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Abstract: Most biosensors relying on antibodies as recognition elements fail in harsh
environment conditions such as elevated temperatures, organic solvents or proteases
because of antibody denaturation, and require strict storage conditions with defined shelf-life,
thus limiting their applications in point-of-care and resource-limited settings. Here, a
metal-organic framework (MOF) encapsulation is utilized to preserve the biofunctionality of
antibodies conjugated to nanotransducers. This study investigates several parameters of
MOF coating (including growth time, surface morphology, thickness and precursor
concentrations) that determine the preservation efficacy against different protein denaturing
conditions in both dry and wet environments. A plasmonic biosensor based on gold
nanorods as the nanotransducers is employed as a model biodiagnostic platform. The
preservation efficacy attained through MOF encapsulation is compared to two other
commonly employed materials (sucrose and silk fibroin). The results show that MOF
coating outperforms sucrose and silk fibroin coatings under several harsh conditions
including high temperature (80 °C), dimethylformamide and protease solution, owing to
complete encapsulation, stability in wet environment and ease of removal at point-of-use by
the MOF. We believe this study will broaden the applicability of this universal approach for
preserving different types of on-chip biodiagnostic reagents and biosensors/bioassays, thus

extending the benefits of advanced diagnostic technologies in resource-limited settings.

Keywords: plasmonic biosensor, metal-organic framework, silk, sucrose, temperature,

resource-limited settings, preservation
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Diagnostic technologies have developed tremendously over the past few decades.’?
However, most state-of-the-art technology platforms are centralized, expensive and require
well-trained technicians with specialized facilities, which are inaccessible to most patients
and clinicians in resource-limited settings, as well as those in low and middle-income
countries.**  Point-of-care (POC) testing allows patients and clinicians to make quick clinical
decisions in a variety of settings such as clinical laboratories, doctors’ offices, patients’ home,
disaster struck regions, battle fields and rural areas, by minimizing the turnaround time and

cost to obtain a test result.>®

POC biosensors enable the rapid detection of clinically
relevant biomarkers in biofluids (blood, urine, saliva, sweat, and tears) outside centralized
laboratories, thus facilitating an earlier diagnosis and prompt treatment.®° The basic
elements of POC biosensors are similar to conventional laboratory instruments, consisting of
a biorecognition element, transducer and readout modality. There have been extensive
efforts on developing different types of transducers and readout devices for improving the

' Yet, an

sensitivity, accuracy and applicability of the biosensors for POC diagnosis.””
often-overlooked aspect is the limited shelf-life of the biosensors, which is highly dependent

on the structural integrity and functionality of the biorecognition element.

The ability to recognize the “target” biomarker in a complex biofluid medium is viewed as
the critical step in any diagnostic assay. One of the most common biorecognition elements
employed in biodiagnostic devices are antibodies.' A typical example is lateral flow assays
based on immobilized antibodies for pregnancy testing.”® Unfortunately, as with most
proteins, the antibodies are “fragile” in that they degrade and lose biofunctionality when
subjected to various harsh conditions such as elevated temperatures, high humidity, organic

solvents and proteolytic substances.™"’

These conditions could be encountered during
transport, handling and storage the biosensors in resource-limited settings where lack of
facilities such as refrigeration/electricity, awareness of cautious handling, or availability of
packaging/sealing methods, severely compromise the reliability of the bioanalytical results
and hindering practical applications of the POC biosensors. To date, several approaches

have been utilized to stabilize the biodiagnostic reagents including enzymes and antibodies

either in solution or bound to solid surfaces. It is well accepted that dried reagents (via
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freeze-drying or lyophilization) typically exhibit improved stability relative to those stored
under wet conditions although temperature control for storage of dry reagents is still

d.18-19

neede The addition of preservatives, sugar being the most common one, is another

widely applied method to improve bioreagent stability and retention of activity, especially for

chip-bound dry molecules.® %

For instance, protein G beads dried with sucrose were shown
to be stable for at least 1 month of storage at 45 °C.2" This sugar-based stabilization is often
attributed two mechanisms, namely, vitrification and water replacement. Vitrification occurs
when the molecular mobility of the protein is restricted by the rigid sugar matrix, whereas
stabilization by water replacement results from hydrogen bonds between protein and water
being replaced by hydrogen bonds between sugar and protein during the drying process.??
However, there is not a universal and robust approach for preserving on-chip antibodies in
extremely harsh conditions that could be encountered in resource-limited settings. Such

conditions may involve both dry and wet environments such as elevated temperatures, high

humidity or aqueous solution, as well as organic solvents and proteolytic substances.

