
og

ic
al
tis
su
es

si
nc
e
m
ic
ro
w
av
es
’
re
fle

ct
io
n,

tr
an
sm

is
si
on

,a
nd

ab
so
rp
tio

n
ar
e
cl
os
el
y
re
la
te
d
to

th
e
di
el
ec
tr
ic
pr
op
er
tie
s
of

tis
su
es
,w

he
re

th
e
di
el
ec
tr
ic
co
ns
ta
nt

va
ri
es

w
ith

gl
uc
os
e

flu
ct
ua
tio

ns
.M

ic
ro
w
av
es

ca
n
ea
si
ly

pe
ne
tr
at
e
bi
ol
og
ic
al
tis
su
es

of
m
ill
im

et
er

th
ic
kn
es
s,
so

gl
uc
os
e
co
nc
en
tr
at
io
n
va
ri
at
io
n
in

IS
F
ha
s

m
uc
h
hi
gh

er
se
ns
iti
vi
ty

on
ph

as
e
an
d
m
ag
ni
tu
de

re
sp
on

se
of

th
e

se
ns
or

th
an

its
va
ri
at
io
ns

in
bl
oo

d
[7
0–

74
]

Fi
ng

er
,h

an
d,
w
ri
st
,a
rm

,a
nd

ea
rl
ob

e
(i
nt
er
st
iti
al
flu

id
an
d
bl
oo

d)
[1
2,
70

–7
4]

B
io
-i
m
pe
da
nc
e
sp
ec
tr
os
co
py

a,
c

M
ea
su
re
s
th
e
gl
uc
os
e-
de
pe
nd
en
te
le
ct
ri
ca
li
m
pe
da
nc
e
ch
an
ge
s
as

a
fu
nc
tio

n
of

fr
eq
ue
nc
y
an
d
pr
ov
id
es

pr
oo

f
of

a
ch
an
ge

in
bl
oo

d
im

pe
da
nc
e
w
ith

gl
uc
os
e
le
ve
lfl

uc
tu
at
io
ns
.I
m
pe
da
nc
e
is
re
co
rd
ed

as
a
fr
eq
ue
nc
y
by
pa
ss
in
g
R
F
cu
rr
en
tb

et
w
ee
n
10
0
H
z
an
d

10
0
M
H
z
ac
ro
ss

hu
m
an

bi
ol
og

ic
al
tis
su
es

an
d
sk
in
.T

he
gl
uc
os
e

m
ol
ec
ul
e
is
m
ea
su
re
d
by

its
co
nc
en
tr
at
io
n-
de
pe
nd
en
ti
nt
er
ac
tio

n
w
ith

re
d
bl
oo
d
ce
lls

[7
5–

78
]

T
hu

m
b,
up

pe
r
ar
m
,w

ri
st
,a
nd

ab
do

m
en

(i
nt
er
st
iti
al
flu

id
an
d
bl
oo

d)
[1
2,
69

,7
5,
77

,7
8]

So
no

ph
or
es
is
a,
c

U
se
s
lo
w
-f
re
qu

en
cy

(2
0
kH

z)
ul
tr
as
ou

nd
to

in
cr
ea
se

sk
in

pe
rm

ea
bi
lit
y
an
d
ca
us
es

ex
pa
ns
io
n
an
d
co
nt
ra
ct
io
n
of

ga
se
ou
s

in
cl
us
io
ns

th
at
op

en
pa
th
w
ay
s
fo
r
in
te
rs
tit
ia
lfl

ui
ds

to
tr
an
sp
or
t

gl
uc
os
e
to

th
e
ep
id
er
m
is
,w

he
re

it
is
m
ea
su
re
d
tr
an
sd
er
m
al
ly

w
ith

th
e
co
m
bi
na
tio

n
of

th
e
lo
w
-p
ro
fil
e
cy
m
ba
la
rr
ay

an
d
an

el
ec
tr
oc
he
m
ic
al
gl
uc
os
e
se
ns
or

co
ns
is
tin

g
of

am
pe
ro
m
et
ri
c

el
ec
tr
od
es

an
d
a
no
ve
lg

lu
co
se

ox
id
as
e
hy
dr
og
el
.T

hi
s
te
ch
ni
qu
e

cr
ea
te
s
m
ic
ro
po
re
s
in

th
e
sk
in

to
en
ab
le
th
e
in
te
rs
tit
ia
lfl

ui
d

co
nt
ai
ni
ng

gl
uc
os
e
to

co
m
e
ou

ts
id
e
[6
9,
79

]

