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Abstract: Drawing inspiration from the several thousand beautiful Pysanky egg art of Ukraine, we
have developed a novel material, Aptamer—Gold Nanoparticles (AuNPs)@ZIF-8, that can be used
for building sensitive and highly stable POC biosensors for longitudinal health mapping. Here,
we demonstrate a sensitive and specific novel electrochemical biosensor, made of a novel synthe-
sized in situ encapsulated aptamer-AuNPs@ZIF-8 composite, for monitoring levels of creatinine
(0.1-1000 pg/mL). In this work, we have reported the synthetic protocol for the first-of-a-kind in situ
encapsulation of aptamer and AuNPs together in a ZIF-8 matrix, and explored the characteristic prop-
erties of this novel material composite using standard analytical techniques and its application for
biosensor application. The as-synthesized material, duly characterized using various physicochemi-
cal analytical methods, portrays the characteristics of the unique encapsulation strategy to develop
the first-of-a-kind aptamer and AuNP encapsulation. Non-faradaic Electrochemical Impedance
Spectroscopy (EIS) and Chronoamperometry were used to characterize the interfacial electrochemical
properties. The biosensor performance was first validated using artificial urine in a controlled buffer
medium. The stability and robustness were tested using a real human urine medium without filtra-
tion or sample treatment. Being versatile, this Ukrainian-art-inspired biosensor can potentially move
the needle towards developing the next generation of sample-in-result-out robust POC diagnostics.

Keywords: encapsulated ZIF-8; metal-organic framework biosensor; art-inspired chemosensor;
Pysanky biosensor point-of-care (POC) technology; electrochemical creatinine POC; creatinine

aptamer chemosensor

1. Introduction

We are moving towards a world of personalized and preventive healthcare and pre-
emptive therapeutics [1]. In this regard, self-monitoring point-of-care (POC) health moni-
tors are saving the day by making routine home-based screening and overall personalized
longitudinal health tracking possible. Via longitudinal monitoring of metabolic patterns,
chronic disease trajectories and therapeutic efficacy can be reliably mapped [2]. To achieve
the holistic and dynamic recording of a patient’s health status over long periods using
POC biosensors, advancements in the robustness and long-term operational stability of the
sensing elements are critical. To succeed in longitudinal biomarker monitoring applications,
stability factors such as longer shelf-life and reusability of the POC biosensors must be
improved [3]. For long-term monitoring, not only must the stability of the biorecognition
element be sustained, but the sensitivity of the capture probe should not decline over
time [4]. In this context, regenerative biosensors have been reported in the literature, which
reset the biosensor to its initial state. However, they face a significant challenge in that
the regeneration chemistry is unique for a given analyte—capture probe and cannot be
used to build versatile, “one-size-fits-all” formats [4]. However, in the non-regenerative
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or “accumulative” mode, the target biomarker keeps accumulating on the capture-probe
surface post-binding, resulting in reduced sensitivity over time.

Nanomaterial-based biosensors are gaining traction to retain high sensitivity, reso-
lution, and wider detection ranges for long-term use [5,6]. Operating in the nanoscale
realm affords higher surface area to volume ratios and macromolecular crowding effects for
enhanced capture of target analytes and improved sensor metrics, especially for building
miniaturized dynamic health-monitoring electrochemical POC diagnostics [7]. Owing to
their attractive and exceptional properties, metal-organic frameworks (MOFs) are being
used as transducers or recognition elements [8] for building diagnostic nano-biosensors
for high sensitivity, enhanced operational stability, and long shelf life. A metal-organic
framework, also known as MOF, is a hybrid material with high crystallinity made of mainly
inorganic metal ions associated with an organic ligand via self-assembly. The term MOF
was coined by Prof. Omar Yaghi in the 1990s at UC Berkley, and since then, this field has
grown rapidly [9-11]. Three-dimensional (3D) MOFs are fascinating clusters with unique
sizes, shapes, and physicochemical properties. Among the various 3D MOFs reported in
the literature, the use of Zinc-Imidazole Framework 8 (ZIF-8) is widespread among the
scientific fraternity due to its exclusive structural and physicochemical properties [12,13].