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

ligands,®*?® have shown promising applications in gas and energy storage,?®?% drug

29-30 31-32

delivery,?® catalysis,?* separation,®'*? and chemical sensors.*® Their attractive properties

include large surface area, tunable porosity, organic functionality, stable shelf-life and

excellent thermal stability.***

Incorporation of biomolecules into these hybrid materials to
form MOF biocomposites has opened up novel prospects in the utilization of MOFs.®
Progress in the synthesis and application of MOF biocomposites has been recently reviewed
by Falcaro and co-authors.** Among the synthesis methods, encapsulating biomolecules
via a spontaneous process analogous to natural biomineralization offers several unique
advantages: i) the synthesis simply involves incubating biomolecules with MOF precursors in
mild aqueous solution, which is critical to maintain biomolecular activity; ii) it does not require
a MOF with pores larger than the biomolecule, which not only prevents leaching but also
takes advantage of the small pore size of MOFs for various applications; iii) since

biomolecules can promote MOF nucleation and crystallization, this approach is universal for

all different types of biomolecules. So far, this approach is mainly used to encapsulate free
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enzymes in solution for biocatalysis.***

Such encapsulation confines the structural change
of enzymes and inhibits the loss of bioactivity. In this case, the MOF pore size should be
significantly smaller than protein size to prevent protein leakage and restrict protein mobility,
while the pore size of MOF should be large enough to allow substrate and product molecules
to diffuse in and out of the MOF for efficient biocatalytic reaction.** In addition to these
applications, we recently demonstrated that a zeolitic imidazolate framework-8 (ZIF-8) film
can be grown on antibody-conjugated gold nanorods, and such coatings are highly effective
in preserving the biorecognition capabilities of these plasmonic biosensors that are exposed
to ambient and elevated temperatures.*® However, considering complicated and
unexpected environment conditions in resource-limited settings, elevated temperature is not

the only factor that could compromise the reliability and applicability of these POC

biosensors.

Herein, we evaluated the preservation efficacy of the MOF-based approach against a
variety of harsh environmental conditions (including elevated temperature, organic solvent
and proteolytic degradation) that would lead to denaturation of antibodies and loss of
biofunctionality of the biochips (Figure 1). Using gold nanorods (AuNRs) as
nanotransducers, a plasmonic nanobiosensor based on refractive index sensitivity of
localized surface plasmon resonance (LSPR) is used as a model POC biosensor.
Plasmonic biosensor fabrication steps (including conjugation of antibody to the surface of
AuNRs, growth and removal of MOF film, as well as bioanalyte detection) can be monitored
by following the LSPR wavelength shift of the AuNRs. Several parameters related to ZIF-8
film growth (such as growth time, surface morphology, thickness and precursor
concentrations) are examined and optimized to obtain highest biopreservation within both dry
and wet environments. Finally, we compared the ZIF-8 coating with sucrose and silk
coatings, in terms of their biopreservation performances. Overall, these detailed studies will
contribute toward further understanding and practical applications of MOF-based
biopreservation approach. We believe this study will also broaden the applicability of this
universal approach for preserving different types of on-chip biodiagnostic reagents and

biosensors/bioassays for POC diagnosis in resource-limited settings with unexpected harsh
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environmental conditions.

