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a b s t r a c t

Poly(amidoamine) (PAMAM) dendrimers have received attention due to their large surface areas with
high concentration of functional end groups to bind biological material. They are monodisperse and
hyper-branched polymers which include active functional groups outside its surface. These functional
groups have been used for immobilizing the biorecognition molecules. They act as bioconjugating re-
agents and they have various applications in the fields of chemical and biochemical biosensors. Elec-
trochemical techniques (amperometric, impedimetric, potentiometric, electrochemiluminescence) are
useful for the determination of target molecules, with high sensitivity and selectivity. Dendrimer-
modified enzyme biosensors, DNA biosensors, immunosensors and chemical sensors have been fabri-
cated by using PAMAM dendrimer. This review provides a brief description of PAMAM dendrimers and its
applications in biosensors and sensors. These sensors' limit of detection values are also compared in
detail. Also this is the first review that assesses PAMAM dendrimers from the point of its usability in
biosensor and sensor technologies.
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1. Introduction

Dendrimers are a member of polymers consisting of a central
core and branched monomers [1]. The word dendrimer is derived
from a Greek term that is dendron, meaning tree, and meros,
meaning part [2–4]. A typical dendrimer includes three parts: a
central core (C), branched units (B) and surface groups (S). The
branched units are arranged in layers named generations and
present as the repeating monomer unit [2]. The typical structure of
dendrimer is shown in Fig. 1.

Dendrimers have highly-branched structures and are globular
shapes with the nanosize ranging from 2 to 20 nm. Due to the
unique structural properties such as monodispersity, controllable
size and structure, modifiable surface functionalities,
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Fig. 1. The typical structure of a dendrimer [2,4].
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hydrophilicity, and high mechanical and chemical stability they
become favorite synthetic macromolecules in the field of bio-
sensor technology [5,6]. Also they are ideal immobilization surface
for biorecognition molecules. These properties contribute bio-
sensors for enhancing their target-capturing ability and sensitive,
specific, stabil analysis [5].

Fritz Vogtle and his co-workers developed the first dendrimer
in the 1970s. Then, in 1984, Donald A synthesized the primary
group of dendrimers. From that day to this day, generation of
multiple dendrimer families have been developed in different
ways [4]. In this review, we investigated and summarized the re-
cent improvements in PAMAM dendrimer based biosensors and
sensors. Most reviews have been organized around biomedical
applications such as drug delivery and dendrimer-drug interac-
tion. In this review, not only various characteristic of PAMAM are
explained, but also the usability of PAMAM dendrimer in biosensor
technology is discussed and LODs of PAMAM dendrimer based
biosensors are also compared.
2. Polyamidoamine (PAMAM) dendrimer

In 1984, Tomalia and his co-workers synthesized PAMAM
dendrimers for the first time. They are known as the first com-
mercial dendrimers family, which are extensively characterized
and commonly used. PAMAM dendrimers have ethylene diamine
(EDA) core and an amidoamine repeating monomer unit. Also, a
PAMAM dendrimer consists of three architectural structures which
Table 1
Approximate diameters (G0–G7) of PAMAM dendrimers [4].

Generation Number of NH2 groups on the periphery Molecular for

0 4 C24H52N10O4S2
1 8 C64H132N26O12

2 16 C144H292N58O2

3 32 C304H612N122O
4 64 C624H1252N250O
5 128 C1264H2532N506

6 256 C2544H5092N101

7 512 C5104H10212N20
are a core, repeating units, active surface groups [4,6].
The size of PAMAM dendrimers ranges from 10 Å to 130 Å in

diameter for generation 0 (G0) through generation 10 (G10). It
means that the diameter of molecule changes approximately 1 nm
as each generation varies (Table 1). Also, dendrimer diameter in-
creases approximately linearly with generation, while the number
of functional groups on the surface increases exponentially.
Therewith, on the outside of the dendrimer the distance between
functional groups and their flexibility decrease with generation
[4].

The shape of PAMAM dendrimer is affected by the number of
generations. Dendrimer, from G0 to G4 (lower generation den-
drimers) have a planar, elliptical shape and from G5 to G10 (higher
generation dendrimers) have a spherical shape because their
branches are densely packed. In the higher generations the steric
hindrance of the branches occur and it can lead to the defective
branching structures. The steric hindrance starts with G7 and re-
duces the synthetic yield and continues until G10, and the higher
generations can not be synthesized due to this phenomenon.
However, the higher generations of PAMAM dendrimer have larger
cavity in their size. The lower generations of PAMAM dendrimer
are more polar than its higher generations [4]. The structure of
PAMAM dendrimer is shown in Fig. 2.

There are four methods for PAMAM synthesis. In divergent
method, synthesis of PAMAM dendrimer begins from a multi-
functional core molecule and the reaction occurs between the core
and monomer molecules containing one reactive and two dormant
groups. The initiator core for PAMAM dendrimer is an ammonia or
ethylenediamine molecule. They have three and four possible
binding sites for amidoamine repeating units. The surface of the
molecule has primary amino groups and two new branches con-
jugate each of them. In convergent method, dendrimer is syn-
thesized from surface to the core, mostly by “one to one” coupling
of monomers, so dendrons are created. Finally, two or more den-
drons get together and creat the dendrimer. In combined con-
vergent–divergent synthesis, orthogonally protected branched
monomers are used for dendrimer synthesis. In click synthesis
method, the copper-catalysed azide-alkyne cycloaddition is mostly
used. The click chemistry is known as Cu-catalyzed cycloaddition
reaction between an alkyne and an azide forming a 1,2,3-triazole
ring. This reaction is a discovery for synthesis of dendrimers [4].
3. PAMAM dendrimer as a construction material for electro-
chemical biosensor fabrication

A biosensor is an analytical device that consists of two parts, a
bioreceptor and a transducer. First part, the bioreceptor is a bior-
ecognition molecule for the spesific target analyte, and second
part the transducer transforms the biochemical reaction into a
measurable signal [7].