A
rm

,w
ri
st
,a
nd

ab
do

m
en

(i
nt
er
st
iti
al
flu

id
an
d
bl
oo

d)
[1
2,
69

]

a C
om

m
er
ci
al
ly

av
ai
la
bl
e

b
W
ith

dr
aw

n
fr
om

th
e
co
m
m
er
ci
al
m
ar
ke
t

c U
nd
er

de
ve
lo
pm

en
t



20 S. Jang et al.

and other issues. Meanwhile, others have never been introduced due to their unclear
circumstance issues.

Electrochemical technology includes Reverse iontophoresis, Enzymatic electro-
chemical electrodes, Non-Enzymatic amperometric electrodes, and Colorimetric
detection method, all presented in Table 3.

RF/Microwave detection technology includes Microwave resonator-based
method, Bio-impedance spectroscopy, and Sonophoresis, presented in Table 4.

4 Conclusions

This study aimed to present and review the latest specialized approaches in emerging
non- or minimally invasive glucose monitoring techniques after mainly classifying
categories as optical, electrochemical, and RF/Microwave methods. These glucose
monitoring methods convert the weak optical, electrochemical, or electromagnetic
signal to glucose concentration. We also investigated the non- or minimally invasive
glucose monitoring techniques which utilize various physiological body fluids as an
alternative diagnostic medium. These techniques have a great potential for moni-
toring blood glucose levels as they increase accuracy, selectivity, sensitivity, and
reliability of the measurement that would satisfy medical use criteria and meet the
expectation as a less expensive alternative.

Our current study learned that optical and microwave methods have advantages
over electrochemical methods because they offer purely non-invasive and continuous
monitoring without stimulating discomfort to the human body. However, invasive or
minimally invasive electrochemical glucose meters with more advanced enzyme
and electrode materials have significantly improved because they are considered
more reliable and affordable. Electrochemical diagnostic devices are equipped with
software-based analytical performance and data management, capable of updating
device featureswithout recalibration, and less expensive.Therefore, the current domi-
nating electrochemical glucose sensors in the commercial market will not be easily
replaced even if they are invasive until promising non-invasive glucose meters with
the more sensitive, efficient, intelligent, robust, and reliable measurements that can
satisfy medical use criteria is introduced to the market.

5 Future Trends

This review covers the research progress of the latest technologies and their methods
of non- orminimally invasive glucosemonitoringwith alternative physiological body
fluids such as interstitial fluid, urine, sweat, ocular fluids, and saliva instead of blood
glucose concentration. Considerable progress has been made in developing viable
non- or minimally invasive glucose sensors in recent years due to devoted research
efforts and the revolution of biomaterials, medicine, nanotechnology, and computer



Review of Emerging Approaches Utilizing Alternative … 21

science. Although there have been many dedicated research efforts with numerous
progressions to develop a non- or minimally invasive glucose monitoring sensor,
there are still several obstacles to achieving acceptable glucose monitoring because
of the complicated nature of the operation and measurement process.

Through our more recent searches, we also learned that several non- or mini-
mally invasive glucose monitoring devices using optical, electrochemical, and
RF/microwave technologies had been introduced commercially in the market, and
others are close to commercializing. However, we concluded that these methods
are still far from being clinically reliable to meet market expectations. They require
further systemic development and clinical evaluations due to a lack of consistency,
stability, accuracy, and reliability. The remarkable advances in an emerging trend to
integrate a series of functional modules, data mining algorithms, wireless commu-
nications, machine learning algorithms, and computational signal processing led to
significant achievements allowing the creation of new hypotheses that enable deeper
understanding and further investigations of non- orminimally invasive glucosemoni-
toring devices. AI-driven wearable monitoring devices may be introduced to the
current market, making it possible to collect a diverse range of continuous phys-
iological signals to accurately monitor the following: glucose levels in diabetics,
sweat, anxiety, heart rate, blood pressure, nutrition, calorie intake, and COVID-
19 related symptoms in advance. Further continued development of sophisticated
decision support hardware and software systems will yield great opportunities to
introduce more reliable and affordable non-invasive glucose monitoring systems in
the broad commercial market for medical use within the very near future.