ZIF-8 possesses many unique structural properties, but its most distinctive property
is its unique pore size which allows this host molecule to accommodate guest nano or
even macro molecules within itself. ZIF-8 possesses inherent porous cavities having a
diameter of roughly 12 A. It also possesses a narrow aperture of ~3.4 A, allowing guest
molecules to be absorbed and encapsulated [14]. This makes it suitable for a wide array of
applications, such as gas storage [15], chemical separation [16], catalysis [17], sensing [18],
and drug delivery [19]. The encapsulation of different hybrid materials within ZIF-8 enables
enhanced sensing (catalytic, optical, electrochemical, conductive) properties as compared
to the bare ZIF-8 (with no encapsulation) [20]. The hybrid composite, which is composed
of guest species such as nanoparticles and biomolecules encapsulated inside the ZIF-8
matrix, has multiple advantages. One such advantage is its ability to protect the guest
species from external stimuli. This phenomenon occurs due to the unique pore size of ZIF-8,
which can accommodate the host species of any size into its designated cavity, thus being
stabilized upon encapsulation. The in situ encapsulation of nanoparticles into ZIF-8 creates
homogeneous phases and properties, resulting in sensitive electrochemical biosensors for
longitudinal monitoring applications. ZIF-8 salts are highly soluble in water, whereas a
ZIF-8 molecule is highly insoluble in water, and hence, during formation, it uptakes both
water-soluble and insoluble species into its pristine cavity [21-24]. In this way, the guest
molecules are also protected from solvation, which ultimately increases the shelf life of the
composite or probe in a way. Metal nanoparticles (such as gold nanoparticles AuNPs) are
popular for encapsulation in ZIF-8 frameworks for building electrochemical biosensors
for two key reasons: (1) AuNPs possess a high surface-to-volume ratio, which decreases
the electron tunneling distance, thereby enhancing electron transfer; (2) these species are
highly conductive in nature, increasing the conductivity of the active surface; hence the
output at the electrode—electrolyte interface supports a decent amount of electron transfer,
resulting in a high-throughput sensor response.

In this paper, we have leveraged the appealing physicochemical properties of the
synthesized MOF material for building a novel biosensor. For this, we turned to the
traditional art of Pysanky making from Ukraine. Pysanky (singular: pysanka) is the art
of decorating Ukrainian Easter eggs with ornate floral patterns and symbolic geometric
designs, which are considered harbingers of peace. Drawing inspiration from this age-
old tradition, we have synthesized the first-of-a-kind ZIF-8 hybrid composite towards
the development of a novel biosensor using aptamer-encapsulated ZIF-8 material for
electrode modification for enhanced electrochemical sensing. We chose creatinine as our
target proof-of-concept biomarker of interest. This scheme is versatile, and the application
of the developed material can be extended for biomarker detection and quantification
schemes for monitoring and managing other diseases. Creatinine is an important metabolic
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biomarker involved in several physiological processes, including muscle and protein
metabolism, and is the most important biomarker for mapping kidney health and the
longitudinal assessment of renal function [25-32]. The healthy range of creatinine in
urine has been reported to be 4.4-18 mM [32,33]. The conventional methods of creatinine
detection are based on chromatography or enzyme-based methods, which often suffer
from complex sample preparation, low specificity, low reliability, and low stability [34,35].
Hence, novel approaches based on nanotechnology and nanomaterials are being extensively
studied to build creatinine biosensors to overcome these limitations [36-38]. Table S1 in the
supplementary information discusses the creatinine biosensors in the recent literature and
compares their performance based on detection range, specificity, and limit of detection.

Scheme 1 draws parallels between the structure of traditional Pysanky making and
our novel material. Pysanka art is made by taking an egg and creating patterns on the
eggshells by melting wax on the surface and coloring layer by layer, creating an outer
hydrophobic/water-resistant design on the surface.

For our synthesized material, the outer ZIF-8 MOF layer acts as this extremely hy-
drophobic shell/cage that holds the contents in without letting them leak out (similar to
an eggshell, which contains the yolk and the albumin). Analogous to the egg yolk is that
the gold nanoparticle acts as the core and is bound to the highly specific anti-creatinine
aptamer (similar to the albumin layer) via strong thiol bonds.