The basic principle of electrochemical biosensors is that bio-
chemical reaction between biorecognition element and specific
mula Molecular weight MW Hydrodynamic diameter (nm)

609 1.5
S2 1522 2.2
8S2 3348 2.9
60S2 7001 3.6
124S2 14,307 4.5
O252S2 28,918 5.4
8O508S2 58,140 6.7
42O1020S2 116,585 8.1



Fig. 2. General structure of a PAMAM.
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target analyte producing or consuming ions or electrons, which
changes electrochemical properties (electric current or potential)
of the solution. The bioelectrochemical reaction generates a cur-
rent (amperometric), a potential (potentiometric) or alters the
impedance of a medium between electrodes [8].
Fig. 3. The use of PAMAM de
The excellent structural properties of PAMAM dendrimer such
as controllable size, high functional and hydrophilic surface area,
high mechanical and chemical stability make them a suitable
construction material for immobilizing biorecognition elements.
The successful use of PAMAM dendrimers for the modification of
ndrimers in biosensors.
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electrode depends on immobilization methods of biorecognition
element on the transducer. Biorecognition elements such as en-
zymes, antibodies, or DNA can be immobilized via physical ad-
sorption and covalent attachment to the PAMAM dendrimer sur-
face, or can be encapsulated into the interior part. In literature,
PAMAM dendrimers are coupled up with other nanomaterials
such as carbon nanotubes, gold nanoparticles, graphenes and
quantum dots to improve the sensitivity of biosensors. In addition,
PAMAM dendrimers have been used to fabricate biosensors with
high stability, good reproducibility and repeatability, and low limit
of detection. And they provide a biosensor operate in extreme
conditions [5]. The use of PAMAM dendrimer in biosensors is
shown in Fig. 3.

Using PAMAM dendrimers for the construction of biosensors
provides several advantages. First, they have multiple conjugation
and structurally stable construction sites. Second, they show
minimum diffusion limit for the targets and electron-transfering
molecules because of their internal void. Third, because of reactive
groups on them they provide accessible platform for further
modifications for reagentless biosensing. Also, according to lit-
erature, PAMAM dendrimer enhances surface immobilizing capa-
city for detecting target molecule with high selectivity and sensi-
tivity [9].

3.1. Amperometric biosensors based on PAMAM dendrimer

Amperometric biosensors are the most popular class of bio-
sensors. In amperometric measurements, a current occurs as a
result of electrochemical oxidation or reduction of an electroactive
molecule. This type of measurement is taken by maintaining a
constant amplitude voltage at working electrode (gold, platinum,
carbon) related to reference electrode, under a fixed potential,
current pass through sample. Characteristically, in amperometry,
the current is measured at a constant potential. In voltammetry,
the current is measured during controlled differences of the po-
tential [9]. In Table 2 studies of amperometric biosensors with
PAMAM dendrimer are summarized.

The detection of protein markers with sensitively and selec-
tively is important for diagnosis of diseases. α-1-fetoprotein (AFP)
is an oncofetal glycoprotein and important to hepatocellular car-
cinoma, teroblastoma and especially liver carcinoma diagnosis
[49]. PAMAM dendrimers were used for developing of biosensors
[14,20,42]. PAMAM dendrimer functionalized graphene and HRP-
labeled antibodies were used for the construction of the biosensor.
PAMAM functionalized graphene provided large area to the im-
mobilization of a lot of enzyme loaded antibody onto the electrode
surface and it amplified signal. In this study, PAMAM dendrimer
was bound on the surface of carboxylated graphene via amide
bound and HRP-labeled antibodies was crosslinked to the PAMAM
dendrimer. Graphene accelerated the electron transfer and am-
plified the signal because of its high electrical conductivity. The
amplified signal was monitored in the presence of H2O2. In the
presence of hydroquinone and H2O2, carboxylated graphene-PA-
MAM–anti-AFP–HRP immobilized biosensor had larger reduction
current than anti-AFP–HRP. In another study for AFP detection,
PAMAM dendrimers-capped carbon dots-gold nanocrystal nano-
composite was used for the construction of biosensor. This nano-
composite showed high conductivity, stability and biocompat-
ibility on the electrode surface. Carbon dots are carbon materials,
which are soluble and have good electrical conductivity, large
surface area. PAMAM dendrimer served as large electrode material
for the attaching of carbon dots. This nanocomposite attached on
the electrode surface and anti-AFP antibodies immobilized on the
electrode via the electrostatic and hydrophobic interactions be-
tween gold nanocyrstal and amino groups of antibodies. One dif-
ferent study was performed by using PAMAM dendrimer
encapsulated gold nanoparticles as a sensing materials. For the
fabrication of biosensing interface, 4-aminothiophenol was self-
assembled on the electrode and gold–PAMAM nanocomposite
coated the electrode surface by using phtaloyl chloride. This na-
nocomposite enhanced the electron transfer between the elec-
trode surface and electrolyte solution. Anti-AFP antibodies was
bound after ethyleneamine viologen (vio) and phtaloyl chloride
binding on the electrode surface. Vio was used as a redox marker
and illustrated the antigen–antibody interaction on the electrode
surface. It contributed to signal producing and sensitively detec-
tion of AFP. The use of gold–PAMAM nanocomposite with high
conductivity and large surface area provided to immobilize a large
quantity of anti-AFP antibody on the electrode surface and am-
plification of signal. The response of only anti-AFP antibody
modified electrode and Au–PAMAM/anti-AFP antibody modified
electrode was compared. Only a small response was observed
when only anti-AFP antibody was used. Larger response was found
when Au–PAMAM nanocomposite was used. Sulfhydryl viologen
and gold nanoparticles was used for the construction of the im-
munosensor [50]. The LOD's were found as 130 fg/mL [20] and
230 fg/mL [50]. Also, the AuNPs–PAMAM nanocomposite not only
increased the electrode surface area and made the electron
transfer easy, but also it provided stable matrix for immobilizing
biorecognition elements.

The glucose oxidase (GOx) is a member of the oxidoreductase
enzymes that catalyses the oxidation of glucose to hydrogen per-
oxide and D-glucono-δ-lactone [50]. During the oxidation of glu-
cose, FAD is reduced to FADH2 by accepting electrons from glucose.
FADH2 then reacts with O2 to form H2O2 and FAD. After addition of
glucose, the oxidation peak current increases while the reduction
peak current decreases perceptibly. The change of current with the
level of glucose has a linear relationship. PAMAM-pyrolle den-
drimer–GOx [23], graphene oxide–PAMAM–PtNPs–GOx [31], cy-
steamine–PAMAM–GOx [34], PAMAM-ferrocene dendrimers–GOx
[40], reduced graphene oxide–PAMAM–Ag nanocomposite–GOx
[43] were used for the construction of glucose biosensors. Because
of graphene’s excellent features such as large surface area and high
electrical conductivity, low LOD values can be obtained. The sta-
bility and reproducibility are two important parameters in any
biosensor. Also, these biosensors are stabil under dry conditions
and reproducible. In our opinion, this is related with PAMAM
dendrimers' good biocompatibility and catalytic activity of GOx in
them.

