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Abstract
A dendrimer-based sandwich type enzyme-linked immunosorbent assay (ELISA) was developed
for the improved detection of recombinant human tumor necrosis factor-alpha (TNF-α) for early
diagnosis of perinatal diseases. Hydroxyl-terminated generation four poly(amidoamine) dendrimer
(G4-OH) was used for the development of a solid phase bio-sensing platform. The surface of the
ELISA plate was modified with polyethylene-glycol (PEG) and thiol-functionalized G4-OH was
immobilized on the PEG-functionalized plate. A capture antibody was oxidized and covalently
immobilized onto the dendrimer-modified ELISA plate, which provides favorable orientation for
the antigen binding sites towards the analyte. The dendrimer-modified plate showed enhanced
sensitivity, and the detection limit for TNF-α was found to be 0.48 pg mL−1, which is
significantly better than the commercially available ELISA kit. The selectivity of the dendrimer-
modified ELISA plate was further evaluated with a mixture of cytokines, which showed results for
similar to that of TNF-α alone. The modified plate provides a greater opportunity for the detection
of a wide range of cytokines and biomarkers.
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1. Introduction
Intra-amniotic infection/inflammation (IAI) is one of the most important causes of preterm
birth (PTB) and perinatal morbidity. The relationship between IAI and preterm labor has
been well established.1 It accounts for 75% of perinatal mortality and 50% of perinatal
morbidity.2,3 Early detection of this infection is challenging due to the sub-clinical nature of
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the disease.4,5 Fever, uterine tenderness and fetal tachycardia occur late in pregnancy and
present in small portion (12.5%) of the women with microbiological evidence of
infection.6,7 An elevated level of pro-inflammatory cytokines (TNF-α, IL-6, IL-1β, and
MMP-8) are found in the infected intra-amniotic fluid, which can serve as biomarkers for
early detection.8,9 The development of sensitive and specific diagnostic device that will
enable an early detection and treatment to prevent fetal damage would be of great interest.
The importance of detection of these pro-inflammatory cytokines is also enhanced by their
association with a variety of diseases such as pulmonary and neurodegenerative diseases,
where inflammation plays a central role in the pathogenesis of the disease. Elevated levels of
TNF-α are found in the cerebrospinal fluid of patients suffering from Alzheimer’s disease10,
Parkinson’s disease11, and multiple sclerosis12, and in the airways and blood of patients with
Chronic Obstructive Pulmonary Disease (COPD).13,14 Therefore, improved detection of this
important biomarker can help in diagnosis of many diseases.

TNF-α is a pro-inflammatory cytokine that regulates the immune system inducing
inflammation and apoptosis in many organs of the body. In the brain, overexpression of
TNF-α in microglia cells causes neural death which is linked with neurological disorders.
An increased level of TNF-α is also associated with pre-term birth and cerebral palsy.15

Therefore, measuring the level of TNF-α in amniotic fluid can be essential for an
understanding of the mechanism of pre-term birth and its prevention. Enzyme-linked
immunosorbent assay (ELISA) is the most common method used to determine the
concentration of TNF-α. Other detection methods include radioimmunoassays (RIA)16,
bioassays17, chemiluminescence18 and chemiluminescence imaging19, matrix-assisted laser
desorption/ionization mass spectrometry (MALDI-MS)20, immuno-PCR21 and immuno-
PCR assay22, fluorescence immunoassay23 and electrochemical immunosensor.24 Most
methods employ commercially available ELISA plates, which show relatively high
background signal due to non-specific protein adsorption. Our goal is to develop a
diagnostic device that will detect the presence of TNF-α at very low levels by improving its
sensitivity and specificity. Development of a dendrimer-templated sensor surface that
minimizes the non-specific protein adsorption, and leads to appropriate presentation of the
anti-body binding sites (analyte) through dendrimer conjugation that increases ligand
capture efficiency, is expected to improve the sensitivity and selectivity.25 The dendrimer-
based assay in present study has a detection limit superior to that of other previously
reported TNF-α assays except that obtained by Hun et al. where fluoroimmunoassay method
was used.23 In developing an immunosensor, the antibodies should be immobilized onto a
substrate at high density with uniform distribution followed by retaining their specific
antigen-binding activities, and finally maintaining accessibility to the antigens.26

Multifunctional dendrimers are employed in this work.