Scheme 1 also describes the operation of our biosensor, which is essentially a planar
three-electrode electrochemical system with a gold measurement electrode. A layer of
the gold nanoparticle and anti-creatinine aptamer encapsulated ZIF-8 complex is used to
modify the working electrode. This encapsulated MOF results in a hybrid capture probe
where the anti-creatinine aptamer lends it high specificity and the nano-porosity of the
MOF layer and the gold nanoparticles provide high sensitivity and operational stability.
The aptamer is thiol-modified to achieve strong thiol bonds with the gold nanoparticles [39].
Instead of using any enzymatic approach, we have used an aptamer to avoid the multi-
step reaction (Jaffe’s Method) for ease of long-term use and no sample preparation at the
user end. Aptamers are superior in terms of dealing with harsh environments (such as
urine) and show higher selectivity and greater pH and thermal stability and are sometimes
called “synthetic antibodies” [40]. Hence, an aptamer has been chosen over a traditional
anti-creatinine antibody for creatinine sensing in this work. When a drop of unfiltered
and unprocessed urine (<100 pL) is dispensed onto the sensor surface, the creatinine
molecules eluted in the urine selectively enter the MOF cage, owing to size-based sieving,
which prevents bulky interferents such as contaminants and proteins from reaching the
sensor surface. Upon interacting with creatinine molecules, the aptamer undergoes a
conformational change, resulting in the modulation of the electrical properties at the
electrode—urine buffer interface. An AC-based method of Electrochemical Impedance
Spectroscopy and a DC-based method of Chronoamperometry were used to capture these
effects to calibrate the sensor [41,42]. The sensor operates in non-faradaic mode and does
not require additional redox tags for signal amplification for reliable sensing [43,44].
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ANATOMY OF A PYSANKA:

Inspiration for novel in-situ encapsulated aptamer-AuNPs@ZIF-8 composite synthesis

Gold Nanoparticle

Creatinine Aptam/'
Nt

Front view

Pysanka
Aptamer Encapsulated ZIF-8

Operation of the biosensor with Pysanky inspired Electrode modification with Aptamer encapsulation in ZIF-8

(showing Creatinine biosensing as proof of concept)

‘ Neat urine
/N ~ 50 pL
Urlnary Creatinine (UCr)

ZIF-8 Framework { Anti-Creatinine GV ‘%
N

aptamer

u p > Thiol-bond i
% Folding A
B .
®) ®)
3 ‘ilfv/;;;, ) \E‘ ﬁ; tﬁr
‘Gold Working Electrode Gold Working Electrode
Capture probe / Urine

Gold CE Gold Working Electrode Gold RE Gold CE Gold Working Electrode Gold RE

Sensor substrate [ Sensor substrate ]

Scheme 1. Schematic showing the development of our sensitive and specific novel electrochemical
biosensor made of a novel synthesized in situ encapsulated aptamer-AuNPs@ZIF-8 composite using
a traditional Ukrainian Pysanka as a model. The figure also shows the elements and operation for
urine creatinine biosensing. (A) shows the anti-creatinine aptamer attached to the gold nanoparticle
encapsulated within the ZIF-8 framework and (B) shows the anti-creatinine aptamer attached to the
planar gold working electrode via strong thiol bonds. When the sample containing expressed creatinine
molecules is introduced to the working electrode, the aptamer folds and changes its conformation to

capture the creatinine molecules, resulting in interfacial modulation for electrochemical biosensing.
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2. Materials and Methods

Analytical grades of Zinc Nitrate and 2-Methylimidazole were purchased from Sigma-
Aldrich and used without further purification. Chemicals such as methanol procured
from Sigma-Aldrich were also used without further purification. The synthesis of the
Apta-AuNP@ZIF-8 nanocomposite was performed in aqueous media at room temperature.
The thiolated anti-creatinine aptamer was purchased from Creative Biolabs (Shirley, NY,
USA). The aptamer sequence obtained from the vendor was:

5-CGACGGTGGCCTATTAAATAGCTTTAGTTTAAGAAAAGTAATAGGGGGTGTCG-3'

Real pooled human urine (PHU) samples were procured from Lee Biosolutions (St. Louis,
MO, USA). The samples were aliquoted and stored at —20 °C. The samples were thawed and
centrifuged before use. The supernatant solution was used for the biosensing experiments.
To prepare the synthetic/artificial urine samples, the protocol for MP-AU discussed by
Sarigul et al. [45] was used. A Metrohm 220 AT three-electrode (gold working and counter
electrodes and silver reference electrode) screen-printed sensor (Metrohm USA, Herisau,
Switzerland) was used for the electrochemical experiments, and the working electrode was
modified using the prepared ZIF-8-based nanocomposite solutions for testing.