Results and discussion

Fabrication and test of antibody-based plasmonic biochip

Gold nanorods (AuNRs) are considered to be an attractive choice as plasmonic
nanotransducers for label-free biosensing owing to their large refractive index sensitivity and

facile tunability of the LSPR wavelength.** Using a seed-mediated approach,**°

we
synthesized AuNRs with a length of 55 + 2 nm and a diameter of 14 + 1 nm (Figure 2A).
Rabbit IgG (henceforth IgG) was employed as the model biorecognition element to capture
the model target bioanalyte, goat anti-Rabbit IgG (anti-lgG). As described earlier,
conjugation of AuNRs with the antibodies follows two steps.”® The IgG molecules were
initially modified with a bifunctional polyethylene glycol chain (COOH-PEG-SH) using
a carbodiimide coupling chemistry. 1gG-PEG-SH was then covalently attached onto the
AuNRs surface through a gold-thiol linkage. The flexible PEG chain not only increases the
accessibility of 1gG to target bioanalyte, but also serves as an anti-fouling layer around the
AuNRs surface to minimize the non-specific binding of interfering proteins.’’  The
conjugation of IgG onto AuNRs in solution led to a red shift of 9.2 nm in the longitudinal LSPR
wavelength due to the increase in the refractive index of the medium surrounding the AuNRs
(Figure 2B). Dynamic light scattering showed increased hydrodynamic size (~8 nm increase)
of AuNR-IgG compared to bare AuNR, further confirming the conjugation of IgG onto AuNRs
(Figure S1). Subsequently, AuNR-IgG conjugates were immobilized onto glass substrates
by incubating the (3-mercaptopropyl)-triethoxy-silane modified glass substrates with the
nanobioconjugate solution followed by thoroughly rinsing with ultrapure water to remove any
weakly bound AuNR-IgG conjugates. To test the sensing capability of the plasmonic biochip,
the biochips were exposed to a series of concentrations of anti-lgG. A monotonic increase
in the red shift of LSPR wavelength was noted with an increase in the anti-lgG concentration
(Figure 2C). Since LSPR wavelength exhibited maximal red shift (~34.5 nm) at the highest

concentration of anti-IgG (24 pg/ml) (Figure 2D), this concentration was employed to quantify
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the biorecognition ability of the biochip and evaluate the preservation efficacy of MOF
approach against different harsh environmental conditions in subsequent experiments. On
the other hand, significantly smaller red shifts of ~2 nm were observed upon exposure to
human serum albumin (HSA, 240 pug/mL) or hemoglobin (Hb, 240 pg/mL), indicating the
excellent specificity of AuNR-IgG conjugates (Figure S2). It should be noted that
conjugation of IgG with PEG-thiol is necessary to maintain the recognition ability of 1gG, as
demonstrated by a control experiment wherein AuNRs with physically-absorbed 1gG only

showed ~14 nm red shift at the highest concentration of anti-lgG (Figure S3).
Formation and characterization of ZIF-8 coating on biochip

Previous reports have shown that a MOF coating can spontaneously form on various
biological surfaces such as surface immobilized proteins, virus and bacterial surfaces,
suggesting that the biomacromolecules can act as preferential MOF nucleation sites.?*>*
Here, we hypothesize that the antibodies immobilized on the plasmonic nanotransducers can
induce MOF formation around the biofunctionalized nanostructures. Formation of MOF
crystals tightly confines the antibodies and resists structural and functional changes in
antibodies, thus increasing the biochip stability and shelf-life. =~ To form the MOF
encapsulation, the biochips with the AuNR-IgG conjugates were immersed into ZIF-8
precursor solution (a mixture of 2-methylimidazole and zinc acetate with a molar ratio of 4:1)
to grow the ZIF-8 nanocrystals in situ. After 3 h incubation, the LSPR wavelength displayed
a ~50 nm red shift, suggesting the formation of a ZIF-8 coating on top of the AuNR-IgG
conjugates (Figure 3A and 3B, from step1 to step2). The atomic force microscopy (AFM)
images also displayed the distinct morphology change from uniformly distributed
nanobioconjugates on glass substrate to homogeneous ZIF-8 nanocrystals covering the
underneath nanobioconjugates (Figure 3C and 3D). Besides the facile formation, the ease
of removal of the nanocrystals is equally important to ensure the on-demand use of the
biochip after storage for a desired duration under available environmental conditions. The
ZIF-8 protective coating can be easily removed by rinsing the biochip with water at pH 6 due

to the loss of the coordination between the zinc ions and imidazolate under a slightly acidic