Dendrimers are well-defined, stable and versatile nanoscale polymers can be closely packed
on the substrate surface, and have multiple branch ends available for further
conjugation.27-29 They have the characteristics to be used as the next generation of
biosensors.30,31 Dendrimers have been recently reported to significantly increase the binding
ability and homogeneity in DNA microarray analysis.32-34 Dendrimers are also utilized in
electrochemical immunosensor,35,36 biosensor-based encapsulated platinum
nanoparticles,37,38 regenerable affinity-sensing surfaces39 and surface plasmon resonance
biosensors.40 The application of dendrimer has been extended to preparation of metal-
dendrimer nanocomposites using PAMAM dendrimers with various terminal groups.41-43

Generation 4.5 carboxyl-terminated PAMAM dendrimers were shown to have lower the
nonspecific cellular protein adsorption due to their negatively charged surface that leads to
reduced protein interactions and at the same time enhanced the antibody binding properties
because of the presence of higher number of carboxyl groups at their surface.26
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Recently we have reported a highly sensitive dendrimer-based biosensing platform for IL-6
and IL-1β cytokines detection in which PEGylated ELISA plate was modified using amine
terminated PAMAM dendrimer.44 In continuing our effort, we have developed a solid phase
biosensing platform using generation four hydroxyl terminated PAMAM dendrimer (G4-
OH) for TNF-α cytokine detection. The synthesis, characterization, fabrication and
functional evaluation of this biosensing platform for TNF-α detection are described in this
paper. The resulting dendrimer functionalized plate was employed as template to immobilize
the anti-human TNF-α antibody and the performance was evaluated by the detection of
TNF-α using TMB detection method. The dendrimer-based assay was compared to
commercially available TNF-α kit.

2. Experimental Methods
2.1 Chemicals and Materials

Hydroxyl-terminated generation four poly(amidoamine) dendrimer (G4-OH) was purchased
from Dendritech Inc. (Midland, MI USA). N-(3-dimethylaminopropyl)-N-ethylcarbodiimide
hydrochloride (EDC), 4-(dimethylamino)pyridine (DMAP), N-succinimidyl-3-(2-
pyridyldithio)-propionate (SPDP) and MALDI-TOF mass reference standards (all from
Sigma-Aldrich), trifluoroacetic acid (TFA) (EMD Chemicals), DMSO-d6 (Cambridge
Isotope Laboratories), anhydrous DMSO and dichloromethane (DCM) (Acros Organics,
USA) and N-(ε-maleimidocarproic acid) hydrazide (EMCH) (Pierce Chemicals), were
purchased at the highest purities available. Hydoxyl terminated polyethylene glycol (NH2-
PEG-OH, 2.0 kDa) and maleimide terminated PEG (NH2-PEG-Mal, 3.4 kDa) were obtained
from JenKem Technology (Beijing, China) and Creative PEGworks (Winston Salem, USA)
respectively. Regenerated cellulose (RC) dialysis membrane (molecular weight cut-off 1000
Da) was obtained from Spectrum Laboratories. Recombinant human TNF-α, monoclonal
TNF-α anti-human antibody, biotinylated anti-human TNF-α antibody, streptavidin-HRP
(DY998), reagent diluent (DY995), substrate reagent (TMB, DY999), stop solution
(DY994) and wash buffer (WA126) were all purchased from R&D Systems. ELISA plates
were purchased from Corning (high bind plate).

2.2 NMR Spectra Analysis
NMR spectra were recorded on a Varian INOVA 400 spectrometer using DMSO-d6 as
solvent. Proton chemical shifts are reported in ppm (δ) and tetramethylsilane (TMS) used for
internal standard.

2.3 MALDI-TOF mass
Matrix-assisted laser desorption ionization-time of flight (MALDI-TOF) mass spectra were
recorded on a Bruker Ultraflex system. Cytochrome C (MW 12,361 g mol−1), and
Apomyoglobin (MW 16,952 g mol−1) were used as external standards. A dendrimer solution
was prepared by dissolving 2 mg of dendrimer in 1 mL of DMSO. The matrix solution was
prepared by dissolving 20 mg of trans-3-indoleacrylic acid matrix in 1 mL of the 1:1 mixture
of deionized water and acetonitrile (0.1% TFA). Analytical samples were prepared by
mixing 10 μL of dendrimer solution with 100 μL of matrix solution, followed by deposition
of 1 μL of sample mixture onto a 384-well aluminum plate. This mixture was allowed to air
dry at room temperature. All data processing was performed using Bruker Daltonics flex
Analysis software.

