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Abstract

Clinical and field-portable diagnostic devices require the detection of atto- to zeptomoles of 

biological molecules rapidly, easily and at low cost, with stringent requirements in terms of 

robustness and reliability. Though a number of creative approaches to this difficult problem have 

been reported1–9, numerous unmet needs remain in the marketplace, particularly in resource-poor 

settings10–12. Using rational materials design, we investigated harnessing the amplification 

inherent in a radical chain polymerization reaction to detect molecular recognition. 

Polymerization-based amplification is shown to yield a macroscopically observable polymer, 

easily visible to the unaided eye, as a result of as few as ~1,000 recognition events (10 

zeptomoles). Design and synthesis of a dual-functional macromolecule that is capable both of 

selective recognition and of initiating a polymerization reaction was central to obtaining high 

sensitivity and eliminating the need for any detection equipment. Herein, we detail the design 

criteria that were used and compare our findings with those obtained using enzymatic 

amplification. Most excitingly, this new approach is general in that it is readily adaptable to facile 

detection at very low levels of specific biological interactions of any kind.
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The extensive molecular level understanding of pathogens and of disease states that has 

emerged in recent years enables the diagnosis of disease on the basis of the detection of 

nucleic acids, proteins, and other biological molecules in patient samples. Molecular 

diagnostics are exceptionally valuable when they provide rapid, reliable answers at reduced 

cost compared with traditional laboratory diagnosis using culture, polymerase chain reaction 

and histology. Although these traditional methods are the gold standard, they are frequently 

expensive, time consuming, skilled-labour intensive, and simply not possible in numerous 

settings. Immunochromatography is the main alternative technology that is currently robust 

and cost-effective enough to enjoy widespread use outside of the clinical setting. Home 

pregnancy tests are one prominent example, and they make use of antibodies conjugated to 

either enzyme or colloid labels that effect a colour change if the hormone hCG is present at a 

sufficient level (40 pM, or 2.4 × 1011 molecules in 10 ml). Enzyme-linked immunosorbent 

assays (ELISAs) carried out in microtitre plates with fluorescent or chemiluminescent 

readouts are perhaps the next most widely used, relatively simple diagnostics. This type of 

ELISA is more costly and requires hours rather than minutes, skilled labour and detection 

instrumentation, but these tradeoffs are accompanied by gains in sensitivity. A number of 

groups have investigated using gold nanoparticle labels followed by reductive silver staining 

as an advantageous alternative to enzymatic amplification1,2,4. The present work has a 

shared goal of developing a non-enzymatic, material-based amplification strategy that 

improves on the sensitivity of ELISAs and eliminates as many of the aforementioned 

drawbacks as possible. Here, we have successfully used polymer chemistry in the place of 

nanoparticles and silver staining. Inspired by the biological amplification accomplished by 

enzymes, we have fabricated intelligent macroinitiators capable of both selective binding 

and subsequent polymerization of organic monomers as a facile chemical analogue to 

enzymatic amplification.

In photoinitiated free-radical polymerization13, carbon-based radicals derived from organic 

initiator molecules react with the carbon–carbon double bonds of acrylate monomers, and 

polymers are formed via a chain-growth mechanism. The concept of amplification is 

inherent in chain-growth polymerization reactions owing to the extremely large number of 

propagation steps that result from a single initiation event. The scope of this study is to 

explore the possibility of coupling a polymerization reaction to a biochemical binding event, 

and to determine how many binding events are required to result in readily detectable 

polymer formation. Figure 1 conceptually describes the photopolymerization of acrylate 

monomers as a means of signal amplification following a molecular-recognition event. This 

generalized exploration uses biotinylated oligonucleotides covalently bound to a surface, 

and the recognition event occurs between biotin and avidin14, though any specific biological 

interaction such as hybridization or antigen–antibody binding could be detected in an 

analogous manner. Though often thought of as a model system, biotin–avidin detection 

reagents enjoy widespread practical use in applications ranging from ELISAs to gene 

expression arrays. Assays using surfaces enable simple multiplexing because a single fluid 

sample can be interrogated for many biomolecules of interest simultaneously using an array 

of appropriate complementary molecules. For easy, relevant comparison to current 

technology used in commercial molecular diagnostic devices, thin-film biosensor 

surfaces15–17 (Inverness Medical-Biostar) were used, and side-by-side tests of the enzymatic 
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amplification strategy used in their rapid, point-of-care tests and polymerization-based 

amplification were carried out.