Horseradish peroxidase (HRP) is a member of the heme-con-
taining redox enzymes. The electron transfer transforms Fe(III) to
Fe(II) in the heme of HRP. This process catalyzes the reduction of
H2O2. The electrochemically active centers in HRP are buried in its
three-dimensional structure and that obstructs direct electron
transfer between HRP and the electrode surface. PAMAM den-
drimer is useful for bioconjugating reagents for construction of
HRP biosensors. Also it provides suitable environment for HRP.
Pyrrole-PAMAM dendrimer copolymers and PAMAM dendrimer/
cysteamine/AuNPs composite were used for the construction of
H2O2 biosensors. Pyrrole-PAMAM dendrimer copolymer is a con-
ductive material and used as enzyme immobilization platform.
3-mercaptopropionic acid (MPA) was self-assembled on the elec-
trode surface. Pyrrole-PAMAM dendrimer was immobilized on the
MPA layer. An amide bound was occurred between carboxylic
group of MPA and amine group of pyrrole PAMAM dendrimer. The
HRP enzyme was immobilized on the modified electrode by
electropolymerization. HRP passed good catalytic activity. This
might have orginated from effective immobilization of HRP on the
pyrrole-PAMAM dendrimer modified electrode and it provided
high enzyme loading and stabile electrode. PAMAM dendrimers
were linked covalently onto self-assembled monolayer of Au
electrode via glutaraldehyde cross-linking. After adsorbing gold



Table 2
Amperometric biosensors based on PAMAM dendrimers.

Target molecule Fabrication of the biosensor Bioreceptor Limit of detec-
tion (LOD)

Linear range Reference

H2O2 Au/cysteamine (Cys)/glutaraldehit (GA)/G4-PAMAM/AuNPs/HRP Enzyme 2 mmol/L 10�5–2.5�10�3 mol/L [10]
Glucose Au dual electrode/Cys/PAMAM/GA/alcohol oxidase (AOx)þpyranose oxidase (PyOx) Enzyme – 0.025–0.5 mM [11]
Ethanol – 0.025–0.5 nM
pO2 –

cell density –

H2O2 Au/3-mercaptopropionic acid (MPA)/pyrrole-PAMAM/HRP Enzyme 5.7 mM 1–18 mM [12]
Pencillamine (PCA) Au/MPA/EDC-PAMAM/AuNPs/Tyrosinase Enzyme 5.4�10-8 mol/L 7.5�10�7–10�4 mol/L [13]
AFP GCE/AuNPs/anti-AFP/AFP/Gr-PAMAM–anti-AFP-HRP Antibody 0.45 ng/mL 1-100 ng/mL [14]
Glucose ITO/poly(vinyl(sulfonic acid))(PVS)/cobalthexacyanoferrate(CoHCF)/GOx-BSA Enzyme 17 mmol/L – [15]
Tichlorfon Au/polyaniline (PAN)/camphorsulfonic acidþphenol/AChEþGA/ChO/BSA Enzyme 100, 6, 700 nmol/

L
0.2–25; 0.01–0.2; 1–
2.5 mmol/L

[16]

Carbofuran Au/1-hexadecanethiol/G4-PAMAM/AChEþChOþGA/BSA Enzyme 0.003, 0.04,
0.1 nmol/L

0.005–0.02; 0.05–0.09;
0.2–2 mmol/LEserine

Ethanol Au/Cys/GA/PAMAM/alcohol oxidase (AOx)þGA Enzyme 0.016 mM 0.025–1 mM [17]
Glutamate GCE/glutamate dehydrogenase (GLDH)/Pt-PAMAM/CNTs nanocomposite Enzyme 10 nM 0.2–250 mM [18]
Chloramp-henicol (CAP) GCE/AuNPs/poly5,2′;5′,2″-terthiophene-3′-carboxylic acid (poly-TTCA)/AuNPs/PAMAM/Cadmium sulfite (CdS)/anti-chlor-

amphenicol acetyl transferase (anti-CAT)/BSA/Hydrazine-CAP
Antibody 45 pg/mL 50–950 pg/mL [19]

AFP Au/4-aminonitrophenol/Phtaloyl chloride (Pht)/Au–PAMAM/Pht/Ethylenamine viologen/Pht/anti-AFP/BSA Antibody 130 fg/mL 0.001–45 ng/mL [20]
Thrombin GCE/AuNPs/thrombin aptamerI (TBAI)/hexanethiol/Thrombin/PAMAM-thionine (TH)-hemin-TBA II-BSA Aptamer 0.1 pM 0.0002–30 nM [21]
Target DNA Au/MPA/EDC/NHS/aminoterminated PAMAM (G4.0-NH2)/Avidin (EDC/NHS)/biotin-labeled ssDNA (capture DNA)/target

DNA/reporter DNA with AuNPs on 5′-end
Aptamer 1.4�10�14 M 2.7�10�14–1.4�10�14 M [22]

Glucose Au/MPA/PAMAM-pyrrole dendrimers/GOx Enzyme 6.3 mM 0.5–4 mM [23]
H2O2 GCE/PAMAM–MWCNTs–AuNPs/Hemoglobin (Hb) Enzyme 2�10�7 mol/L 10�6–2.2�10�3 mol/L [24]
Target DNA GaN nanowires/1,10-decanedicarboxylic acid/G3-PAMAM/EDC/probe-DNA Aptamer 0.1 aM 10�8–10�9 M [25]
Human cellular prion
protein (PrPc)

Au/polypyrrole and pyrrole functionalized by an active ester (PPy –PyNHP)/PAMAM/ferrocene/biotin hydrazide/streptavidin/
biotinylated aptamers

Aptamer 0.8 pM 1 pM–1 mM [26]