environment.***®  The complete removal of the ZIF-8 coating was evidenced by a ~50 nm
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blue shift (Figure 3A and 3B, from step 2 to step 3) in the LSPR wavelength and further
confirmed by the AFM image (Figure 3E). Subsequently, the restored biochip exhibited a
red shift of ~30 nm when exposed to 24 ug/mL of anti-IgG (Figure 3A and 3B, from step 3 to

step 4). As reported previously,** %

we evaluate the preservation efficacy of MOF approach
against different harsh conditions using the percentage of retained recognition capability (%),
which is calculated as the percentage of the red shift upon detecting anti-IgG using a restored
chip after storage under different conditions compared to the red shift detected with the same
batch of freshly fabricated biochips (reference biochip tested instantly without coating
process). For instance, a red shift of ~30 nm after storage compared to the red shift of
~34.5 nm obtained from the reference biochip in the same batch corresponds to a retained

recognition capability of ~87%. This method provides a quantitative and simple means to

evaluate the recognition capability of biochips and efficacy of MOF preservation.

Raman spectroscopy and X-ray diffraction (XRD) were performed to ascertain that ZIF-8
crystals were formed on the biochip surface. The Raman scattering spectrum of pristine
nanoconjugates depicted amide | and amide Ill bands of the protein, as well as a peak at
~1450 cm™ corresponding to CH, bending mode of capping reagent
(cetyltrimethylammonium bromide (CTAB)) of AuNRs.%® After ZIF-8 coating, characteristic
peaks of 2-methylimidazole were observed at 1142, 1178, 1459 and 1500 cm™ corresponding
to C—-N stretching, C-N stretching plus N-H wagging, C-H wagging and C-N stretching plus
N-H wagging, respectively (Figure 3F).**®® XRD measurements also confirmed the
formation of ZIF-8 crystals on the biochip surface (Figure 3G). The related peak positions in

XRD patterns were consistent with the typical structure of pure ZIF-8.5'%?
ZIF-8 coating against elevated temperatures

In our previous study, we demonstrated that a plasmonic biochip with the ZIF-8 coating
retained over 80% of recognition capability when stored at room temperature for one week.*®
This preservation efficacy meets and exceeds the need for short-term use of the biochips
within resource-limited settings. However, long-term temperature stability of the biochips,

which is important for patient surveillance, especially in remote areas without a logistic
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network, cold chain storage and clinical laboratories, is still unknown. To increase the
shelf-life of the biochip, we set out to optimize the MOF growth parameters and evaluate the
preservation efficacy of the MOF coatings against high temperatures (at 40, 60 and 80 °C).

These temperatures serve as surrogates for long-term storage at room temperature.

The plasmonic biochips were first coated with ZIF-8 crystals by incubating the biochips in
ZIF-8 precursors for 3 h. Then the biochips with and without the ZIF-8 coating were stored
at 40, 60 and 80 °C for 1 day. The results showed that the ZIF-8 film coated biochip retained
over 80% at both 40 and 60 °C and ~50% of recognition capability at 80 °C (Figure 4A). In
contrast, the biochips without ZIF-8 coating lost over 70% of recognition capability across
these three temperatures. This rather poor preservation efficacy at 80 °C may be due to the
incomplete and imperfect encapsulation of antibodies. ~ We posit that increasing the ZIF-8
film growth time would improve MOF encapsulation of the antibodies. To test this
hypothesis, we increased the ZIF-8 film growth time from 3 h to 24 h and found that 24 h
incubation offered the highest preservation efficacy, particularly at 80 °C, compared to both 3
and 12 h film growth. Time-lapse AFM imaging was employed to monitor the growth of
ZIF-8 film on the biochip surface. Figure 4C-E clearly indicated the increase in the size of
ZIF-8 crystals with the increase of growth time. The AFM scratch tests revealed that the
thickness of the ZIF-8 film also increased with increase in the film growth time (Figure 4B and
Figure S4), which also led to the increased LSPR red shifts (from ~50 nm for 3h to ~55 nm for
24 h). At 80°C, the retained activity increased with an increase in the film thickness. Such
correlation was not observed at lower storage temperatures (Figure S5). This is probably
because the mobility of protein chains at 40 and 60°C is not as high as protein chains at 80°C
and a relatively thin film is sufficient to resist protein mobility at these temperatures. In the
case of 80°C, the proteins lose their secondary structure rapidly and need to be tightly
confined within a thicker film. Furthermore, the XRD pattern showed an increase in the
crystallinity (demonstrated by the increase of peak intensity)*’ with the increase of film growth
time (Figure S6). In order to probe the temperature upper limit that the biochips can
withstand, we also attempted to preserve the biochips at 100 and 120 °C. However, the