Acknowledgements We would like to acknowledge the assistance provided by Eileen Deng for
reviewing and editing this manuscript.

Conflict of Interest None.

References

1. About Diabetes: https://web.archive.org/web/20140331094533/. http://www.who.int/diabetes/
action_online/basics/en/. World Health Organization. Archived from the original http://www.
who.int/diabetes/action_online/basics/en/ on 31 Mar 2014

2. American Diabetes Association: Diagnosis and classification of diabetes mellitus. Diab. Care
27, 5–10 (2004)

3. Coster, S., Gulliford, M.C., Seed, P.T., Powrie, J.K., Swaminathan, R.: Monitoring blood
glucose control in diabetes mellitus: a systematic review. Health Technol. Assess. 4, 1–93
(2000)

4. U.S. Department of Health and Human Services: Centers for disease control and prevention.
In: National Diabetes Statistics Report. Estimates of Diabetes and its Burden in the United
States (2020)

5. American Diabetes Association: Economic costs of diabetes in the U.S. in 2012. Diab. Care
41, 917–928 (2018)

6. National Diabetes Information: Clearinghouse (NDIC) Report in U.S. Department of Health
and Human Services. http://diabetes.niddk.nih.gov/dm/pubs/overview (2011)

https://web.archive.org/web/20140331094533/
http://www.who.int/diabetes/action_online/basics/en/
http://www.who.int/diabetes/action_online/basics/en/
http://diabetes.niddk.nih.gov/dm/pubs/overview


22 S. Jang et al.

7. Newman, J.D., Turner, A.P.F.: Home blood glucose biosensors: a commercial perspective.
Biosens. Bioelectron. 20, 2435–2453 (2005)

8. Diabetes care: 10 ways to avoid complications—Mayo clinic. https://www.mayoclinic.org/dis
eases-conditions/diabetes/in-depth/diabetes-management/art-20045803

9. Jang, S., Xu, C.: Review of emerging approaches in non- or minimally invasive glucose moni-
toring and their application to physiological human body fluids. Int. J. Biosens. Bioelectron.
4(1) (2018)

10. Corrie, S.J, Coffey, J.W., Islam, J., Markey, K.A., Kendall, M.A.F.: Blood, sweat, and tears:
developing clinically relevant protein biosensors for integrated body fluid analysis. Analyst
140, 4350–4364. https://doi.org/10.1039/c5an00464k

11. American Diabetes Association: January 2006 diabetes care. Diab. Care. 29 (Suppl. 1), 51–580
(2006)

12. Bruenm D., Delaney, C., Florea, L., Diamond, D.: Glucose sensing for diabetes monitoring:
recent developments. Sensors 17 (2017)

13. Stout, P.J., Peled, N., Erickson, B.J., Hilgers, M.E., Racchini, J.R., Hoegh, T.B.: Comparison
of glucose levels in dermal interstitial fluid and finger capillary blood. Diabetes Technol. Ther.
3, 81–90 (2001)

14. Fox, L.A., Beck, R.W., Xing, D., Chase, H.P., Gilliam, L.K., Hirsch, I., Kollman, C., Laffel, L.,
Lee, J., Ruedy,K.J., et al.:Variation of interstitial glucosemeasurements assessed by continuous
glucose monitors in healthy nondiabetic individuals. Diab. Care 33, 1297–1299 (2010). https://
doi.org/10.2337/dc09-1971

15. Scuffi,C., Lucarelli, F.,Valgimigli, F.:Minimizing the impact of time lag variability on accuracy
evaluation of continuous glucose monitoring systems. J. Diabetes Sci. Technol. 6(6), 1383–
1391 (2012)

16. Su, L., Feng, J., Zhou, X., Ren, C., Li, H., Chen, X.: Colorimetric detection of urine glucose
based ZnFe2O4 magnetic nanoparticles. Anal. Chem. 84, 5753–5758 (2012)

17. Lind, T., Shepherd, M., Cheyne, G.T.: Enzymatic methods for determining glucose in urine.
Ann. Clin. Biochem. 8 (1971)

18. Makaram, P., Owens, D., Aceros, J.: Trends in nanomaterial-based non-invasive diabetes
sensing technologies. Diagnostics 4, 27–46 (2014). https://doi.org/10.3390/diagnostics4
020027

19. Morris, L.R., McGee, J.A., Kitabchi, A.E.: Correlation between plasma and urine glucose in
diabetes. Ann. Int. Med. 94(4 pt 1), 469–471 (1981)