2.4 High Performance Liquid Chromatography (HPLC)
HPLC characterization was carried out using Waters HPLC instrument. Two pumps, an
auto-sampler and dual UV detector are interfaced to Breeze software. The HPLC
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chromatogram was monitored at 210 and 238 nm simultaneously using the dual UV
absorbance detector. H2O:ACN (0.14% TFA) was used as mobile phase. Both phases were
freshly prepared, filtered, and degassed prior to use. Symmetry300 C18 reverse-phase
column (5 μm particle size, 25 cm × 4.6 mm length × I.D.) equipped with a Supelguard
Cartridges (5 μm particle size, 2.0 cm ×3.9 mm length × I.D.) was used for characterization
of the conjugates. HPLC analysis was done using 90:10 to 30:70 (H O:ACN) gradient flow
in 30 min with flow rate of 1 mL min−1.

2.5 Synthesis of Bifunctional PAMAM G4-OH Dendrimer (2)
The 5-(Boc-amino)valeric acid (228.2 mg, 1.0504 mmole) was dissolved in DMSO (10 mL)
and EDC (603.8 mg, 3.15 mmole) and DMAP (12 mg, 0.0982 mmole) were added to it
under nitrogen atmosphere. The mixture was allowed to stir for 1 h at room temperature and
G4-OH (500 mg, 0.0350 mmole) dissolved in DMSO (5 mL) was added to the reaction
mixture. The reaction mixture was stirred for 48 h at room temperature. The resulting
solution was dialyzed extensively with DMSO (dialysis membrane of molecular weight
cutoff = 1000 Da) for 24 h, and with deionized water for 6 h. The resultant reaction mixture
was then lyophilized, yielding 445.0 mg of intermediate 1 (G4-OH-Link-Boc). The
intermediate 1 contains Boc protected amino groups on the surface. 1H NMR (DMSO-d6,
400 MHz): δ ppm 8.04 (bs, CO-NH, Boc), 7.92 (bs, CO-NH, G4-OH), 7.77 (bs, CO-NH,
G4-OH), 4.69 (bs, OH, G4-OH), 3.96 (m, CH2OCO), 3.37-2.18 (986H, m, aliphatic protons
of G4-OH and CH2 of linker), 2.01 (m, CH2, methylene protons of linker), 1.45 (m, 2 ×
CH2, methylene protons of linker), 1.34 (s, 3 × CH3, methyl groups of Boc). The
deprotection of Boc-protected amino groups was done by adding 6.0 mL of TFA:DCM (1:1)
to 445.0 mg of intermediate 1 in a round bottom flask at 0°C. The reaction was carried out
for 1 h at 0 °C, and then the solvent was removed at reduced pressure. The mixture was re-
dissolved in DMSO and dialyzed with DMSO for 24 h and deionized water for 6 h. The
reaction mixture was lyophilized yielding 298 mg of bifunctional dendrimer 2. 1H NMR
(DMSO-d6, 400 MHz): δ ppm 7.92 (bs, CO-NH, G4-OH), 7.77 (bs, CO-NH, G4-OH), 4.69
(bs, OH, G4-OH), 3.99 (t, CH2OCO), 3.40-2.47 (986 H, m, aliphatic protons of G4-OH and
CH2 of linker), 2.31 (m, CH2, methylene protons of linker), 1.53 (m, 2 × CH2, methylene
protons of linker).

2.6 Synthesis of Bifunctional PAMAM G4-OH-PDP Dendrimer (3)
The bifunctional dendrimer 2 (150.0 mg, 0.00937 mmole) was dissolved in 9 mL of PBS
buffer (pH 7.4) and SPDP (87.0 mg, 0.2798 mmole) dissolved in 3.5 mL ethanol was added.
The reaction mixture was stirred for 2 h at room temperature under nitrogen condition. The
resulting solution was dialyzed extensively with water (dialysis membrane of molecular
weight cutoff = 1000 Da) for 24 h and lyophilized to get 90.0 mg of intermediate 3. 1H
NMR (DMSO-d6, 400 MHz): δ ppm 8.43 (d, 1H, pyridyl H), 8.12 (bs, CO-NH, linker, G4-
OH), 7.98 (bs, CO-NH, G4-OH), 7.81 and 7.73 (m, pyridyl Hs), 7.22 (t, 1H, pyridyl H), 4.75
(bs, OH, G4-OH), 3.98 (m, CH2OCO), 3.51-2.08 (m, 990H, aliphatic protons of G4-OH,
CH2 of linker, and CH2 of PDP.), 2.04 (m, CH2, methylene protons of linker), 1.48 (m, CH2,
methylene protons of linker), 1.36 (m, CH2, methylene protons of linker). MALDI-TOF
(pos) m/z 17141.1.