Design and synthesis of a molecule that is capable both of molecular recognition and of 

initiating a polymerization reaction are prerequisites for implementation of the proposed 

signal amplification method. Though polymers that are capable of molecular 

recognition18–20 and macroinitiators21–23 have each been reported in the literature, dual 

functional polymeric materials that are simultaneously capable of both functions, highly 

efficient initiation and biological recognition, have not been reported. Dual-functional 

macrophotoinitiators were synthesized by coupling water-soluble photoinitiators and 

Neutravidin to a fraction of the carboxylate residues of a high-molecular-weight copolymer 

of acrylic acid and acrylamide (Fig. 2) using aqueous carbodiimide coupling chemistry24. 

Ultraviolet absorbance measurements showed that each macroinitiator contained an average 

of 140 initiators per chain, and 4′-hydroxyazobenzene-2-carboxylic acid (HABA) assays25 

revealed one or two pendant Neutravidins per chain with retention of biotin-binding 

capability.

The ability of the macrophotoinitiator to recognize biotin-labelled oligonucleotides and to 

initiate polymerization of water-soluble monomers was tested on thin-film biosensors15–17. 

These surfaces, because of a specifically designed optical interference layer in the 

substrate15, were ideally suited to testing and optimizing polymerization conditions because 

films as thin as 5 nm result in an easily observable colour change of the surface from gold to 

blue15. Further, the colour of the film is a direct measure of the thickness of the film, and 

hence a quantitative measure of the amount of polymer that is formed. Figure 3 shows that, 

following a 10 min dose of 5 mW cm−2, 365 nm light, polymer grew only from the two 

spots containing biotinylated oligonucleotides (5 and 0.5 fmol) and did not grow from the 

two spots containing unlabelled oligonucleotides. The polymer spots rapidly exceeded 100 

nm in thickness, below which the surfaces would yield quantitative information on the 

amount of polymer. Thus, the unique optical properties of the surfaces were not necessary 

for detecting a positive response, as all polymer films beyond 100 nm look white. The 

special optical properties of the surfaces were, however, useful for assessing the occurrence 

of bulk polymerization or non-specific polymerization, as even small amounts of polymer 

would cause a colour change on the surface. Colour changes were not observed, indicating 

the lack of both false negatives and bulk polymerization. A negative control chip was 

subjected to identical conditions except for a lack of exposure to the macrophotoinitiator. No 

polymerization resulted (at or above the visible limit of 5 nm), ruling out concerns that a 

molecule other than the macroinitiator initiated polymerization.

To determine a detection limit for surface-bound oligonucleotides, a dilution chip was 

prepared with spots containing from femtomoles to zeptomoles of biotinylated 

oligonucleotides. A negative control spot containing only unlabelled oligonucleotides was 

included on the chip. Figure 4 shows the results obtained using photopolymerization for 

signal amplification. The most dilute spot that is detected through the formation of a visible 

amount of polymer contains of the order of 1,000 biotinylated oligonucleotides, orders of 

magnitude fewer than the numbers that are detectable using enzymatic amplification 
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methods. The picture shown in Fig. 4a is representative of 20 trials; no false positives or 

false negatives (above the limit of detection) occurred.

Further, with constant light-intensity exposure, spots containing varying concentrations of 

the analyte do not appear simultaneously. Rather, as the surface-localized polymerization 

reactions progress, spots containing higher concentrations of biotinylated oligonucleotides 

become visible before spots with lower concentrations of biotinylated oligonucleotides 

become visible. Figure 4c shows the dose of light that was necessary to see each spot. This 

response of lower concentrations polymerizing with larger irradiation doses was observed in 

a differentiable manner across more than three orders of magnitude in analyte concentration. 

This outcome provides a facile means for converting the qualitative detection scheme that is 

the focus of this manuscript into a technique that is readily able to quantify the amount of an 

analyte present at these levels. Simply by changing the exposure time systematically across 

an array of sample spots, for example by the movement of an opaque film across the surface, 

it would be possible to quantify an analyte, even at these extremely low levels. Thus, a 

simple change in exposure time across an array would enable quantitative analysis of the 

target-molecule concentration.