20. Moyer, D.,Wilson, I., Finkelshtein, B.,Wong, R.: Correlation between sweat glucose and blood
glucose in subjects with diabetes. Diabetes Technol. Ther. 14, 398–402 (2012)

21. Gupta, S., Sandhu, S.V., Bansal, H., Sharma, D.: Comparison of salivary and serum glucose
levels in diabetic patients. J. Diabetes Sci. Technol. 9, 91–96 (2014). https://doi.org/10.1177/
1932296814552673

22. Jurysta, C., Bulur, N., Oguzhan, B., Satman, I., Yilmaz, T.M., Malaisse, W.J., Sener, A. (2009).
Salivary glucose concentration and excretion in normal and diabetic subjects. J. Biomed.
Biotech. 6, 430426

23. Zhang, W., Du, Y., Wang, L.: Noninvasive glucose monitoring using saliva nano-biosensor.
Sens. Bio-Sens. Res. 4, 23–29 (2015)

24. Moses, R.: Adler’s Physiology of the Eye, p. 20 (1975)
25. Clark, L.C., Wolf, R., Granger, D., Taylor, Z.: Continuous recording of blood oxygen tensions

by polarography. J. Appl. Physiol. 6, 189–193 (1953)
26. Clark, L.C., Lyons, C.: Electrode systems for continuous monitoring in cardiovascular surgery.

Ann. N. Y. Acad. Sci. 102, 29–45 (1962). https://doi.org/10.1111/j.1749-6632.tb13623.x
27. Haxha, X., Jhoja, J.: Optical based non-invasive glucose monitoring sensor prototype. IEEE

Photon. J. 6805911(99) (2016). Article available from: https://doi.org/10.1109/JPHOT.261
6491

28. Kasahara, R., Kino, S., Soyama, S., Matsuura, Y.: Noninvasive glucose monitoring using mid-
infrared absorption spectroscopy based on a few wavenumbers. Biomed. Opt. Express 289,
9(1) (2018)

https://www.mayoclinic.org/diseases-conditions/diabetes/in-depth/diabetes-management/art-20045803
https://doi.org/10.1039/c5an00464k
https://doi.org/10.2337/dc09-1971
https://doi.org/10.3390/diagnostics4020027
https://doi.org/10.1177/1932296814552673
https://doi.org/10.1111/j.1749-6632.tb13623.x
https://doi.org/10.1109/JPHOT.2616491


Review of Emerging Approaches Utilizing Alternative … 23

29. Poddar, R., Andrews, J.T., Shukla, P., Sen, P.: Non-invasive glucose monitoring techniques: a
review and current trends. arXiv preprint arXiv:0810.5755 (2008)

30. Naam, H., Idrees, M., Awad, A., Abdalsalam, O., Mohamed, F.: Non invasive blood
glucose measurement based on photo-acoustic spectroscopy. In: 2015 International Confer-
ence on Computing, Control, Networking, Electronics and Embedded Systems Engineering
(ICCNEEE), Khartoum, Sudan, 7–9 Sept (2015)

31. Pandey, R., Paidi, S., Valdez, T., Zhang, C., Spegazzini, N., Dasari, R., Barman, B.: Noninvasive
monitoring of blood glucose with raman spectroscopy. Acc. Chem. Res. 50, 264–272 (2017)

32. Pleitez, M., Lieblein, R., Bauer, A., Hertzberg, O., Lilienfeld-Toal, H., Mäntele, W.: In vivo
noninvasive monitoring of glucose concentration in human epidermis by mid-infrared pulsed
photoacoustic spectroscopy. Anal. Chem. 85, 1013−1020 (2013)

33. Larin, K., Motamed, M., Eledrisi, M., Esenaliev, R.: Noninvasive blood glucose monitoring
with optical coherence tomography. Diab. Care 25(12) (2002)

34. Ullah, H., Hussain, F., Ikram, M.: Optical coherence tomography for glucose monitoring in
blood. Appl. Phys. B 120, 355–366 (2015). https://doi.org/10.1007/s00340-015-6144-7

35. Klonoff, D.: Overview of fluorescence glucose sensing: a technology with a bright future. J
Diab. Sci. Technol. 6(6), 1242–1250 (2012)