2.7 Synthesis of EMCH Functionalized PAMAM G4-OH-PDP Dendrimer (5)
The PDP-functionalized bifunctional dendrimer 3 (2.4 mg, 140 nmole) was dissolved in 1
mL of PBS/EDTA buffer (pH 7.4, 5 mmole EDTA) and 0.80 mg of TCEP (2.80 μmole, 20
equiv.) dissolved in 1 mL of PBS/EDTA buffer was added to it. The reaction mixture was
stirred for 15 min at room temperature under N2 to get the free thiolated conjugate 4. The
solution was cooled down to 0°C and 0.72 mg of EMCH (2.10 μmole, 15 equiv.) in 1 mL of
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PBS buffer was added and stirred for 3 hrs at room temperature under N2. The resulting
solution was extensively dialyzed with water (membrane MW cutoff = 1000 Da) for 24 h
and lyophilized to give conjugate 5 as a pale yellow semi-solid. 1H NMR (DMSO-d6, 400
MHz): δ ppm 8.90 (s, 1H, hydrazide amide NH), 7.94 (bs, CO-NH, linker, G4-OH), 7.82
(bs, CO-NH, G4-OH), 4.8 (bs, OH, G4-OH), 3.95 (m, CH2OCO), 3.50-2.00 (m, 997H,
aliphatic protons of G4-OH, CH2 of linker, CH2CH2SCHCH2, NCH2, and NH2), 1.89 (m,
CH2, methylene protons of linker, and CH2NHNH2), 1.58-1.32 (m, CH2, methylene protons
of linker and CH2NHNH2of EMCH), 1.30-1.05 (m, CH2, methylene protons of linker and
EMCH).

2.8 Modification of ELISA Plate with PEGs
Solutions of EDC and HOBt in MES buffer (pH 6.5, 1 mg mL−1) were prepared, from
which 75 μL of EDC solution and 60 μL of HOBt solution were added to each well of
ELISA plate (391 nmol/well). NH2-PEG-Mal (MW=3.4 kDa, 10 μL) dissolved in MES
buffer (pH 6.5, 12.52 μg mL−1) was added to each well (7.4 pmole/well) and incubated for
30 min at room temperature. Then 30 μL of NH2-PEG-OH (MW=2 kDa) dissolved in MES
buffer (pH 6.5) was added to each well (5.81 mg/well). The plate was incubated for 8 h at
room temperature with constant shaking. Then ELISA plate was washed with PBS buffer
(pH 7.4) three times and with deionized water (3 times). The PEG modified plate was dried
under nitrogen and stored at −20°C.

2.9 Conjugation of Dendrimer 3 to PEGylated ELISA Plate
The PDP-functionalized dendrimer conjugate 3 (1.2 mg, 70 nmole) was dissolved in 1 mL
of PBS/EDTA buffer (pH 7.4, 5 mmole EDTA), and 0.4 mg of TCEP (1.4 μmole, 20 equiv.)
dissolved in 0.5 mL of PBS/EDTA buffer was added. The reaction mixture was stirred for
15 min at room temperature under N2 to get the free thiolated conjugate 4. The solution was
transferred to a glove box and cooled down to 0°C. EMCH (0.16 mg, 0.49 μmole, 7 equiv.)
in 0.5 mL of PBS buffer was added to the solution and incubated for 20 min at 0°C. Then 10
μL of this reaction mixture was diluted to 31.5 mL with PBS buffer (pH 7.4) and 270 μL of
diluted solution was added to each well of pegylated ELISA plate (3 pmole/well). The plate
was incubated for 3 h at room temperature in glove box with constant shaking. 1 μL of 2-
mercaptoethanol dissolved in 10 μL of PBS (pH 7.4) was added to each well and incubated
for 1 h at room temperature. The ELISA plate was washed with PBS buffer (pH 7.4) four
times and with deionized water four times, dried under nitrogen and stored at −20°C.