2.1. Synthesis of Apta-AuNP@ZIF-8 Nanocomposite

The synthetic route of Apta-AuNPs @ZIF-8 is being followed from our previous
synthetic experiment where we have successfully encapsulated nanomaterial into a ZIF-8
matrix, but the encapsulation of biomolecules like aptamer along with AuNPs, and the
formation of Apta-AuNp@ZIF-8, is a completely novel material, as per our knowledge.
To synthesize aptamer-AuNps encapsulated ZIF-8 using an in situ encapsulation strategy;,
we have taken two separate solutions: Zinc Nitrate (Solution A) and 2-Methylimidazole
(Solution B). The concentration of zinc nitrate is optimized to be 8 mM by weighing 2.38 g
and dissolving it in 60 mL of methanol solution. We added 10 uM and 1 mL of the aptamer
to solution A. The addition of aptamer into solution A results in the solution turning pale
yellow visually. On the other hand, to prepare solution B, 2-methyl imidazole was weighed
at 2.628 gm to prepare a 30 mM solution in 20 mL of methanol. This resulting solution
also turns pale yellow from transparent. Both solutions are stirred at 400 rpm at room
temperature to ensure the complete dissolution of the species into the solvent. The gold
nanoparticles used in this work are purchased commercially, having a concentration of
0.1 mg/mL and an average size of 10 nm, from Alfa Aesar (USA). Prior to its use, we probe-
sonicated 10 mL of AuNPs for one hour and directly added it to solution B. Both separately
prepared solutions, A and B, were then mixed together in a 250 mL beaker and stirred at
6000 rpm at room temperature for at least 10 h. The beaker was covered using aluminum
foil to avoid any evaporation of solvents. The solution turns opaque from transparent in
15 min, indicating the formation of the nanocrystalline composite by in situ encapsulation
of aptamer and AuNPs into ZIF-8. The resulting mixture was then set aside for settling
after 10 h, and a thick layer of precipitation, slightly pink in color, was observed. The color
detected by the naked eye gave a glimpse that AuNPs were successfully encapsulated along
with the aptamer. However, the supernatant was found to be almost transparent, depicting
most of the guest species had been encapsulated into the host species. The precipitation
was then separated out slowly and carefully and washed with DI water five times using
centrifugation at 6000 rpm. This intense washing step helped remove all the water-soluble
unreactive and unencapsulated species, and we collected 10 mL of supernatant each time
we washed to check the impurities. After the final washing process, the composite was
resuspended in methanol, and the final product was stored in a glass vial and further stored
in a vacuum oven at room temperature to avoid any moisture.

2.2. Electrode Preparation and Electrochemical Methods

All the Electrochemical Impedance Spectroscopy (EIS) and Chronoamperometry (CA)
experiments were performed using a Gamry Reference 6000 potentiostat (Gamry In-
struments, PA, USA). For EIS, the impedance response for a wide frequency range of



Chemosensors 2023, 11, 557

60of 17

1 Hz-1 MHz was studied for an input voltage of 10 mV (RMS) applied at the working
electrode. For CA experiments, —0.5 V was applied at the working electrode for 30 s, and
the data was collected at t = 0.01 s. The impedance and current values for EIS and CA, re-
spectively, were collected and compared to those for the blank or zero doses (zero creatinine
analyte concentration). The sensor was calibrated for a broad range of 0.1-1000 pg/mL of
creatinine for both artificial and real pooled human urine for both EIS and CA.

2.3. Statistical Analyses

Graph Pad Prism version 9.5.0 (GraphPad Software Inc., La Jolla, CA, USA) was used
to perform and visualize all the statistical analyses. ns: non-significant, * p < 0.05, ** p < 0.01,
**p <0.001, *** p < 0.0001. Data have been represented as mean =+ standard error of mean
(SEM) for all replicates (n = 3 inter-sensor and n = 3 intra-sensor replicates). An unpaired
two-sided Student’s ¢-test analysis with o = 0.05 was used for testing significance between
the specific-signal and non-specific-signal response groups. A 4-PL non-linear regression
was conducted to fit the calibration dose-response curves.