The macroscopic, visible response generated by this small number of possible recognition 

events is remarkable and, to our knowledge, not possible using any other technique. We 

hypothesize that the large degree of polymerization is a result of high radical initiation rates 

occurring only at the desired surface whereas radicals that propagate into the bulk do not 

encounter radicals that lead to termination. The large degree of polymerization is further 

enhanced by the formation of a cross-linked, hydrogel polymer. Here, the monomer 

formulation was optimized to contain a cross-linking agent that hinders radical termination 

and facilitates the formation of extremely large amounts of polymer from each radical 

generated. The relationship between the colour of the spot and the thickness of the thin film 

within the spot has been reported previously: white spots correspond to film thicknesses of 

at least 100 nm (ref. 16). Using this thickness as a lower limit for the thicknesses of the 

polymer spots in Fig. 4, combined with knowledge of the number of possible binding events 

and the density of the polymer, we calculate a minimum amplification factor of 1011 

monomers polymerized per binding event in the most dilute spot in Fig. 4. The density of 

biotinylated biomolecules in the last visible spot is ~0.005 µm−2; this density is below the 

limit of detection of even the newest high-end fluorescence scanners, instruments that cost 

tens of thousands of dollars.

False positives are a substantial concern with any signal amplification approach to detection. 

Though we did not encounter problems with false positives in this study, the result shown in 

Fig. 4c provides evidence that, should false positives arise with more complex samples or 

recognition pairs that have less specificity than avidin and biotin, it would be possible to 

shift the threshold of the positive response to exclude non-specific interactions by selecting 

an appropriate dose of light. Specificity of detection reagents is a limitation in many 

diagnostic assays, including ELISAs. Usually, it is not the enzymatic amplification step that 

limits sensitivity in these assays, but rather the antibody specificity. In this study, we 

compared the ‘top’ enzymatic amplification step used in many ELISA sandwich assays with 

polymerization-based amplification. This comparison, in which polymerization provided an 
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improvement in sensitivity by orders of magnitude, is fair but perhaps not relevant until the 

specificity of detection reagents is improved. The exciting and rapidly progressing 

discoveries toward this end26–30 promise to make our findings more practically relevant in 

the coming years.

In its first incarnation, photopolymerization as a method of signal amplification has both 

strengths and weaknesses. It provides a limited amount of quantitative information about the 

number of binding events, but it does provide a rapid, highly sensitive, inexpensive, reliable 

yes/no response above a tunable threshold, which is a primary need in the case of initial 

screens for deadly pathogens or infectious agents that should not be present at any level in a 

healthy individual. A few examples of such applications that are given high priority by the 

World Health Organisation are tuberculosis, leprosy, syphilis, African trypanosomiasis, viral 

hemorrhagic fevers, gonorrhoea and chlamydia10. It is a method that is easily multiplexed; 

many biomolecules of interest can be screened for simultaneously in an array format. 

Inhibitors of polymerization must be excluded during the polymerization step; though this is 

manageable, future identification of more robust chemical reactions and/or strategies to 

combat inhibitors that do not diminish sensitivity will improve the method.

By detecting biotinylated oligonucleotides bound to surfaces, we set aside the separate 

problem of sample capture (for which there is a vast body of scientific literature) and 

focused on the signal-amplification problem. The high affinity of avidin for biotin certainly 

makes it a more forgiving recognition event to detect than hybridized nucleic acids or 

antigen–antibody interactions. However, we have already successfully used this 

polymerization-based amplification to detect nucleic-acid hybridization and antigen–

antibody interactions. Detection in these real-world systems will be the focus of follow-up 

publications.

Though not ready for field application at this early stage, the new approach we have 

described improves on the detection limit usually associated with rapid techniques to a 

degree that could greatly impact near-patient testing even in remote settings by enabling the 

testing of small quantities of blood directly, such as from a finger prick. Identifying those at 

high risk for common diseases such as severe malaria or tuberculosis with a simple, rapid, 

and easy to use blood test requiring little or no instrumentation would help to better focus 

limited health-care resources in the developing world.