2.10 Oxidation of Monoclonal Anti-Human TNF-α/TNFSF1 Antibody (MAB610) and Its
Immobilization to Dendrimer Modified ELISA Plate

MAB610 antibody (500 μg) was dissolved in 1 mL of PBS buffer (pH 7.0) and 100 μL of
NaIO4 solution in PBS (pH 7.0) was added at 4°C (5 μg NaIO4 per 50 μg MAB610). The
reaction mixture was kept at 4°C for 15 min in dark, transferred to Amicon centrifuge filter
tube and centrifuged for 30 min (2500 rpm) at 4°C. The concentrated sample (approx. 60
μL) was diluted with PBS buffer (pH 7.4) to 1 mL and was centrifuged in previously
equilibrated PD-10 column with PBS (pH 7.4) at 1000 G for 2 min (4°C). The concentrated
antibody was diluted to 11 mL with PBS buffer (pH 8.0) and 270 μL was added to each well
of dendrimer modified ELISA plate (3 μg/well). The ELISA plate was incubated for 3 h at
4°C with continuous shaking. After that, 10 μL of NaCNBH3 solution in PBS buffer (pH
8.0) (1mg mL−1) was added to each well and incubated for 1 h at 4°C with shaking. The
ethanolamine solution (10 μL) in PBS buffer (pH 8.0) (1μL mL−1) was added to each well
and incubated for 30 min at 4°C. Antibody immobilized dendrimer modified ELISA plate
was then washed with wash buffer (WA126) seven times. Reagent diluents (300 μL) was
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added to each well and incubated overnight at 4°C. The plate was washed with wash buffer
(7 times, 300 μL/well) for next step.

2.11 Assay Procedure
Twelve different dilutions (concentrations from 460-0 pg mL−1) of TNF-α in reagent
diluents were prepared and 100 μL of each dilution were added per well in triplicate and
incubated for 2 h at room temperature. The plate was washed with wash buffer (300 μL/
well) seven times and 100 μL of biotinylated anti-human TNF-α detection antibody (BAF
210) dissolved in reagent diluents (1 μg mL−1) was added to each well. The plate was sealed
and incubated for 2 h at room temperature and was washed with wash buffer again.
Streptavidin-horseradish peroxidase (100 μL) dissolved in reagent diluents was added to
each well and incubated for 30 min at room temperature. The plate was washed again with
wash buffer and 100 μL of substrate (tetramethylbenzidine) solution was added to each well
and incubated 30 min in dark at room temperature; a blue color was obtained. Then 50 μL of
stop solution (2N H2SO4) was added to each well to stop the reaction and a yellow color
was formed. The UV absorbance was measured immediately using a plate reader (Molecular
Devices, SpectraMax M2) at 450 and 570 nm. Dual wavelength was chosen to reduce
optical interference caused by scratches, fingerprints etc. that absorb light equally at both
wavelengths.

3. Results and Discussion
3.1 Synthesis of PDP Functionalized PAMAM G4-OH Dendrimer

Previously published results indicate that many commercially available ELISA plates have
higher background due to non-specific protein adsorption.45 In order to reduce the non-
specific protein adsorption and to improve the specificity and sensitivity of immunoassay
technique, the hydroxyl-terminated G4-PAMAM dendrimer was used to develop an assay
platform for TNF-α cytokine detection. A bifunctional dendrimer was prepared by
modifying approximately 15 hydroxyl terminal groups of generation four PAMAM
dendrimer (G4-OH) to reactive amine for this platform.46,47 In brief, the G4-OH was reacted
with 5-Boc-amino-valeric acid to get Boc protected amine groups followed by deprotection
with trifluoroacetic acid to generate a bifunctional dendrimer (2) with free amine groups on
the dendrimer (Figure 1A). The resulting bifunctional dendrimer was conjugated with N-
succinimidyl-3-(2-pyridyldithio)-propionate (SPDP) through amide bond to get
Pyridyldithio-propionate (PDP)-functionalized G4-OH, i.e., G4-OH-PDP, 3 (Figure 1A).
PDP-functionalized thiol protected group is essential on the surface of the dendrimer which
will be immobilized on PEGylated ELISA plate. The conjugate 3 was characterized by
HPLC, 1H NMR, and MALDI-TOF mass. A peak at 9.55 min in the HPLC trace confirms
the formation of the conjugate and it is broad due to its larger size and lower polarity
compared to the starting dendrimer, G4-OH (Figure S-1A). The number of PDP groups
attached to G4-OH was determined by comparing amidic protons of dendrimer to pyridyl
protons of PDP groups by proton integration method in NMR analysis (Figure S-1B). The
integration revealed that 10 molecules of PDP were attached to the surface of the dendrimer.
A doublet at 8.43, two multiplets at 7.81 and 7.73, and a triplet at 7.22 ppm along with
dendrimer peaks also confirm the formation of the PDP conjugate 3. This was in good
agreement with MALDI-TOF mass analysis which showed that approximately 10.7
molecules of PDP were reacted to the dendrimer (Figure S-1C), as shown in the equation
below.
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A model compound 5, was prepared to validate the reactivity of the PDP-functionalized
conjugate to the PEGylated ELISA plate (Figure 1B). The disulfide bond of PDP groups of
conjugate 3 was reduced by TCEP to thiol quantitatively.48,49 The resulting intermediate 4
was reacted with EMCH in situ which is responsible for antibody capturing. The remaining
thiol groups were required for immobilization of dendrimer to maleimide groups of
PEGylated ELISA plate. Therefore, thiol groups in intermediate 4 were conjugated with
EMCH to give hydrazide functionalized dendrimer 5. To prevent possible side reaction, the
thiol-maleimide conjugation reaction was carried out at 0°C. The structure of conjugate 5
was confirmed by 1H NMR, which showed a characteristic hydrazide amide proton peak at
8.90 ppm (Figure S-2). The absences of any peak corresponding to the pyridyl protons in 1H
NMR, confirms the formation of 5.