3. Results and Discussion

There are multiple ways in which composite materials can be synthesized, and one of
the popular and conventional ways to achieve this is by mixing multiple species. There
are many advantages to such a method for obtaining composite species, but one of the
disadvantages is the formation of heterogeneous phases, which are sometimes not suitable
for particular applications, especially for our case. New strategies such as in situ encap-
sulation have evolved, which provide a high degree of freedom towards optimization of
the architecture of the composite species, such as obtaining a homogenous phase which
is helpful for electrochemical sensor development. The solubility of ZIF-8 or modified
ZIF-8 has its own pros and cons. As mentioned before, the pre-synthetic salts are highly
water soluble, although the synthetic species is highly hydrophobic. The insolubility of this
species can be utilized in a different way, where the guest species is likely to be avoided,
being soluble in water, and hence can operate in aqueous media with an enhanced shelf
life. As the in situ encapsulation of guest species into the ZIF-8 moiety is still under active
research, understanding and tuning the pore size of ZIF-8 to allow such a phenomenon
to occur is highly sensitive and requires intensive optimization, or else the post-synthetic
composite suffers adverse defects. Hence, the physicochemical characterization of such
synthesized species is inevitable. We have explored the physical aspects of the material
using diffractometry, thermogravimetry, and microscopy techniques, whereas the chemical
property has been evaluated using FTIR and UV-Vis. The goal behind all these charac-
terizations is mostly to confirm the encapsulation of guest species into the host molecule.
Moreover, the electrochemical characterization we have explored is also equally important
for us from an application point of view.

The novel synthesized nanomaterials ZIF-8, AuNP@ZIF-8, and Apta-AuNPs@ZIF-8
show distinct material properties duly captured using various physicochemical techniques.
Among these three isomorphs, our interest lies mainly in Apta-AuNP@ZIF-8 for application
purposes. Thorough characterizations have been implemented to understand the encapsu-
lation of guest species and the effect of the native framework upon encapsulation. We have
also investigated their inherent morphologies using high-power electron microscopes to
fully unlock the features of such materials. As mentioned eatlier, in situ encapsulation has a
strong advantage in fabricating composite materials of particular interest, and in our case, it
is for electrochemical sensing. The conventional mixing of multiple species can end up with
agglomeration and the creation of multiple heterogeneous phases, which are not suitable
for developing a suitable probe or, more technically, a transducer for electrochemical sensor
application. The in situ encapsulation strategy includes the encapsulation of guest species
upon the simultaneous formation of the host composite. For this case, we have chosen
aptamer and gold nanoparticles as guest species, which have been in situ encapsulated into
the ZIF-8 matrix in a synthetic mixture where the formation of the framework is directly
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associated with the nature of the guest species ready to be encapsulated. This strategy
provides a homogenous phase of composites where most of the physical properties are
dominated by ZIF-8 only, but its transduction ability has become highly improved due to
the back-end support of the encapsulated guest species. The encapsulation approach has
been depicted using a schematic figure for better clarity, depicted in Scheme 2.

Pristine ZIF-8 Aptamer

Apta-AuNPs@ZIF-8

stirring

D
=

m Stirring
~

Scheme 2. Schematic illustration of the synthetic route for preparing bare ZIF-8 and encapsulated
ZIF-8 [25].