Estradiol GCE/graphene–polyaniline/PAMAM –Au/estradiol/BSA/HRP-GO-anti-estradiol Antibody 0.002 ng/mL 0.04–7 ng/mL [27]
Salbutamol (SAL) Au/cys/PAMAM–AuNPs doped chitosan-iron oxide nanocomposites (CS-Fe3O4–PAMAM)/SAL/HRP/HRP–MWCNTs–Ab

bioconjugate
Antibody 0.06 ng/mL 0.11–1061 ng/mL [28]

t-DNA SPE/poly(TTCA)/EDC/PAMAM/AuNPs/thiolated DNA probe/1-decanethiol/t-DNA biotinylated probe/avidin-hydrazine Aptamer 30 fM 50 fM–75 nM [29]
IgG SPE/poly(TTCA)/EDC/PAMAM/AuNPs/anti-human IgG/BSA/IgG/biotinylated anti-human IgG/Avidin-Hydrazine Antibody 25 fg/mL 40 fg/mL–2.5 ng/mL
t-DNA Au/MPA/EDC/G1-PAMAM with raphene core/AuNPs/thiolated DNA probe Aptamer 10�12 M 10�6–10�12 M [30]
Glucose GCE/graphene oxide-(3-glycidyloxypropyl)trimethoxysilane-PAMAM-G4)/PtNPs/GA-GOx Enzyme 0.8 mM 10 mM–8.1 mM [31]
Glucose GCE/CNT–PAMAMþGOx–HRP Enzyme 2.5 mM 4 mM–1.2 mM [32]
Carbofuran GCE/CNTs/PAMAM–AuNPs/AChE Enzyme 4�10�9 M 4.8�10�9–0.9�10�7 M [33]
Glucose Au/Cysþ6-ferrocenyl-1-hexanethiol/GA/PAMAM/GOx/GAþAuNPs Enzyme 0.6 mM 1–5 mM [34]
Fructose Au/cys/GAþPAMAM/GAþFructose dehydrogenase Enzyme – 0.25–5 mM [35]
CA 125 Mercury film electrode/MB-GOPS/Ab1-1–Ab1-2–Ab1-3/glycin/CA 125-CA 19-9- CA 15-3/PAMAM dendrimer-QD nanocompo-

sites/Ab2-1–Ab2-2– Ab2-3
Antibody 0.005 U/mL 0.01–50 U/mL [36]

CA 19-9
CA 15-3
Dopamine (DA) Au/Chit-MWCNTs/PAMAM/DNA Aptamer 0.03 mM 0.2–10 mM [37]

0.007 mM 10–100 mM
Uric acid (UA) 0.5–100 mM
AFP GCE/AuNPs/AET/PAMAM/anti-AFP/BSA Antibody 3 ng/mL 50–500 ng/mL [38]
Atrazine GCE/AuNPs/AET/atrazine-BSA/anti-atrazine/anti antrazine-HRP (secondary antibody) Antibody 1.2 ng/mL 10�2–103 ng/mL [39]
Glucose Au/MPA/PAMAM-ferrocene dendrimers/GOx Enzyme 0.48 mM 1–22 mM [40]
Glutamate GCE/MWCNTs/PAMAM/Pt/Glutamate oxidase-polyethyleneimide (PEI)/GA/NAfion Enzyme 0.5 mM 1–50 mM [41]
AFP GCE/PAMAM*carbon dots/Au nanocrystal/anti-AFP/BSA Antibody 0.025 pg/mL 100 fg/mL–100 ng/mL [42]
Glucose GCE/RGO–PAMAM–Ag nanocomposite/GOx/chitosan Enzyme 4.5 mM 0.032–1.89 mM [43]
t-DNA PGE/succinamic acid/G2-PAMAM/calf thymus double stranded DNA (ct DNA) or short DNA oligonucleotide (DNA ODN) Aptamer 4.2 mg/mL 20–120 mg/mL [44]
L-tyrosine GCE/PAMAM–MWCNT film/Hemin Enzyme 10�8 M 0.1–28.8 mM [45]
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nanoparticles on amino groups of PAMAM dendrimer, HRP was
linked to the electrode surface. Because of large surface area of
PAMAM dendrimers, the amount of adsorbed gold nanoparticles
increased, and as a result immobilized HRP on the electrode sur-
face also increased [10]. Liu et al. [10] found lower LOD value
(2 μmol/L) because gold is a conductivite material and enhances
electron transfer between electrolyte solution and electrodes.

Carbofuran is a carbamate pesticide, and there are many bio-
sensors for its determination. They are commonly based on en-
zyme inhibition in the presence of carbofuran. Acetyl cholines-
terase (AChE) is an enzyme which is widely used for pesticide
(carbofuran) determination. The degree of the inhibition of AChE
depends on the level of the carbofuran and the exposure time [33].
PAMAM dendrimer and 1-hexadecanethiol were used for the
construction of the biosensor [16]. PAMAM dendrimer increased
the mechanical stability of biosensor. Acetyl cholinesterase and
choline oxidase was immobilized on the electrode surface. The
measurement principle was based on H2O2 oxidation.

Glutamate is a neurotransmitter, which has a vital role in the
mammalian central nervous system and neuronal pathways in the
brain. Glutamate was detected by using enzymatic biosensors
which use glutamate dehydrogenase and glutamate oxidase as
recognition elements for glutamate detection. PAMAM den-
drimer–platinum nanoparticles (PtNPs) conjugate and multiwall
carbon nanotubes (MWCNTs) were used for the construction of
the biosensor [18,41]. In the biosensor, which used glutamate
dehydrogenase as recognition element, the detection principle
was based on chemical oxidation of glutamate. After addition of
glutamate, an increase in current was observed. The principle of
glutamate oxidase biosensor was based on monitoring the re-
duction current of glutamate. The current was proportional to
glutamate level. Another study for glutamate detection was per-
formed by using glutamate oxidase and MWCNTs/AuNPs/chitosan
composite film [52]. The detection limit was higher than the PA-
MAM dendrimer modified biosensor. Because PAMAM dendrimer
has large surface area for enzyme to bind, more enzyme causes
more signal and low detection limits.

Estradiol (17β-estradiol, E2) is a natural estrogen that has a
vital role in various physiological processes and it affects re-
productive and sexual functioning [8]. Graphene-polyaniline,
HRP–graphene oxide-antibody conjugates and PAMAM–gold na-
noparticles (AuNPs) composites were used for the construction of
the biosensor [27]. There are a number of surface groups of the
PAMAM dendrimer which caused a lot of HRP and anti-estradiol
immobilization on the electrode surface and graphene–polyaniline
composites were used to facilitate electron transfer between
electrode and electrolyte solution, and to increase the stability of
the biosensor. The principle of the biosensor was based on the
reduction of hydrogen peroxide and the reduction current was
monitored as amperometric measurements. This biosensor was
successful for the detection of estradiol in water and milk.

