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Antibody–antigen interactions form the basis for various conventional bioassays including 

enzyme-linked immunosorbent assay,[1] immunoblotting,[2] and immunoprecipitation,[3] 
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owing to their superior binding affinity and selectivity. In recent years, with the rapid 

development and wide application of biomedical diagnostic tools such as lab-on-a-chip 

biosensors, antibodies have also been ubiquitously employed as target recognition elements 

in biosensors with different types of transduction platforms (electrochemical,[4] magnetic,

[5] and optical[6]). Unfortunately, as with most proteins, the major limitation of antibodies 

lies in their poor stability at ambient and elevated temperatures and in nonaqueous media 

(for instance, on transducer surfaces after immobilization). Thus, antibody-based diagnostic 

reagents and biosensor chips are required to be maintained under tightly regulated 

temperature (refrigerated) conditions, to preserve their biofunctionality (recognition 

capability). This stringent requirement necessitates a temperature-controlled supply chain, 

the “cold chain”, during transport, storage, and handling of the biodiagnostic reagents and 

biosensor chips.[7] Apart from causing huge financial and environmental burden, the cold 

chain system is not always feasible in prehospital and resource-limited conditions such as in 

urban and rural clinics, developing countries with low-moderate incomes, disaster struck 

regions, and battle fields, where refrigeration and electricity are not often guaranteed.[8] 

Therefore, it is imperative to find an alternate approach to preserve the antibody 

biorecognition capability that relaxes or eliminates the cold chain requirement and increases 

shelf-life.

Metal-organic frameworks (MOFs), consisting of metal ions or clusters linked by organic 

ligands,[9] have received increased scientific and technological interest due to their large 

surface area, tunable porosity, and organic functionality, as well as high thermal stability.

[10] These attractive properties render MOFs promising materials for a variety of 

applications in gas storage,[11] drug delivery,[12] catalysis,[13] and chemical sensors.[14] 

Within the different emerging applications, a recent study demonstrated the encapsulation of 

a wide range of biomolecules within MOFs by growing them in the presence of the 

biomolecules under mild biocompatible conditions (e.g., aqueous solution at room 

temperature).[15] More importantly, with the protection of the MOF layer, the activity of 

encapsulated biomolecules (such as enzymes) could be preserved against different extreme 

environmental conditions including high temperatures and organic solvents. This work 

demonstrated the preservation of biocatalytic activity of enzymes in solution. We 

hypothesize that MOFs can be a powerful class of materials for preserving the 

biorecognition capability of antibodies immobilized on biosensor surfaces, considering that 

the MOFs can be adapted to grow on different substrates (films, particles, and gels).[16,17]

In this study, we demonstrate MOF coatings to be highly effective in preserving the 

biorecognition capabilities of antibodies immobilized on sensor surfaces that are exposed to 

elevated temperatures. In contrast to previous approaches that involve mixing protein 

(enzyme) with MOF precursors in solution, a zeolitic imidazolate framework-8 (ZIF-8) was 

grown on bionanoconjugates immobilized on gold nanorods. Just before using the biochip, a 

simple aqueous rinsing step completely removed the MOF protective layer, restoring the 

biofunctionality of the sensor surface (Figure 1). Owing to the high sensitivity, cost-

efficiency and great potential of use in point-of-care (POC) diagnostics,[18] a plasmonic 

nanobiosensor based on refractive index sensitivity of localized surface plasmon resonance 

(LSPR) is used as the platform to monitor various fabrication stages including conjugation 

of the antibody to the surface of the plasmonic nanostructures, formation and removal of the 

Wang et al. Page 2

Adv Mater. Author manuscript; available in PMC 2017 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



MOF, as well as bioanalyte detection. Proof-of-concept is initially established by employing 

IgG/anti-IgG as a test system, showing that the MOF layer remarkably improves the stability 

of the model antibody at room temperature, 40 and 60 °C. The biopreservation efficiency of 