3.2 Immobilization of ELISA Plate with PEG and Dendrimer
To overcome the non-specific protein adsorption in commercially available ELISA plates,
we modified our plates with polyethylene glycol (PEG). It has been reported that the non-
specific adsorption of proteins decreases with increasing molecular weight of PEG chain. On
the other hand, by increasing molecular weight of PEG, the tethered chain density decreases
due to the exclusion volume of each chain on the surface.50 PEG-maleimide (NH2-PEG-
Mal) and PEG-hydroxy (NH2-PEG-OH) were linked to the carboxylic acid functionalized
96 well polystyrene plate using EDC and HOBt under mild conditions to minimize the ring
opening side reaction44 (Figure 2). The resulting HOBt activated carboxylic groups could be
hydrolyzed under desired mild conditions which minimized the ring-opening side reaction of
NH2-PEG-Mal.51 PEG-maleimide and PEG-hydroxy were co-immobilized to improve the
non-fouling character of the surface and also cover the ‘defects’ on the polystyrene plate.45

The maleimide groups of NH2-PEG-Mal were responsible for immobilization of the
dendrimer on the ELISA plate. Two equivalents of NH2-PEG-Mal were reacted with
activated carboxylic acid groups, taking into consideration, i) the dendrimer graft density, ii)
the yield of the amidation reaction, and iii) the reduced reactivity of thiol-maleimide
conjugation reaction in the presence of TCEP.48 Thus, NH2-PEG-Mal graft density reflects
the dendrimer graft density on the surface.

The dendrimer immobilization was carried out under nitrogen atmosphere at 4°C for 3 h
followed by addition of 2-thioethanol to react with unreacted maleimide groups. The
dendrimer modified plate was washed, dried, and stored at −20°C for several months with
no signs of reduced reactivity, suggesting that the plate is stable and have an appreciable life
time.

3.3 Immobilization of Antibody on Dendrimer Modified ELISA Plate
Orientation of the antibody plays a vital role in increasing the sensitivity and specificity of
the biosensing platform. Sensitivity of an immunosensor can be increased by controlling the
orientation of the antibody on the sensor surface. This in fact is the key step towards
lowering the detection limit, as improper immobilization of the antibody leads to reduction
of its binding with the analyte. Binding activity of the antibody also decreases when it binds
to a solid surface of the ELISA plate.52 The reduction in activity of the antibody is due to a
combination of several factors such as steric hindrance, denaturation of protein and random
orientation.53 Antibodies are glycoproteins with 3-12% carbohydrate chains and most N-
glycosylation sites are located in constant region (Fc) of the heavy chains. Glycosylation of
these sites has little effect on binding activity of the antibodies.54 The available antibody
immobilization methods include covalent coupling of the amino groups of lysine residue and
using an intermediate protein that binds to the Fc region of the antibody.55,56 These methods
often reduce antigen-antibody binding activity due to direct chemical modification of
antigen binding site.57 In order to overcome such limitations, we have designed a biosensing
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platform which provides an appropriate orientation of the antibody and thereby lowers the
detection limit of the biomarker. We modified the hydroxyl groups of carbohydrate in
constant region which has the least effect on the antigen binding site. We converted the
hydroxyl group to aldehyde group on the antibody, and reacted with the hydrazine groups of
the dendrimer to get an amine linkage between dendrimer and antibody.