Avian Influenza Virus (AIV) infection is a fatal disease in poor
countries. A genosensor was fabricated by using MWCNTs–CoPc
nanocomposite and PAMAM conjugate [48]. MWCNTs–CoPc na-
nocomposite was immobilized on the electrode. PAMAM den-
drimer provided amino groups on the electrode, these groups
formed covalent bounds with carboxyl groups of the activated
MWCNTs. Consequently, DNA probes were immobilized on the
electrode via covalent coupling between amino groups of PAMAM
dendrimer and 50-end phosphate groups of DNA. PAMAM den-
drimer gave some freedom to the oligonucleotide for movement
and made the effect of steric hindrance easier during the hy-
bridization. So, a stable biosensor was performed. At the same
time MWNTs–CoPc nanocomposite increased the oxidation signal
of guanine nucleobase and provided sensitive detection of DNA.
Another biosensor was constructed by using 16-
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mercaptohexadecanoic acid and NHS-EDC chemicals [53]. The LOD
values were 5 mg/mL (5�106 pg/mL) and 1 pg/mL, respectively.
This lower limit of detection can be related with large surface area
of PAMAM.

The studies mentioned above, which based on amperometric
PAMAM dendrimer biosensors, were investigated and found that
PAMAM dendrimer enhances the peak currents and enlarges the
electrode surface due to a lot of amine groups on its surface. In
most of literature studies, PAMAM dendrimer was used with na-
noparticles such as gold nanoparticle. Gold nanoparticles were
used mostly for developing a PAMAM dendrimer based biosensor
due to its high conductive property. The amine groups on the
PAMAM dendrimer surface has high affinity to gold nanoparticles.
Because of its spherical structure, the large surface area and den-
sity of amine groups on the electrode, the amount of adsorbed
nanoparticles on the electrode is increased and as a consequence
the amount of immobilized biorecognition element is increased.
For binding of biorecognition elements on the PAMAM surface
different bioconjugating reagents were used such as glutar-
aldehyde for immobiling of enzymes and antibodies. They bind to
PAMAM dendrimer due to crosslinking property of glutaraldehyde.
Thus a suitable environment is formed on the electrode surface.
Apart from these properties of PAMAM dendrimer, it supports the
enzymatic and catalytic reactions, and increases the lifetime sta-
bility of the electrode.

3.2. Impedimetric biosensors based on PAMAM dendrimer

Impedimetric measurements are successful to monitor changes
in electrical properties at modified electrode surfaces. These
changes are based on biorecognition events such as antigen–an-
tibody interaction, probe DNA-target DNA hybridization. Electro-
chemical impedance spectroscopy (EIS) is an effective technique
for characterization and fabrication of a biosensor. EIS can be ef-
fectively used for the quantification of target molecules. The re-
presentative Nyquist plots of EIS spectra shows the forming of
different layers during the modification of electrode. Character-
istically, an impedance spectrum includes semicircle part and a
linear part. The semicircle part, at high frequencies associated with
the electron transfer limited process, whereas the linear part
shows the diffusion limited process. Also, each reaction process is
shown by an electric circuit which includes resistance, capacitors,
or constant phase elements arranged in parallel or in series. The
Randles–Ershler electric equivalent circuit model was mostly used
for monitoring electrochemical reaction. It consists of an ohmic
resistance (Rs), a charge transfer resistance (Rct), a double layer
capacitance and a warburg impedance (Zw). Ohmic resistance
shows the resistance of the electrolyte solution between working
and reference electrode. The charge transfer resistance is known as
the diameter of semicircle. The double layer capacitance is the
capacitance of the complex bioactive layer. Warburg impedance
shows the normal diffusion between the electrode and the com-
plex layer. In an electrochemical composition, the resistance of
electrolyte solution depends on the bulk features of the electrolyte
solution [8]. Table 3 summarizes impedimetric biosensors with
PAMAM dendrimer in literature.

Prostate-specific antigen (PSA) is one of the first tumor bio-
markers for screening and diagnosis of prostate cancer [49]. High-
branched PAMAM dendrimer has adequate functional groups for
chemical bonding. These groups increase the amount of antibodies
on the electrode surface, and thus it increases the sensitivity and
the selectivity of electrochemical analysis. A PSA immunosensor
was fabricated by using MWCNT-ionic liquid chitosan (Chit), thiol
terminated PAMAM–AuNPs composite and HRP-labeled anti-PSA
bioconjugate [54]. PAMAM dendrimer provided large surface area
but it decreased the conductivity of modified electrode and limited
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electron transfer. To overcome this handicap, gold nanoparticles
were used in this study. Before measurement, immunosensor was
incubated with different concentrations of PSA and excessive HRP-
labeled PSA antibody. After addition of H2O2 the reduction peak
current of thionine increased due to electrocatalytic activity of
immobilized HRP toward H2O2 reduction while related oxidation
peak current decreased. These results indicated that the attached
HRP retained its catalytic activity toward H2O2 reduction and
thionine was a suitable electron transfer mediator. The im-
munosensor response was based on the redox process. The bio-
sensor response was compared with ELISA and there was no dif-
ference between the results. Also the proposed immunosensor can
be successfully applied for PSA detection in real samples. In an-
other study, 16-mercapto-1-hexadecanoic acid, 11-mercapto-1-
undecanol, gold nanoparticles were used for the construction of
sandwich immunosensors [65]. When compared the detection
limits of these biosensors, PAMAM modified immunosensor had
lower detection limits. PAMAM dendrimer has a high density of
terminal group for antibody immobilization.

Salmonella typhimurium (S. typhimurium), a gram-negative
bacteria, causes food-borne illnesses. A biosensor was developed
by attaching anti-Salmonella antibodies onto electrode which in-
clude AuNPs and PAMAM dendrimer-MWCNTs-Chit nanocompo-
site [55]. MWCNT, PAMAM and AuNPs increased the sensitivity of
the biosensor. Gold nanoparticles bonded to PAMAM dendrimer
via amido-gold affinity. Because of large surface of PAMAM den-
drimer, the loaded quantity of AuNPs increased. So the amount of
antibody on the electrode increased. MWCNTs increased the con-
ductivity of the biosensor and enhanced electron transfer between
electrode surface and electrolyte solution. The immobilization of
anti-Salmonella on the electrode surface and the interaction with
Salmonella cells caused an increase in the electron transfer re-
sistance (Rct). A linear relationship between Rct and Salmonella
concentration was obtained.