MOFs is found to be higher than the previously reported silk-based approach.[19] We also 

demonstrate that this approach can be applied to increase the shelf-life and thermal stability 

of a bioplasmonic paper device designed for the detection of neutrophil gelatinase associated 

lipocalin (NGAL), a urinary biomarker for acute kidney injury and chronic kidney disease in 

resource-limited settings. Overall, by eliminating the cold chain requirement in 

transportation, storage, and handling through an environmentally friendly and energy-

efficient method, this novel approach paves the way for antibody-based biosensors in 

prehospital, point-of-care, and resource-limited circumstances such as ambulance, 

developing countries, battlefield, and the patient's home.

Rabbit IgG and goat anti-rabbit IgG (termed IgG and anti-IgG henceforth) were employed as 

model antibody and bioanalyte, respectively, to establish the proof-of-concept. Here, gold 

nanorods (AuNRs) were used as plasmonic nanotransducers for label-free sensing because 

of their large refractive index sensitivity and excellent tunability of the LSPR wavelength.

[20] We synthesized AuNRs with a length of 48.2 ± 1.8 nm and a diameter of 18.2 ± 1.1 nm 

using a seed-mediated approach (Figure 2A).[21] As described earlier,[20] the conjugation 

of the antibody (IgG) to AuNRs is achieved by conjugating IgG molecules to a bifunctional 

polyethylene glycol (COOH-PEG-SH) chain and subsequently attaching the formed IgG-

PEG-SH onto the AuNRs surface through gold-thiol linkage. The polyethylene glycol (PEG) 

chain acts as a flexible spacer, increases the accessibility of target biomolecules to IgG and 

also serves as a stable protective layer around the AuNRs to minimize nonspecific binding. 

After conjugating IgG onto the AuNRs surface, the longitudinal LSPR wavelength of the 

AuNRs showed a 7.5 nm redshift due to the increase in the refractive index of the medium 

surrounding the AuNR (Figure 2B). These AuNR-IgG conjugates were then immobilized 

onto the 3-mercaptopropyl-trimethoxysilane-functionalized glass surfaces. To probe the 

sensing capability of the plasmonic nanobiosensor, the substrates were exposed to different 

concentrations of anti-IgG leading to specific binding to IgG, which can be quantified by the 

redshift in the LSPR wavelength of the AuNRs. We observed a monotonic increase in the 

LSPR shift with an increasing concentration of the anti-IgG. The limit of detection was 

found to be 240 pg mL−1 (Figure 2C), consistent with our previous reports.[19] Considering 

that the LSPR wavelength redshifted maximally by 15.5 nm at the highest concentration (24 

μg mL−1) of anti-IgG (Figure 2D), in the following experiments we have employed 24 μg 

mL−1 of anti-IgG to quantify the biorecognition capability of the antibody (IgG) subjected to 

different storage conditions.

A MOF has been previously used in encapsulating an enzyme and providing thermal 

stability.[22] The preservation mechanism is attributed to the small pore size of the MOF 

and coordination interactions between the carbonyl groups of the protein backbone and the 

Zn cations of ZIF-8, providing proteins with tight encapsulation.[15,23] In this study, we 

posit that a MOF coating on a biosensor surface would protect the biorecognition capability 

of the underlying antibody. In addition to the detection and quantification of target analytes, 

refractive index sensitivity of the LSPR wavelength of the AuNRs can also be exploited to 

monitor the formation and removal of the MOF coating (Figure 3A,B). After immersing the 

Wang et al. Page 3

Adv Mater. Author manuscript; available in PMC 2017 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



biochips with immobilized AuNR-IgG into the MOF precursor solution (a mixture of 2-

methylimidazole and zinc acetate) for 3 h, the LSPR wavelength exhibited a ≈30 nm redshift 

(step 2 in Figure 3B), suggesting the formation of a MOF coating on top of the AuNR-IgG 

conjugates. Interestingly, immersing the bare AuNRs-immobilized glass substrate into the 