METHODS

MACROPHOTOINITIATOR SYNTHESIS AND CHARACTERIZATION

A 1 mg ml−1solution of N-hydroxysuccinimide (NHS) (Aldrich) in 0.1 M 2-

morpholinoethanesulfonic acid (MES) 0.5 M NaCl buffer, pH 6, and a 1 mg ml−1solution of 

the commercial initiator Irgacure 2959 (Ciba) in distilled water, were prepared and placed 

on a vortexer for 10 min until fully dissolved. 0.8 mg of poly(acrylic acid co-acrylamide) 

(200,000 MW, Aldrich) and 1 mg of the coupling agent 1-ethyl-3-(3-dimethylaminopropyl)-

carbodiimide (EDC) (Aldrich) were weighed out during this time. 260 µl of the NHS 

solution was pipetted into the tube containing 0.8 mg of poly(acrylic acid co-acrylamide). 1 

ml of MES buffer was quickly added to the tube containing 1 mg EDC, and 440 µl of this 
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solution was quickly added to the tube containing NHS and poly(acrylic acid co-

acrylamide). This solution was placed on a shaker on a low setting for 15 min to allow time 

for activation of the carboxylic acids of poly(acrylic acid co-acrylamide) by EDC and NHS. 

685 µl of the initiator solution and 50 µl of a 10 mg ml−1 Neutravidin solution (Pierce) were 

added to the activated poly(acrylic acid co-acrylamide) solution, and the reaction was 

allowed to proceed on a shaker on a low setting for one hour and 45 min. At this time, the 

high-molecular-weight product was separated from unreacted smaller molecules using a 

100,000-molecular-weight cut-off filter (Millipore) and a centrifuge. The spin rates and 

times recommended by Millipore were used. Purified products were brought up to 500 µl 

total volume with MES buffer, and ultraviolet spectra were collected. A calibration curve of 

initiator absorbance as a function of concentration was made and used to determine the 

average number of initiator substituents per macrophotoinitiator. HABA assays were carried 

out as described in ref. 25 to determine the average number of Neutravidin substituents per 

macrophotoinitiator, and to verify retention of biotin binding capability. In our hands, this 

reaction was very sensitive to any deviation from the above procedures. The non-standard 

stoichiometry of reactants described above was reached by trial and error. Initial 

stoichiometry was 1 × poly(acrylic acid co-acrylamide): 1,000 × photoinitiator: 1,000 × 

EDC : 1,000 × NHS: 1 × Neutravidin; however, using this stoichiometry the resulting 

product was a cross-linked hydrogel that was not useful. Nuclear magnetic resonance was 

also used to verify the product of the above reaction. Representative nuclear magnetic 

resonance, HABA and ultraviolet–visible spectra are available as Supplementary 

Information.

ARRAYS

Optical thin-film biosensor surfaces were prepared and oligonucleotides were covalently 

coupled to the surfaces through hydrazone linkages according to previously published 

procedures17. To make the dilution chip shown in Fig. 4, spotting solutions were delivered 

to the surface in 60 nl droplets using a robotic microarrayer (custom instrument, Biodot); the 

resulting spots measured approximately 600 µm in diameter. Biotinylated oligonucleotides 

were diluted into spotting solutions containing unlabelled oligonucleotides so that the total 

oligonucleotide concentration remained constant across the array.

ENZYMATIC AMPLIFICATION

Detection of biotinylated oligonucleotides using enzymatic methods was accomplished by 

incubating thin-film biosensors with 50 µl of a 1 mg ml−1 solution of antibiotin–horseradish 

peroxidase conjugate (Jackson ImmunoResearch Laboratories) in a buffer consisting of 5 × 

standard sodium citrate (SSC), 0.1% SDS and 0.5% BlockAid (Invitrogen-Molecular 

Probes) for 10 min. Following thorough rinsing with 0.1 × SSC buffer, thin-film biosensors 

were incubated with 60 µl of a 3,3′,5,5′-tetramethylbenzidine–dextran solution (BioFX 

Laboratories) for 15 min. After rinsing with distilled water, thin-film biosensors were 

visually inspected for a colour change from gold to blue as described in ref. 16.