Vascular endothelial growth factor (VEGF) has a vital role in
regulation of angiogenesis and vascular permeability and is used
as a biomarker for breast cancer detection [49]. A biosensor was
fabricated for VEGF determination and PAMAM dendrimers were
used for the construction of their biosensor [58]. The PAMAM
dendrimers were bound to self-assembled monolayer via covalent
coupling. PAMAM dendrimer had amino groups on its surface and
vascular endothelial growth factor receptor-1 (VEGF-R1) was at-
taced on the surface via glutaraldehyde cross-linking. An impedi-
metric immunosensor was developed for VEGF determination and
VEGF-R1 was covalently attached by coupling with 11-mercap-
toundecanoic acid on gold electrodes [66]. The biosensors' LOD
values were 5 pg/mL and 1 ng/mL. Because of high surface area of
PAMAM dendrimer, higher amount of VEGF-R1 was loaded on the
electrode surface and thus the LOD value of the first biosensor was
found to be lower.

Based on the studies, it can be concluded that, impedimetric
PAMAM dendrimer biosensors enlarge the electrode surface owing
to primary amine groups on its surface, thus the amount of bior-
ecognition molecules increases and this increment causes lower
detection limit. PAMAM dendrimer is positively charged and a
redox probe can access to the immobilized PAMAM, so it improves
the speed of electron transfer between electrolyte and electrode,
which causes a small Nyquist plot diameter and charge transfer
resistance.

3.3. Electrochemiluminescence (ECL) biosensors based on PAMAM
dendrimer

Electrochemiluminescence (ECL) is a sensitive and selective
detection technique and mostly used in clinical diagnosis, en-
vironmental and food analysis. It has wide dynamic concentration
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response range. Generally, for the ECL techniques, three ECL re-
agents including luminol, quantum dots and tris(2,2′-bipyridyl)
ruthenium (II)( ( ) +Ru bpy 3

2 ) or their analogues have been adopted.
Among them, ( ) +Ru bpy 3

2 and their analogues are widely used due
to their low oxidation potential, cheap reagent consumption, and
the high emission yields [67]. Table 4 summarizes electro-
chemiluminescence biosensors with PAMAM dendrimer in
literature.

Carcinoembrionic antigen (CEA) is used as a biomarker for
clinical diagnosis of colon tumors, breast tumors, ovarian carci-
noma, gastric, pancreatic, lung carcinomas [49]. An ECL biosensor
was fabricated by using PAMAM dendrimer-L-cysteine-hollow gold
nanospheres nanocomposite for CEA detection. L-cysteine was
bound to the carboxyl-terminated PAMAM dendrimers by using
EDC/NHS coupling. The hollow gold nanospheres (HGNPs) coupled
on cysteine modified electrode via thiol-gold bonding. Then anti-
CEA (Ab2) conjugated onto PAMAM-L-Cys-HGNPs. After addition of
CEA, the sandwich immunosensor was formed between the anti-
CEA (Ab1) and the Ab2-PAMAM-L-Cys-HGNPs. And ECL response
was obtained. In this sensor, PAMAM dendrimer was used in ECL
reactions and it amplified the signal, thus a sensitive biosensor
was fabricated [72].

A novel solid-state ( ) +Ru bpy 3
2 ECL immunosensor was con-

structed by Xiang and co-workers for AFP detection. The structure
of biosensor included poly(ethylenimine) (PEI) functionalized re-
duced graphene oxide (PEI–rGO) and AuNPs on PAMAM den-
drimers. PEI was used as co-reactant and it enhanced the ECL re-
sponse. Graphene oxide was used for increasing the amount of PEI.
Also the larger surface area increased the loading amount of PEI,
thus graphene oxide was chosen. This PEI–rGO composite in-
creased the ECL signal and the conductivity of the biosensor. PA-
MAM dendrimer was another co-reactant. Because of its large
surface area, it increased the amount of immobilized antibody. For
increasing the conductivity, gold nanoparticles was used. AuNPs–
PAMAM conjugate enhanced the ECL signal. The capture antibody
(Ab2) was attached on the Nafion–Ru–PtNPs complex. Nafion–Ru–
PtNPs complex, which was an ECL substrate, enhanced the ECL
stability. The detection antibody (Ab2) immobilized on AuNPs–
PAMAM/PEI–rGO nanocomposite. In the presensce of AFP, the
sandwich immunoreaction was occurred between capture anti-
body and detection antibody labeled AuNPs–PAMAM/PEI–rGO.
There was a relationship between ECL intensity and AFP level [69].

Thrombin has important role both of procoagulant and antic-
oagulant reactions [57]. An ultrasensitive electrochemiluminescence
(ECL) aptasensor was developed for thrombin (TB) determination.
PAMAM dendrimer combined with PtNPs was used as platform to
assemble substantial Ru, prolidase (GPDA) and avidin labeled throm-
bin aptamer (avidin–TBA) to form PAMAM–PtNPs–Ru–GDPA–TBA
bioconjugate. The bioconjugate was successfully modified on the
electrode surface. The proposed aptasensor had three attractive ad-
vantages: Firstly, PAMAM dendrimer acted as a matrix for PtNPs,
prolidase (GPDA) and avidin–TBA immobilization. Secondly, it was
Table 5
Potentiometric biosensors based on PAMAM dendrimers.

Target molecule Fabrication of the biosensor

Glucose ISFET/poly(allylamine) hydrochloride (PAH)/GOx/PAMAM–PtNPs
Penicillin SiO2 layer/Ta2O5/PAMAM–SWCNT film/Penicillinase
Penicillin G P–Si–SiO2–Ta2O5 chip/SWCNT–PAMAM layer by layer films/

penicillinase
Penicillin G P–Si–SiO2–Ta2O5 chip/SWCNT–PAMAM layer by layer films/

penicillinase
Penicillin G Light addressable potentiometric sensor/SWCNT–PAMAM layer by la

films/penicillinase
used as a co-reactant of Ru to amplify the ECL signal. Thirdly, using the
co-reactant and luminescence reagent together onto the electrode
surface could effectively shorten the reaction time, increased the
electron transfer, and enhanced the ECL response [67].