MOF precursor solution for 3 h resulted in a LSPR wavelength shift of only ≈2 nm possibly 

due to the adsorption of the MOF precursors on the AuNR or extremely slow growth of 

ZIF-8 on the bare AuNR (Figure S1, Supporting Information). This is in stark contrast with 

the rapid growth of ZIF-8 on bioconjugated nanostructures.[16] After storing the MOF-

coated plasmonic biochips at the desired temperature and duration, the MOF protective 

coating can be quickly removed by rinsing the biochip with distilled water at pH 6. The 

complete removal of the MOF is evidenced by a ≈30 nm blueshift in the LSPR wavelength 

(step 3 in Figure 3B). It is important to ensure complete removal of the MOF protective 

coating and restoration of the biorecognition capability of the biosensor before exposing the 

plasmonic biochips to the analyte solution. Subsequently (step 4 in Figure 3B), the restored 

biochip displayed a 14 nm redshift upon specific binding of anti-IgG (24 μg mL−1) to IgG. 

The percentage of retained recognition capability (%) was used to quantitatively evaluate the 

antibody preservation efficacy of the MOF under various storage conditions. The retained 

recognition capability was calculated as the percentage of the redshift upon specific binding 

of anti-IgG (24 μg mL−1) to IgG on a restored biochip after several days of storage at 

elevated temperatures compared with the redshift obtained from the same batch of freshly 

made substrate (which was considered as the reference sample tested instantly without a 

MOF coating). For example, the redshift of 14 nm compared with the redshift of 16 nm in 

the case of the reference sample in the same batch corresponds to a retained recognition 

capability of 87.5% (Figure 3A,B). Therefore, ≈88% recognition capability of the antibody-

based biochip was found to be preserved after two days of storage at room temperature.

The MOF film formation and removal was further confirmed by atomic force microscope 

(AFM) imaging. Prior to incubating the substrate with the MOF precursor solution, the 

AuNR-IgG conjugates were found to be uniformly distributed on the substrate (Figure 3C). 

After the coating process, the AuNR-IgG conjugates were found to be covered by the MOF 

film that exhibited dense grainy morphology (Figure 3D). This is further confirmed by the 

scanning electron microscope (SEM) images (Figure S2, Supporting Information). After 

rinsing the substrate with water at pH 6, the AuNR-IgG conjugates were exposed without 

any MOF residue on the substrate (Figure 3E). The AFM scratch test indicated the thickness 

of the MOF film to be ≈50 nm, which is sufficient to completely cover the AuNR-IgG 

conjugates (≈22 nm height) (Figure S3, Supporting Information). To ascertain that ZIF-8 

crystals were formed on the surface of AuNR-IgG conjugates, Fourier transform infrared 

spectroscopy (FTIR) and X-ray diffraction (XRD) were employed (Figure 3F,G). FTIR 

spectrum obtained before the formation of the MOF layer exhibited absorption peaks at 

1640–1650 and 1520–1530 cm−1, corresponding to amide I and amide II bands of IgG, 

respectively. After the MOF formation, the FTIR spectrum exhibited new absorption bands 

corresponding to the MOF apart from the amide I and amide II bands of the protein. The 

characteristic absorption peak at 1583 cm−1 corresponds to the C=N stretching of imidazole 

and the peak at 1420 cm−1 is associated with the imidazole ring stretching.[24] These 

characteristic absorption bands were also observed in the FTIR spectrum obtained from pure 
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ZIF-8 (Figure S4A, Supporting Information). Interestingly, the amide I vibrational mode for 

the MOF-coated AuNR-IgG shifted to higher frequency (from 1643 to 1649 cm−1, Figure 

S4B, Supporting Information), suggesting the protein–MOF interaction due to the 

coordination between the Zn cations and the carbonyl group of the proteins.[15] 