POLYMERIZATION-BASED AMPLIFICATION

Detection of biotinylated oligonucleotides using photopolymerization was accomplished by 

incubating thin-film biosensors with 50 µl of a 1.6 mg ml−1 solution of a 
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macrophotoinitiator in a buffer consisting of 5 × SSC, 0.1% SDS, and 0.5% BlockAid 

(Invitrogen-Molecular Probes) for 10 min. No steps were taken to protect the macroinitiator 

from ambient light; it is stable under ambient light conditions. Immediately following 

rinsing with 0.1 × SSC buffer, while the surfaces were still wet, 50 µl of an argon-purged 

monomer solution (97% by weight hydroxyethylacrylate and 3% by weight ethyleneglycol 

dimethacrylate cross-linker, each triply distilled to remove inhibitors) was pipetted over the 

entire array. Polymerization from spots containing biotin and bound macrophotoinitiator was 

accomplished using a 10 min dose of 5 mW cm−2 ultraviolet light centred around 365 nm 

from a Blak-Ray B Series-100A lamp. The percentage of the cross-linker in the monomer 

formulation and the dose of radiation were optimized by systematic variation of each.

Polymerized arrays were photographed with a digital camera without any rinsing or other 

post-polymerization treatment.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Conceptual depiction of detection using polymerization-based signal amplification
A surface that may contain biotin-labelled biomolecules of interest is placed in contact with 

a dual-functional macrophotoinitiator, a water-soluble macromolecule that contains one or 

two pendant Neutravidins (red shapes) and ~100 pendant photoinitiator moieties. The 

Neutravidin-functionalized macroinitiator binds only to the spots that contain biotin 

(illustrated with a ‘+’ in the first column) and does not bind elsewhere (negative spots 

illustrated schematically in the second column). The entire surface is then contacted with a 

monomer solution and irradiated to initiate polymerization. Recognition of biotin by avidin 

is demonstrated by the formation of a solid polymer only on areas of the surface where 

molecular recognition and subsequent polymerization occurred. Numerous other biological 

molecules can be detected with a similar approach by incorporating appropriately designed 

macroinitiators.
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Figure 2. Design and synthesis of molecules to enable polymerization following a binding event
Polymeric materials that are capable both of selective binding and of initiating a radical 

polymerization reaction subsequent to binding were synthesized according to this reaction. 

Initiators and proteins were linked to the –COOH groups of a high-molecular-weight 

copolymer of acrylic acid and acrylamide through ester linkages (initiators) and amide 

linkages (proteins). Though the acrylamide subunits were not involved in the conjugation 

reaction, their presence was important in the surface bound detection results shown in Figs 3 

and 4 (macroinitiators made with an acrylic-acid starting material in the place of 

poly(acrylic acid-co-acrylamide) do not function similarly).

Sikes et al. Page 10

Nat Mater. Author manuscript; available in PMC 2015 January 20.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 3. Polymerization for signal amplification following a binding event
Digital-camera image of 2 × 2 oligonucleotide arrays spotted on thin-film biosensors15–17. 

The spots in the first column contain biotinylated oligonucleotides (5 fmol in the upper spot, 

and 0.5 fmol in the lower spot), whereas the spots in the second column contain unlabelled 

oligonucleotides (5 fmol and 0.5 fmol).

(i) Polymeric amplification only in spots containing biotinylated oligonucleotides.

(ii) Negative control (same surface, monomer and light, but no macrophotoinitiator).
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Figure 4. Quantification of the number of binding events necessary for a macroscopic, visible 
response using a 3 × 3 dilution array of biotinylated oligonucleotides
a, Polymer spots were visible over the first six spots in the array following a 10 min 

incubation with avidin-functionalized macroinitiator and a 10 min dose of 5 mW cm−2, 365 

nm light. Using enzymatic amplification (horseradish peroxidase/3,3′,5,5′-

tetramethylbenzidine–dextran), only the first two spots were visible. b, The maximum 

number of biotinylated oligonucleotides present in each spot. The bottom right spot 

contained only unlabelled oligonucleotides and served as a negative control. c, The 

minimum radiation dose that was delivered to each spot before observation of polymer 

formation, where the dose is a product of the light intensity and exposure time. The error 

bars reflect variations in the intensity output from the lamp as measured with a radiometer.
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