AuNRs themselves were not stable at these temperatures, as demonstrated by ~15-20 nm
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blue shift in the LSPR wavelength associated with altered morphology shown in AFM image
(Figure S7). This finding is in agreement with a previous study that showed blue shift in
LSPR wavelength of AuNRs under 100-250 °C due to the surface melting of AuNRs.%
Overall, these results suggest that extending the ZIF-8 growth time can minimize the defects
on ZIF-8 fiim formation and improve the encapsulation, thereby conferring improved
temperature stability to the biochips. With the optimized ZIF-8 coating, we further extended
the incubation time and the results showed that ZIF-8 coated biochips retained over 70%
recognition ability after one week incubation at 80°C. This retained recognition ability is

comparable with that of the refrigerated biochips (stored at 4°C) (Figure S8).
ZIF-8 coating against organic solvent and protease

In real-world applications, elevated temperature is not the only detrimental condition that
compromises the stability of biochips. Considering the unexpected environmental
conditions that may be encountered during transport, handling and storage of biochips, it is
important to assess the preservation efficacy of ZIF-8 coating within wet environments such
as organic solvents and aqueous solution containing proteolytic substances. Toward this
end, the biochips with (24 h growth time) and without ZIF-8 coating were exposed to
dimethylformamide (DMF) and separately to a protease (protease from Streptomyces griseus,
dissolved in pH 7.4 phosphate-buffered saline at 37 °C). Polar solvents (e.g. DMF,
dimethylsulfoxide, formamide) can drive water molecules away from the protein surface and
compete for hydrogen bonds existing between the proteins and water molecules, which often

6485 Proteases

denatures the protein and results in the loss of specific binding activity.
represent another type of protein degrading reagents through cleaving the peptide bonds of
proteins.®®  After 1 h of immersion in DMF or protease solution, the ZIF-8 coating failed to
preserve the recognition capability of the biochips in both cases (Figure 5A, blue bars). Itis
noteworthy that the LSPR wavelength of AuNR-antibody conjugates coated with ZIF-8
exhibited a ~40 nm blue shift after exposure to DMF or protease solution (Figure 5B and C,
black plots). Moreover, the AFM images revealed the exposed AuNR-IgG conjugates due to

the disintegration of ZIF-8 film (Figure 5D). These observations indicate the poor stability of

the ZIF-8 coating within these two media, leading to the disintegration of the ZIF-8 coating
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1

2

i and subsequent loss of the biorecognition of the antibodies. Similar phenomenon was
5 observed by Gassensmith and co-workers, where they found that the ZIF-8 film (with a same
g (4:1) molar ratio of 2-methylimidazole and zinc acetate) was unstable after the sample was
g removed from mother liquor solution containing the ZIF-8 precursors.”® Based on this
1(1) finding, we adjusted the molar ratio of 2-methylimidazole and zinc acetate to 40:1, and
:g observed ~65 nm red shift in the LSPR wavelength (higher than ~55 nm red shift using 4:1
1;' ratio, Figure 5B and 5C) due to the formation of thicker film (~28 nm thickness measured by
16 AFM scratch) (Figure S4D). More importantly, such coatings did not disintegrate after
1&73 immersing the biochips into DMF or protease solution (Figure 5E and 5F), and thereby the
;g preservation efficacy in both cases was greatly improved (Figure 5A, red bars). It should be
;; noted that the preservation mechanism of ZIF-8 coating against DMF or protease exposure is
;i different, considering that the DMF can penetrate and move through the ZIF-8 pores®?, while
;2 the protease is too large to enter the pores.*’ Hence, ZIF-8 encapsulation confines the
27 structure and functional degradation of antibody due to the presence of DMF, whereas
ég protease is shielded by the ZIF-8 coating.