Furthermore, XRD measurements confirmed the formation of ZIF-8 crystals on the top of 

the AuNR-IgG surface (Figure 3G). The XRD patterns and related peak positions were in 

agreement with the typical structure of ZIF-8[25] except for the absence of (011) and (112) 

plane, implying the possible orientation of ZIF-8 formed on the AuNR-IgG immobilized 

substrate. The XRD pattern also shows a strong peak at 10.88°, indicating the partial 

orientation of the crystals in (001) direction. It has been previously reported that the surface 

properties can significantly influence the nucleation and crystal growth of ZIF-8.[26] This 

suggestion was further confirmed by powder XRD of pure ZIF-8 and ZIF-8 formed in IgG 

solution, which exhibited all peaks of ZIF-8 including those corresponding to (011) and 

(112) planes and relatively low intensity peak at 10.88° (Figure S5, Supporting Information).

Before performing a comprehensive investigation of the efficacy of the ZIF-8 layer as 

protective coating for preserving the antibody recognition capabilities, it is important to 

determine whether the preservation process itself would compromise the biochip 

performance. An important aspect that needs to be considered is the effect of ZIF-8 growth 

and rinsing on the recognition capability of the antibodies conjugated to the plasmonic 

nanostructures. To address this aspect, we coated the ZIF-8 film onto a freshly made AuNR-

IgG immobilized biochip and immediately removed the ZIF-8 film. After incubation of the 

biochip with the analyte solution containing 24 μg mL−1 of anti-IgG, we observed a ≈16 nm 

redshift, very close to that noted for the reference sample (Figure S6, Supporting 

Information). The virtually complete preservation of the specific recognition capability of 

IgG-AuNR conjugates after subjecting the biochip to the preservation process (i.e., the MOF 

layer growth and removal) indicates that the MOF-based preservation steps do not adversely 

affect the biochip performance.

Next, we set out to investigate the efficacy of MOF to preserve the biorecognition ability of 

IgG conjugated to the AuNR upon exposure to harsh conditions (such as high temperatures) 

that would normally lead to denaturation and loss of recognition capabilities. The plasmonic 

biochip with and without the MOF coating were stored at room temperature, 40 and 60 °C 

for one week. To eliminate the influence of relative humidity variations in the standard 

laboratory environment, all the samples were stored in sealed containers. ZIF-8 has excellent 

thermal stability (up to 550 °C), as well as chemical resistance to boiling alkaline water and 

organic solvents.[27] However, it is not stable in acidic environments because of the loss of 

the coordination between the zinc ions and imidazolate at pH 5.0–6.0.[28] Therefore, as long 

as ZIF-8 protected surfaces are stored in dry or nonacidic conditions, the ZIF-8 shell should 

be stable. For the same reason, water at pH 6 was employed to completely remove the ZIF-8 

protective layer and restore the biofunctionality of antibodies conjugated to nanotransducers. 

Different substrates were sampled at selected time intervals (1, 2, 3, and 7 d) to monitor the 

changes in the biorecognition capability of the antibodies (Figure 4A). Samples with MOF 

coatings showed only an approximately 20% loss in biorecognition capability after storage 

at room temperature (25 °C) for one week compared with the nearly complete loss in 

biorecognition capability for substrates without MOF protective layer. Even at higher 
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temperatures, 40 and 60 °C, MOF-coated biochips retained over 70% of biorecognition 

ability after one week. In contrast, substrates without any MOF protective layer lost over 

90% of biorecognition capability within the first day at 40 and 60 °C. Furthermore, we 

selected one storage condition (three days storage at room temperature) and investigated the 

detection sensitivity (LSPR shift) at varying concentrations of anti-IgG after removal of 

ZIF-8. The LSPR shifts at different concentrations of anti-IgG were compared with the 

results from freshly made samples (the results in Figure 2C). Across the entire concentration 

range tested here, we noted a consistent ≈15 % decrease in LSPR shift (Figure 4B; Figure 

S7, Supporting Information). The limit of detection of the plasmonic biosensor stored for 

three days at room temperature is found to be 240 pg mL−1 (defining 1 nm as 3σ noise 

level), which is similar to a freshly prepared biosensor. Compared with our previous 

approach involving silk fibroin as a protective layer, the MOF coating is vastly superior in 

terms of biopreservation efficacy, ease of formation and removal, as well as availability and 

cost of the raw materials.[19] While the silk-coated plasmonic biochips retained a 

biorecognition capability of ≈40% after one week at 40 °C, the MOF-coated biochips 

retained over 70% of biorecognition ability under identical storage conditions (Figure 4C). 