Carbohydrate antigen 15-3 (CA 15-3) is used as a biomarker for
breast carcinoma patients with distant metastases [49]. A novel
electrochemiluminescence (ECL) biosensor was fabricated for
sensitive determination of CA 15-3. In this study, gold nano-
particles was used as the sensor platform which had large surface
area and ZnO nanorods (ZNs)–PAMAM–luminol-anti-CA 15-3
secondary antibody (Ab2) was used as signal probe. In the pre-
sence of CA 15-3 antigen an immunocomplex was occurred be-
tween the ZNs–PAMAM–luminol–Ab2 onto the electrode surface
and a signal is formed through this reaction. ZNs–PAMAM den-
drimer was used as a carrier. Because of highly-branched structure
of PAMAM dendrimer, a vast of luminol was bound to the car-
boxylated PAMAM dendrimers via luminol's amino groups. Also, a
sensitive ECL immunosensor was developed. The catalytic activ-
ities of ZNs, a vast of luminol and excellent conductivity should
have been good effect on the sensitivity of the biosensor [74].

It is apparent that, electrochemilunescence PAMAM dendrimer
biosensors are not only a good support material onto which
biorecognition element are immobilized, but also they are a good
co-reactant for enhancing the ECL signal of ECL reactants. Addition
of a coreactant on the electrode surface causes short reaction time,
enhances the electron transfer kinetics and amplifies the ECL
signal.

3.4. Potentiometric biosensors based on PAMAM dendrimer

In potentiometric measurements, the potential variation be-
tween both a working and a reference electrode is determined by a
voltammeter when there is insignificant current flowing through
them. The potential difference is measured due to the oxidation
and reduction of the species in sample solution. Also, potentio-
metry gives data about the flowing ions in an electrochemical
reaction. The transducer may be an Ion Selective Electrode (ISE)
based on thin film or selective membranes as biorecognition units.
Analytical information is obtained when the ISE converts the
biorecognition process into a potential signal [8]. Table 5 sum-
marizes potentiometric biosensors with PAMAM dendrimer in
literature.

Yao and co-workers fabricated a biosensor based on ENFETs for
direct glucose determination [75]. They used dendrimer encapsulated
PtNPs and GOx for the construction of their biosensor. GOx was im-
mobilized on amine groups of PAMAM dendrimer via covalent cou-
pling. The sensitivity was increased by using Pt nanoparticles and
dendrimers. Siqueira et al. developed field-effect biosensors with
layer-by-layer films containing SWCNTs and PAMAM dendrimers for
penicillin determination. For penicillin determination penicillinase
enzyme was used and it was attached onto the electrode surfaces, via
constant-capacitance measurements [76–79].
Bioreceptor Limit of detection
(LOD)

Linear range Reference

Enzyme 0.15 mM 0.25–2 mM [75]
Enzyme 5 mM 5 mM–25 mM [76]
Enzyme – 25 mM–10 mM [77]

Enzyme 10�4 M 10�4–10�3 M [78]

yer Enzyme 0.5�10�3 M 0.5�10�3–5�10�3 M [79]
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In the studies which based on potentiometric PAMAM den-
drimer biosensors, PAMAM dendrimers were used with other
nanomaterials such as platinum nanoparticles, single walled car-
bon nanotubes. This nanocomposites act as a proper porous
membrane with larger surface area. So, the amount of bior-
ecognition molecules increases and more biorecognition mole-
cules provide a low detection limit.
4. Chemical sensors based on PAMAM dendrimer

According to IUPAC, chemical sensor is identified as an appa-
ratus that converts chemical data into measurable signal. The
chemical data originates from a chemical reaction of the analyte or
from a physical feature of the system [80]. An electrochemical
sensor mostly consists of a working electrode, a counter electrode
and a reference electrode. Enzymes, antibodies, aptamers and
other biorecognition elements are not used for the construction of
chemical sensors [81]. Table 6 summarizes sensors with PAMAM
dendrimer in literature.

Dopamine is a neurotransmitter, which has a vital role in the
regulation of the central nervous, cardiovascular, renal and hor-
monal systems [94]. Amperometric sensors were fabricated by
using hydroxyl-terminated PAMAM dendrimers and metal nano-
particles such as Pt nanoparticles for dopamine determination
[88,94]. The synthesis of Pt nanoparticles in PAMAM dendrimers
were performed with chemical reactions. Metal nanoparticles
were used as a catalyst for the electro-oxidation of dopamine and
PAMAM acted as excellent electrode matrix. Another sensor was
developed by using sulfonated β-cyclodextrin doped polypyrrole
[96]. When compared the detection limits of these biosensors,
PAMAM dendrimer modified biosensor had lower LOD. This might
be metal nanoparticle’s conductivity and PAMAM dendrimer’s
large surface area.

Bisphenol A (BPA) is one of the endocrine disruptor, which
interferes the endocrine system of living organisms, increase
cancer disease, defect immune system and damage reproduction
system. For the fabrication of sensors for bisphenol determination,
nanoparticles such as quantum dots and Fe3O4 nanoparticles and
PAMAM dendrimer were used [83,97]. Nanoparticles increased the
conductivity of the electrode and enhanced the electron transfer,
PAMAM dendrimers provided large surface area for immobiliza-
tion of BPA. The principle of biosensors was based on the
Table 6
Sensors based on PAMAM dendrimers.

Target molecule Fabrication of the biosensor

H2O2 Au/MPA/PAMAMþEDC/AuNPs/Prussian Blue (PB)
Bisphenol A (BPA) GCE/CoTe QDs/PAMAM
Chlortetracycline (CD) Au/β-cyclodextrin (CD)-MWCNTs with amine functional

group/Au–PAMAM/CTC–MIPs
Dopamine Au/AuNPs/CdS–PAMAM
BPA GCE/Fe3O4/PAMAM
Potassium Au/MPA/PAMAM/NiHCF

Au/AET/PAMAM/NiHCF
Dopamine GCE/Phthalic anhydride/PAMAM–Pt
humidity Polyester substrate (PET)/G1 PAMAM–NH2–AuNPs
Oxalic acid GCE/PAMAM–MWCNTs/PdNPs
Cu2þ GCE/MWCNTs/PAMAM/dithiobis[succinimidylpropionate]

(DSP-AuNPs)/Cys-AgNPs
Dopamine Pencil lead/PAMAM G4.0-64OH
Nitrite GCE/Ag–PAMAM nanocomposite
Dopamine GCE/PAMAM–Ir

GCE/PAMAM–Pt
GCE/PAMAM/Rh

Uric acid GCE/AuNPs@Cys/PAMAM-EDC
enhanced oxidation peak current and the lowered oxidation po-
tential. Under the optimum circumstances, the oxidation currents
increased linearly with the increasing concentrations of BPA. Both
of these biosensors' specificity, sensitivity and reproducibility were
investigated. The recovery test illustrates that these biosensors
could be used for BPA analysis in food such as milk. Another sensor
was modified with polyglutamate acid and amino-functionalized
carbon nanocomposite for BPA detection. Due to its large surface
area, it provided more BPA immobilization onto the electrode,
which led to an increase in the sensitivity of the sensor [97].