30

g; Comparison among ZIF-8, sucrose and silk coatings

33

gg Finally, we sought to compare the preservation efficacy of ZIF-8, sucrose and silk fibroin
36 coatings. Silk fibroin was reconstituted from Bombyx mori silkworm cocoon following a
2573 reported protocol.’”  As described above, sugars such as sucrose and trehalose have been
4313 frequently used as stabilizers in the dry preservation of biomolecules.?®™ In our previous
j; study, silk fibroin showed excellent ability as a coating material for preservation of antibodies
ji against temperature degradation.”” Herein, the preservation efficacy of the three materials
22 against elevated temperature, organic solvent (DMF) or protease were systematically
47 investigated and compared. Silk fibroin and sucrose films were spin-coated onto biochip
jg surfaces. AFM scratch measurements showed the complete coverage of the biochip
g? surface with ~100 nm thick silk and sucrose films (Figure S9). Figure 6A summarizes the
gg preservation efficacy of the three materials at 80 °C. Sucrose-coated biochips retained ~20%
gg lower recognition capability compared to ZIF-8 coated biochip probably due to the inferior
5? encapsulation provided by the sucrose. The silk-coated biochip completely lost the
S5

59
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recognition capability since the silk film incubated at 80 °C for 1 day could not be removed by
water rinsing (indicated by the LSPR wavelength shift, Figure 6D) and thereby the antibodies
could not be exposed for analyte detection. The elevated temperature here induced the
initial soluble silk | to transit to insoluble silk Il state, leading to incomplete removal of silk film
and inaccessibility of the antibodies (buried under silk film) to the analytes.”" Hence, silk
films are unsuitable for preservation at high temperatures or long storage times. Even in the
case of DMF exposure (Figure 6B), ZIF-8 coated biochip retained the highest recognition
capability, whereas sucrose did not exhibit significant preservation efficacy (compared to the
control) due to the dissolution of sucrose in DMF,”* evidenced by ~40 nm blue shift of LSPR
wavelength after the biochip was removed from the solvent (Figure 6E). Similar to elevated
temperatures, silk | was converted to insoluble silk Il in DMF, resulting in the complete loss of
recognition capability. Figure 6C reveals the preservation efficacy of the three materials
against exposure to proteolytic conditions. In contrast to ZIF-8, both silk and sucrose
coatings were dissolved in protease solution, leading to minimal preservation (Figure 6F).
The silk film here can be completely dissolved and removed by aqueous solution, suggesting
the predominant silk | structure in the film. Although it has been reported that silk Il is highly
resistant to protease attack,”*" silk Il cannot be employed as a protective coating due to the
difficulties (insoluble in water) associated with removing it, which is necessary for biochip
restoration before use. Overall, sucrose and silk coatings did not perform as well as the
MOF either because of the dissolution of the films in wet environment or incomplete removal
of film during restoration. The ZIF-8 coating exhibited the best preservation efficacy against
all three antibody denaturing factors including elevated temperature, DMF and proteolytic

degradation.

Conclusion

In summary, we presented a MOF (ZIF-8)-based approach for preserving the biorecognition
capability of antibodies on biochip surface by forming a protective coating on the top of the
antibodies. The ultra-robust biochips with ZIF-8 protective coatings are able to withstand

harsh environmental conditions (including elevated temperatures, an organic solvent and a
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proteolytic substance) that would otherwise lead to denaturation of antibodies and loss of
biofunctionality of the biochips. The ZIF-8 protective coating greatly improves the reliability
and applicability of the biochips for deployment in resource-limited settings, as well as low
and middle-income countries. The ZIF-8 coated biochips retained over 80% of recognition
capability after one day of incubation at temperatures up to 80 °C, which serves as a
surrogate for long-term storage at room temperature. The preservation efficacy at elevated
temperatures can be improved via increasing the ZIF-8 film growth time and thickness,
underscoring the importance of complete encapsulation of antibodies. Optimization of the
precursor concentration resulted in ZIF-8 coatings that are stable in a wet environment, thus
providing excellent preservation against organic solvent and protease solution. ZIF-8
coating exhibited superior preservation efficacy compared to other preservative coatings
such as silk and sucrose owing to its stability in a wet environment and ease of removal
before use. Overall, we believe the detailed studies in this work establish the MOF-based
biopreservation of immobilized biomolecules that are common in a number of applications.
This universal approach is expected to preserve different types of on-chip biodiagnostic
reagents and biosensors/bioassays for POC diagnosis in resource-limited settings with harsh