Furthermore, complete removal of the silk film can be difficult if the silk-encapsulated 

biochips are subjected to harsh conditions such as high temperature or organic solvents, 

which results in the conversion of silk I to the insoluble silk II state.[29] In addition, both 2-

methylimidazole and zinc acetate are commercially available, whereas silk fibroin extraction 

and purification procedures involve several processing steps that need to be executed with 

significant caution. Taken together, MOFs are a better choice compared with silk fibroin as 

the protective layer to stabilize antibody-based biosensors against extreme environments.

Finally, we sought to evaluate the applicability of this approach to clinically relevant 

biodiagnostic devices. We have previously introduced a bioplasmonic paper device (BPD) as 

a novel platform for LSPR-based biosensors.[20,30] Compared with conventional rigid 

substrates such as glass, paper substrates offer numerous advantages such as high surface 

area, excellent wicking properties, mechanical flexibility, low cost, easy disposability, small 

sample volume requirement, facile processing (cutting, bending, dipping), and compatibility 

with conventional printing approaches (enabling multiplexed detection and multimarker 

biochips). Here, we chose NGAL, a urinary biomarker for acute kidney injury, as the target 

analyte. Considering that urinary NGAL levels are increased by several log-orders (100-fold 

to 1000-fold) of magnitude during acute kidney injury, rapid measurement of urine NGAL 

levels in resource-limited settings is of great clinical importance.[31] The fabrication of BPD 

for NGAL detection is achieved by the immersion of a 1 cm × 1 cm strip of filter paper in 

NGAL antibody-conjugated AuNR solution. The SEM images of the paper revealed a 

uniform distribution of the AuNR-NGAL antibody conjugates with no signs of aggregation 

or patchiness (Figure 5A). Similar to AuNR-IgG on glass substrates, the coating of the MOF 

on the paper substrate also induced a ≈30 nm redshift (Figure 5B). After rinsing with 

distilled water at pH 6, a blueshift of ≈30 nm suggested the complete removal of the MOF 

from the paper (Figure 5B,C). This is in stark contrast to silk-based preservation, which is 

not suitable for paper substrates due to the difficulties associated with the removal of the silk 

film from paper substrates. A time-lapse experiment, similar to the one described above, was 

performed to monitor the recognition capability of the NGAL antibodies on the paper-based 
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plasmonic biosensor stored at room temperature and 60 °C (Figure 5D). As expected, the 

antibody-based BPDs with MOF protective coating retained nearly 80% of recognition 

capability after storage at both room temperature and 60 °C for one week, while bare BPDs 

without protective layer quickly lost biorecognition at both temperatures. Apart from the 

generality of the MOF protection approach, these results demonstrate the feasibility of 

dramatically enhancing the thermal stability and preserving the recognition capability of a 

clinically relevant biosensor device, enabling their use in POC and resource-limited settings.

In summary, for the first time, we have demonstrated that MOFs (ZIF-8) can be used as a 

protective material to preserve the recognition capability of antibodies on biosensor surfaces 

stored at ambient and elevated temperatures. With the protection of the MOF, both rabbit 

IgG and anti-NGAL appended to plasmonic biosensors retained over 70% of recognition 

capability compared with complete loss in unprotected samples after one week of storage at 

room temperature, 40 and 60 °C. Such antibody-based biosensors with enhanced thermal 

stability eliminate the need for a cold chain system during transportation and storage in an 

energy-efficient and environmentally-friendly fashion. Furthermore, the biofunctionality of 

the MOF-coated biochip can be restored by a simple water rinsing step, making it highly 

convenient for use in POC and resource-limited settings such as in an ambulance, intensive 

care unit, emergency room, battlefield, or the developing world. We also demonstrate 

generality and applicability of this approach to a clinically relevant bioplasmonic paper 

device, which offers several advantages over rigid substrates. The improved preservation 

efficiency, ease of implementation (formation and removal), and wide availability of 

precursors make MOFs vastly superior to our previous silk-based preservation approach. 