36. Badugu, R., Lakowicz, J., Geddes, C.: Ophthalmic glucosemonitoring using disposable contact
lenses—a review. J. Fluoresc. 14(5), 617–633 (2004)

37. Ding, L., Zhang, B., Xu, C., Huanga, J., Xia, Z.: Fluorescent glucose sensing using CdTe/CdS
quantum dots–glucose oxidase complex. Anal. Methods 14 (2016)

38. Medical Dictionary: https://medical-dictionary.thefreedictionary.com/interstitial+fluid
39. Potts, R., Tamada, J., Tierney, M.: Glucose monitoring by reverse iontophoresis. Diab. Metab

Res. Rev. 18(Suppl. 1), S49–S53 (2002)
40. Bandodkar,A., Jia,W.,Yardımcı, C.,Wang,X., Ramirez, J.,Wang, J.: Tattoo-based noninvasive

glucose monitoring: a proof-of-concept study. Anal. Chem. 87, 394–398 (2015)
41. Tang, F., Wang, X., Wang, D., Li, J.: Non-invasive glucose measurement by use of metabolic

heat conformationmethod. Sensors 8(5), 3335–3344 (2008). https://doi.org/10.3390/s8053335
42. Cho, O., Kim, Y.,Mitsumaki, H., Kuwa, K.: Noninvasivemeasurement of glucose bymetabolic

heat conformation method. Clin. Chem. 50(10), 1894–1898 (2004)
43. Nery, E., Kundys, M., Jelen, P., Jonsson-Niedzioka, M.: Electrochemical glucose sensing: is

there still room for improvement? Anal. Chem. 88, 11271–11282 (2016)
44. Ferri, S., Kojima, K., Sode, K.: Review of glucose oxidases and glucose dehydrogenases: a

bird’s eye view of glucose sensing enzymes. J. Diab. Sci. Technol. 5(5) (2011)
45. Chung, R., Wang, A., Liao, Q., Chuang, K.: Non-enzymatic glucose sensor composed of

carbon-coated nano-zinc oxide. Nanomaterials 7, 36 (2017). https://doi.org/10.3390/nano70
20036

46. Dayakar, T., et al.: Progress of advanced nanomaterials in the non-enzymatic electrochemical
sensing of glucose and H2O2. Biosensors 10(11), 151 (2020). https://doi.org/10.3390/bios10
110151

47. Xue, W., Zhang, D., Zhang, G., Zhu, D.: Colorimetric detection of glucose and an assay for
acetylcholinesterase with amine-terminated polydiacetylene vesicles. Chin. Sci. Bull. 56(18),
1877–1883 (2011)

48. Yan, Z., Xue, M., He, Q., Lu, W., Meng, Z., Yan, D., Qiu, Q., Zhou, L., Yu, Y.: A non-
enzymatic urine glucose sensor with 2-D photonic crystal hydrogel. Anal. Bioanal. Chem.
408(29), 8317–8323 (2016)

49. Wang, T., Guo, K., Hu, X., Liang, J., Li, X., Zhang, Z., Xie, J.: Label-free colorimetric detection
of urine glucose based on color fading using smartphone ambient-light sensor. Chemosensors
8, 10 (2020). https://doi.org/10.3390/chemosensors8010010

50. Yetisen, A., Montelongo, Y., Vasconcellos, F., Martinez-Hurtado, J., Reusable, R.: Accurate
laser-generated photonic nanosensor. Nano Lett. 14(6), 3587–3593 (2014). https://doi.org/10.
1021/nl5012504

51. Robinson, S., Dhanlaksmi, N.: Photonic crystal based biosensor for the detection of glucose
concentration in Urine. Photon. Sens. 7(1), 11–19 (2017)

http://arxiv.org/abs/0810.5755
https://doi.org/10.1007/s00340-015-6144-7
https://medical-dictionary.thefreedictionary.com/interstitial+fluid
https://doi.org/10.3390/s8053335
https://doi.org/10.3390/nano7020036
https://doi.org/10.3390/bios10110151
https://doi.org/10.3390/chemosensors8010010
https://doi.org/10.1021/nl5012504


24 S. Jang et al.

52. Lee, H., Song, C., Hong, Y., Kim, M., Cho, H., Kang, T.: Wearable/disposable sweat-based
glucose monitoring device with multistage transdermal drug delivery module. Sci. Adv. 3(3),
e1601314 (2017)
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