environmental conditions.
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Figure 1. Schematic illustration depicting that ZIF-8 encapsulated antibody maintains
biofunctionality when subjected to harsh environmental conditions, greatly improving

the reliability and applicability of biochips in resource-limited settings.
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Figure 2. (A) TEM image of AuNRs used as nanotransducers for plasmonic biochips.
The dimension of the AuNRs is 55x14 nm. (B) Extinction spectra showing the LSPR
longitudinal wavelength shifts by 9.2 nm after conjugation of AuNRs with antibody (IgG)
in solution. C) Plot showing the sensing ability of AUNR-IgG conjugates on glass
substrate when detecting a series of concentrations of analyte (anti-IgG). Error bars
represent standard deviations from three independent samples. (D) Extinction
spectra of AUNR-IgG conjugates on the glass substrate before (red) and after binding

with 24 pg/ml of anti-IgG (blue). The A red shifts by 34.5 nm.
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49 Figure 3. (A) Extinction spectra of AuNR-IgG conjugates on the glass substrate
before (red) and after ZIF-8 coating (green), after removing ZIF-8 coating (purple) and
52 after binding with 24 pg/ml of anti-IgG (blue). (B) LSPR wavelength shift
54 corresponding to each step in (A). (C) AFM image showing uniformly adsorbed

56 AuNR-IgG conjugates on glass substrate before ZIF-8 coating. (D) AFM image
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showing ZIF-8 coating formed on the top of AUNR-IgG conjugates. (E) AFM image
showing rinsing with pH 6 water could completely remove ZIF-8 coating and expose
the underneath AuNR-IgG conjugates. (F) Raman spectra of AUNR-IgG before
(black) and after ZIF-8 coating (red). (G) XRD spectrum of ZIF-8 with encapsulated
IgG. Scale bars: 1 uym.
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31 Figure 4. (A) Retained recognition capability of ZIF-8-coated biochips with different
33 ZIF-8 film growth time stored at 40, 60 and 80 °C for 1 day. (B) ZIF-8 film thickness
35 after different growth time measured by AFM scratch experiments. AFM images of
37 ZIF-8 coating on the biochip after (C) 3 h growth; (D) 12 h growth; and (E) 24 h growth.
39 Scale bars: 500 nm. Error bars represent standard deviations from three independent

samples.
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Figure 5. (A) Retained recognition capability of ZIF-8-coated biochips with different
molar ratio of ZIF-8 film precursors after stored in DMF and protease solution for 1 h.
(B) LSPR wavelength shift after coating the biochips with ZIF-8 using different molar
ratio of precursors and after pulling the biochips from DMF. (C) LSPR wavelength
shift after coating the biochips with ZIF-8 using different molar ratio of precursors and
after pulling the biochips from protease solution. Error bars represent standard
deviations from three independent samples. (D) AFM images of ZIF-8 film (4:1 molar
ratio) before and after immersion into DMF. (E) AFM images of ZIF-8 film (40:1 molar
ratio) before and after immersion into DMF. (F) AFM images of ZIF-8 film (40:1 molar

ratio) before and after immersion into protease solution. Scale bars: 500 nm.
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Figure 6. (A) Comparison of preservation efficacy against 80 °C among ZIF-8,
34 sucrose and silk. (B) Comparison of preservation efficacy against DMF among ZIF-8,
36 sucrose and silk. (C) Comparison of preservation efficacy against protease solution
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the biochips with three different materials and LSPR wavelength shift after pulling the
45 biochips from DMF. (F) LSPR wavelength shift after coating the biochips with three
47 different materials and LSPR wavelength shift after pulling the biochips from protease

49 solution. Error bars represent standard deviations from three independent samples.
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