Overall, we expect this facile and low-cost biopreservation method to greatly advance the 

application of various antibody-based biosensor platforms in POC and resource-limited 

settings. More broadly, MOFs are expected to be a new class of biopreservation material, 

playing an important role in realizing ultrastable biodiagnostics and therapeutics for 

resource-limited settings.
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Figure 1. 
Schematic illustrating the concept of using MOFs to enhance the thermal stability of 

antibody-based plasmonic biochips, not only eliminating the need for refrigerated 

transportation, handling and storage, but also enabling convenient use in resource-limited 

settings.
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Figure 2. 
A) Transmission electron microscopy (TEM) image of AuNRs used as plasmonic 

nanotransducers. The dimension of the AuNRs is 48×18 nm. B) Extinction spectra showing 

the LSPR shift after conjugation of AuNR with IgG in solution. The λmax redshifts by 7.5 

nm. C) LSPR shift of AuNR-IgG on glass substrate upon exposure to various concentrations 

of anti-IgG solutions showing the monotonic increase in the LSPR shift with concentration. 

Error bars represent standard deviations from three different samples. D) Extinction spectra 

of AuNR-IgG conjugates on the glass substrate before and after exposure to anti-IgG (24 μg 

mL−1). The λmax redshifts by 15.5 nm.
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Figure 3. 
A) Extinction spectra of AuNR-IgG conjugates on the glass substrate before and after ZIF-8 

film coating, after removing ZIF-8 film and after exposure to 24 μg mL−1 of anti-IgG. B) 

LSPR shift corresponding to each step shown in panel (A). AFM images showing C) 

uniformly adsorbed AuNR-IgG on glass substrate before ZIF-8 film coating, D) AuNR-IgG 

conjugates covered by ZIF-8 film, and E) complete removal of ZIF-8 after rinsing with 

distilled water at pH 6. Scale bars: 500 nm. F) FTIR spectra of AuNR-IgG before and after 

ZIF-8 coating. G) XRD spectra of AuNR-IgG before and after ZIF-8 coating.
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Figure 4. 
A) Retained recognition capability of MOF-coated IgG-AuNR conjugates on glass 

substrates stored at room temperature, 40 and 60 °C for different durations. B) Retained 

recognition capability of MOF-coated IgG-AuNR conjugates stored at room temperature for 

three days measured by exposing the substrates to different concentrations of anti-IgG. C) 

The comparison of preservation efficiency between MOF and silk as the protective materials 

after one week at room temperature and 40 °C. Error bars represent standard deviations from 

three independent samples.
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Figure 5. 
A) Scanning electron microscopy (SEM) images showing AuNR-anti-NGAL conjugates 

uniformly adsorbed on a paper substrate. Inset at the top left shows photographs of the bare 

filter paper (left) and filter paper after adsorption of AuNR-NGAL antibody conjugates 

(right). Scale bar = 0.25 cm. Inset at the top right shows the higher magnification image of 

paper with AuNR-anti-NGAL conjugates. B) Extinction spectra of AuNR-anti-NGAL 

conjugates on the paper substrate before and after ZIF-8 film coating, after ZIF-8 film 

removal and after exposure to 2.5 μg/ml of NGAL. C) LSPR shift corresponding to each step 

shown in (B). D) Retained recognition capability of ZIF-8-coated IgG-anti-NGAL 

conjugates on paper substrates stored at room temperature and 60 °C for different durations. 

Error bars represent standard deviations from three independent samples.
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