Mouse anti-human TNF-α antibodies were immobilized in the constant region of the
oligosaccharide moieties and reacted with dendrimer modified ELISA plate having
hydrazide surface groups.44 The carbohydrate vicinal hydroxyl groups in the constant region
of the antibody were oxidized to aldehyde groups by sodium periodate (NaIO4) in PBS
buffer (pH 7.0) (Figure 3). The number of oxidized sites generated by NaIO4 depends on its
pH, temperature, reaction time and concentration of the oxidizing agent.58 Mild oxidation
conditions were chosen to preserve the immunoreactivity of the antibody. The antibody
(MAB610, 50 μg) in PBS (pH 6.8) was oxidized by 0.1 mg NaIO4 (0.47 mM) for 15 min at
4°C in the dark. We established the degree of antibody oxidation by Purpald test with
formaldehyde as a calibrator, suggesting that approximately 8 aldehyde groups per antibody
were present59 (Figure S-3).

The aldehyde groups are essential for reaction with hydrazide end groups of the dendrimer
to form a hydrazone linkage. After oxidation, the antibody was quickly separated from the
oxidizing reagent by Amicon® centrifugal filter tube, and gel filtration with concomitant
buffer exchange. The purified oxidized antibody was dissolved in PBS buffer (pH 8.0) and
allowed to react with dendrimer-functionalized ELISA plate at 4°C for 3 h to get hydrazone
Schiff base. To overcome the instability of the Schiff base intermediate, a stable secondary
amine linkage between antibody and dendrimer was established in situ by reductive
amination with sodium cyanoborohydride in PBS buffer (pH 8.0).60 The reaction was
completed by adding ethanolamine to block the unreacted aldehyde groups.

3.4 ELISA Evaluation of Dendrimer-modified Surface
The performance of the dendrimer-modified ELISA plate was evaluated by assaying the
recombinant human TNF-α with the sandwich-type ELISA protocol using biotinylated goat
anti-human TNF-α as detection antibody, streptavidin-HRP as reporter and
tetramethylbenzidine (TMB) as substrate. Various known concentrations of TNF-α in the
range of 0-300 pg mL−1 were assayed and a typical dose-response curve was acquired. We
maintained the reaction time (2 h) for immobilization of the antibody on the sensor surface
to be the same in the dendrimer-modified and in the kit plate (standard assay for TNF-α).
The standard curve for TNF-α alone and TNF-α in the mixture of cytokines are shown in
Figure 4. These data were compared with commercially available TNF-α ELISA kit, and a
plate coated with mouse anti-human TNF-α capture antibodies for physical adsorption
(Table 1).

The linear regression equation of the dendrimer plate for TNF-α was A = 0.1502 +
0.0037*C[TNF-α] with a linear regression coefficient, R = 0.996. The lower limit of detection
(LLD) of TNF-α was determined by adding two standards to the mean OD of three zero
standards replicates, and calculating the corresponding concentration from the standard
curve. The dendrimer-modified plate, the LLD was found to be 0.48 pg mL−1 by TMB
detection method (Table 1). The detection methods for TNF-α such as radioimmunoassay,
bioassays, chemiluminescence, immuno-PCR assay and fluorescence immunoassay have
limitation due to higher background signal associated with non-specific protein adsorption.
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The dendrimer-based improved capture assay in the present study has a detection limit
superior to that of other previously reported TNF-α assay, except that obtained by Hun et al.
where a fluoroimmunoassay which further enhances the detection component of the method
used.23 The dendrimer modified plate showed a ~three-fold improvement in the detection
limit compared to the kit plate (0.48 vs. 1.28 pg mL−1). This finding suggests that
conjugation of the antibody to the dendrimer preserved its activity and dendrimer-based
assay performed better than the commercially available ELISA kit. The results also suggest
that the modification of the antibody in the Fc region did not affect the binding of the
antigen and at the same time provides a favorable orientation on the plate surface. The
presence of dendrimer on the plate might have played a role in improving the sensitivity by
increasing the number of antibody attached to it and thereby increasing the number of
antigen binding to it. The dendrimer plate showed significant improvement (~17-fold) in
detection limit compared to physical adsorption (0.48 vs. 8.00 pg mL−1). When the
concentration of TNF-α is zero, we found background absorbance 4-5 times more than the
kit. This is due to the fact that we are modifying the ELISA plate with PEGs and dendrimer,
which would result in some non-specific UV absorption. The commercial kit is proprietary,
and presumably involves many ingredients to reduce this UV signal. Despite this, the
sensitivity of the dendrimer-based ELISA plate for TNF-α is much higher (3-fold) than for
the commercial kit.