Nitrite is a source of nitrogen in green plants and used as
preservatives and fertilizing agents. But, nitrite can react irrever-
sibly with hemoglobin thus producing methemoglobin which re-
duces blood capacity to transport oxygen. A biosensor was de-
veloped for nitrite determination by using Ag–PAMAM nano-
composites [93]. The Ag–PAMAM modified electrode had a won-
derful electrocatalytic performance for the oxidation of nitrite.
They found that the oxidation current was related with nitrite
concentration. Another study was performed by using poly-
thionine/carbon nanotube nanocomposite for modification of the
biosensor [98]. Polythionine and carbon nanotube served as a
mediator and conductive material, respectively. They accelerated
the electron transfer. When the detection limits of these bio-
sensors were compared, lower detection limit was found in PA-
MAM dendrimer modified biosensor. Large surface area, promi-
nent electrical conductivity and good stability of PAMAM den-
drimer affected the detection limit positively. Also it acted as an
electrochemical sensing interface.

When the studies which based on chemical PAMAM dendrimer
biosensors are inspected it can be concluded that PAMAM den-
drimer enlarges the surface area and provides excellent electro-
catalytic performance. The catalytic redox reactions are increased
due to active sites on PAMAM dendrimer. The using of the PAMAM
dendrimer in chemical determining of a negative charged mole-
cule on the electrode surface is based on the interaction between
negative charged molecule and positive charged PAMAM den-
drimer. PAMAM dendrimer can be immobilized easily onto the
electrode surface via polyvalent interactions such as surface
coating or cross-linking. In the presence of dendrimer, metal na-
noparticles do not aggregate and the metal nanoparticles over-
come the conductivity limitation of the dendrimers. Thus, the
electrode surface and conductivity of electrode is increased and
lower sensitivity is obtained.
Transducer Limit of detection
(LOD)

Linear range Reference

Amperometric – 6�10�6–10–2 M [82]
Amperometric 10�9 M 0.013–9.893 mM [83]
Amperometric 4.954�10-8 mol/L 5�10�9–5�10�2 mol/L [84]

ECL 0.012 mmol/L 0.05–10 mmol/L [85]
Amperometric 10�8–3.07�10�6 M 0.005 mM [86]
Potentiometric 0.024 mol/L – [87]

0.014 mol/L
Amperometric 19 ppb – [88]
Impedimetric – 30–90 (%) [89]
Amperometric 0.02 mM 0.03–5 mM [90]
Amperometric 0.48 nM 1–1000 nM [91]

Amperometric 6.67 nM 0–20 mM [92]
Amperometric 0.40 mM 4–1440 mM [93]
Amperometric 0.97 mM – [94]

0.82 mM –

0.51 mM –

Amperometric 1.7�10�4 mg/dL – [95]
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5. Conclusions and future outlooks

PAMAM dendrimers have received considerable attention in
recent years owing to their unique structure, excellent features for
application in clinical, food and environmental analysis. Also they
are hyper-branched and monodisperse polymers and have three
dimensional and globular structure. They have good structural
homogenity, controllable size and surface functionality. They have
a vast number of active groups outside the terminal surface. Be-
cause of these properties, they increase the surface area of elec-
trode and they are ideal matrix for immobilizing biomolecules. As
a PAMAM dendrimer has multiple sites to bind to antibody, en-
zyme and DNA. Thus, by using PAMAM dendrimer the signal of
biosensor is amplified. The conductivity of PAMAM dendrimer is
not good, and that obstructs its wide application in electro-
chemical biosensors and sensors. Metal nanoparticles such as gold,
platinum, silver, conductive polymers such as poly(3,4-ethylene-
dioxythiophene) (PEDOT) enhances the conductivity of electrodes,
so it facilitates the electron transfer between electrode and elec-
trolyte solution. Also, the sensitivity, specificity and stability and
reusability of biosensors are enhanced. Graphene, which is the
thinnest material in our universe, is an ideal support material for
electrochemical biosensors and sensors. Also, high electrical con-
ductivity and large surface area make them potential matrix for
development of a biosensor. The large surface area of graphene
enhances the surface loading of desired biomolecules such as an-
tibodies, enzymes. Thus, the electrochemical detection response
amplifies, detection limit decrease and the sensitivity of biosensor
is increased. Other support materials such as mercoptoacids (16-
mercaptohexadecanoic acid, 11-mercaptoundecanoic acid), 1-hex-
adecanol, 11-mercapto-1-undecanol, polypyrrole, polythionine
have been used for development of biosensors. When compared
with these biosensors in which these materials are used as a
support, PAMAM dendrimer based biosensors have lower detec-
tion limits and high sensitivity. PAMAM dendrimer has a lot of
functional groups outside its surface, so it causes a decrease at the
detection limits and an increase at the sensitivity of measurement.

This review shows recent improvements in the application of
PAMAM dendrimer for electrochemical biosensing and sensing
(e.g., amperometric, impedimetric, potentiometric, electro-
chemiluminescence). PAMAM dendrimer not only improves the
sensitivity of electrochemical techniques but also provides a series
of applications. PAMAM dendrimers are also important structures
in biosensor technology for immobilization of biorecognition
molecules and for increasing biosensor stability. Also, electro-
chemical biosensors and sensors based on PAMAM dendrimer
show excellent promise for future applications in clinical diag-
nosis, environmental monitoring and food process control. We
hope that this review has illustrated the success of PAMAM den-
drimer-based electrochemical biosensors and sensors in literature
and it will guide the researchers to study on new, easy-to use
biosensors and sensors development.

Taking into consideration the properties of PAMAM den-
drimers, which is discussed above, and its applications in elec-
trochemical and chemical sensor, we conclude that PAMAM den-
drimer-based electrochemical biosensors and sensors are applic-
able for the determination of biochemical molecules such as can-
cer and cardiac markers, metabolites, proteins, target DNA of dis-
eases and chemical compounds such as anticancer drugs, pesti-
cides and heavy metals. The innovations in PAMAM dendrimer-
based biosensing and sensing devices will provide portable bio-
sensors detecting biological and chemical molecules in situ and in
real time.
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