The sensitivity was obtained from standard curve, as a slope of the regression line of the
signal vs concentration plot (Figure 4). The slope of the dose-response curve for the
dendrimer plate was steeper compared to the standard kit plate (0.0037 vs 0.0025), which
can be explained by the enhanced binding efficiency of the antibodies immobilized on the
dendrimer plate. From the standard curve, an enhanced signal was obtained at lower
concentration in dendrimer-based plate. We also performed a chemiluminescence assay for
both dendrimer plate and ELISA kit for TNF-α, and found that the sensitivity was similar to
colorimetric assay (Table 1). This is in agreement with literature data that the
chemiluminescence method may not give improved sensitivity for every cytokine.61 The
overall specificity of the dendrimer-based immunosensors toward TNF-α was studied by
preparing a mixture of cytokines. The standard solution containing 300 pg mL−1 of each of
the following: TNF-α, IL-1α, and IL-6 were used to prepare dilutions in the range of 0-300
pg mL−1 and the selectivity of the dendrimer modified ELISA plate was examined. We did
not find any significant difference in O.D. compared to the result obtained in the presence of
TNF-α alone, but there is a two-fold decrease in sensitivity 2-fold (Figure 4).

The precision and reproducibility of the dendrimer-based assay was estimated by calculating
the relative standard deviation (RSD) for three zero-standard replicates and coefficient of
variation (CV) for both intra-assay and inter-assay variability respectively (Table-2). For
immunoassays such as ELISA, intra- or inter-assay variability should be lower than 8−15%
to be considered precise enough for its use.62 The dendrimer plate had good precision with
RSD of 5.4 %. CV for intra-assay variability was calculated between OD values of
triplicates within each run of two independent assay runs, for each dilution concentration,
and it ranged from 0.09 to 13.0%. The inter-assay variability was determined by calculating
the CV using OD values obtained from two triplicates of independent assay runs, and it
ranged between 2.08 and 13.39%. This indicates that the assays on dendrimer modified
plates are reproducible.

4. Conclusions
TNF-α is an important biomarker for various inflammatory diseases, including
chorioaminionitis. The ability to measure very low concentrations of TNF-α accurately and
precisely is very important for the early diagnosis of infection/inflammation in the amniotic
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fluid. In the present study, a dendrimer-based biosensor platform was developed for the
detection of TNF-α cytokine. Thiol-functionalized PAMAM G4-OH dendrimers were
covalently immobilized onto a maleimide-terminated PEG-modified ELISA plate. The
dendrimer-modified ELISA plate was reacted to oxidized capture antibody by reacting
hydrazide groups of dendrimer and aldehyde groups of the antibody. This allowed the
capture antibody to have favorable orientation of the antigen binding sites toward the analyte
phase. The dendrimer-modified ELISA plate showed a detection limit of 0.48 pg mL−1 for
TMB detection, which was significantly better than the commercial ELISA kit for TNF-α.
The increased sensitivity of the modified plate can also be due to the dendrimer-templated
presentation of the capture-antibody, which ultimately increases the binding of the number
of TNF-α on the plate. The dendrimer based diagnostic nanodevice proved to have
improved sensitivity and specificity and can be used for the detection of a wide range of
cytokines and biomarkers.
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Figure 1.
(A) Preparation of bifunctional dendrimer (2), and PDP-functionalized PAMAM G4-OH
dendrimer (G4-OH-PDP, 3). (B) Synthesis of model compound 5. G4-OH-PDP (3) was
reduced by TECP in PBS buffer resulting free thiol intermediate, 4 which again reacted with
EMCH to get model compound (5) under nitrogen at 0°C.
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Figure 2.
Schematic representation of ELISA plate modification with 2.0 kDa and 3.4 kDa PEGs
using EDC and HOBt in pH 6.5 MES buffer; and immobilization of PDP-functionalized G4-
OH (G4-OH-PDP, 3) and EMCH on the PEGylated ELISA plate. Immobilization reaction
on the ELISA plate was carried out at 4°C under nitrogen in PBS buffer with EDTA.
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Figure 3.
Schematic representation of antibody immobilization on the ELISA plate modified with
multifunctional dendrimer (3).
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Figure 4.
Standard curves for detection of TNF-α concentration using dendrimer plate, TNF-α kit
plate, and the plate prepared by physical adsorption.
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