3.1. Powder X-ray Diffraction

P-XRD has been performed for all three synthesized materials to characterize their
phases. All samples are vacuum dried before performing P-XRD. The P-XRD result has
been depicted in Figure 1a, which includes the phases of three distinct MOF materials: ZIF-8
(designated as red line), AuNP@ZIF-8 (designated as blue line), and the most important:
Apta-AuNP@ZIF-8 (designated as black line). All of the significant and fingerprint phase
angles of the parent ZIF-8 (JCPDS 00-062-1030) have been found present in all of its three
encapsulated isomorphs and clearly overlap with more than 95% peak matching. This
observed pattern of P-XRD of all these three species depicts no change in the native MOF
architecture. This phenomenon is not quite new, as a similar pattern has been found when
encapsulating guest species into the MOF matrix. Pristine ZIF-8 is not a new material, and
several studies have been conducted based on its pore size and aperture. The literature
suggests that ZIF-8 possesses a fairly moderate pore size of about 12 A and a formal
aperture of nearly 3.5 A, whereas it has also been found that the aperture window can
be extended up to 7 A and even more to accommodate guest species. The interesting
fact is the encapsulation of a large biomolecule: An aptamer, in this case, depicts variable
structural artifacts of native ZIF-8. The result also does not show any distinguishing P-XRD
peaks of either gold nanoparticles or aptamer, probably due to the masking effect of the
strong PXRD response of ZIF-8 itself. The obtained pristine ZIF-8 peaks are matched with
simulated standard ZIF-8 (JCPDS 00-062-1030;a =b =c =17.0116 A « = § =y = 90°), and
we have found an exact match, depicted in Supplementary Figure S1, which suggests the
in situ encapsulation of guest species cannot hamper the crystallinity of the host ZIF-8
architecture. This observation suggests that the as-synthesized ZIF-8 powder is pure in
nature and remains intact while encapsulating AuNPs and aptamer.
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Figure 1. (a) P-XRD patterns of ZIF-8 (red), AUNP@ZIF-8 (blue), and Apta-AuNP@ZIF-8 (black) show
distinct P-XRD peaks. (b) ATR-FTIR spectrum showing characteristic peaks of the gold nanoparticle
and creatinine aptamer encapsulated ZIF-8 compound.

3.2. Fourier Transform Infrared Spectroscopy

The chemical structure of the as-synthesized Apta-AuNP@ZIF-8 was characterized
using Fourier Transform Infrared (FT-IR) spectroscopy to analyze the interaction and
encapsulation of aptamer and AuNPs inside ZIF-8. FI-Infrared (IR) spectroscopy was
performed using a Nicolet iS-50 FTIR (Thermo Scientific Inc., Waltham, MA, USA) in
Transmittance mode. The IR spectra were collected using Germanium crystal for 256 scans
at a resolution of 4 cm~! in the wavelength range 500 cm~! to 4000 cm~!. Three samples
were analyzed by directly putting the powdered form of Apta-AuNP@ZIF-8 on the crystal
and running the scan. The IR spectra so obtained are depicted in Figure 1b, where the FTIR
spectra of the as-synthesized species are depicted by the blue line. Several fingerprint peaks
of pristine ZIF-8 are found to be present in AuNPs@ZIF-8 and Apta-AuNPs@ZIF-8. As such,
3135 cm~! depicts the aromatic C-H asymmetric stretching vibrations of ZIF-8, whereas
the peak at 1585 cm ™! depicts the C=N stretching vibration, 1456 cm™~! depicts entire ring
stretching, and 1146 cm~! depicts the aromatic C-N stretching mode of pristine ZIF-8.
Also, the peaks obtained at 972 cm~1 and 758 em ™! accounted for C-N bending vibrations
and C-H bending modes, respectively. The result depicts that the fingerprint FTIR peaks
of pristine ZIF-8 are present in Apta-AuNPs@ZIF-8, and depicts that the pristine ZIF-8
backbone is still chemically active and, due to high abundancy of the host species, it masks
the chemical property of the guest species, which is actually helpful for this application
as the role of the guest species in this composite is to enhance the signal output (role of
AuNPs) and engage biochemical interaction (role of aptamer) upon encapsulation into the
ZIF-8 motif.

3.3. Scanning Electron Microscopy Elemental Mapping (SEM)

The morphology of the as-synthesized materials has been investigated using FE-SEM.
The samples are crushed well using a mortar and pestle and vacuum-dried overnight before
performing FE-SEM. The FE-SEM result of Apta-AnNP@ZIF-8 has been depicted in Figure 2.
Figure 2a,b represent a zoomed-out view at 10 microns depicting the basic morphology
of the as-synthesized Apta-AuNP@ZIF-8, and the result depicts a distinct homogeneous
formation of cubic crystals. Upon zooming into a single crystal at a magnification of
5 microns in Figure 2c and 1 micron in Figure 2d, it is quite clear that the as-synthesized
material possesses a cubic crystal structure having an edge length of almosta =b = c. The
result also correlates with the outcome of P-XRD characterization. It is quite confirmed
from the FESEM results that the encapsulation of AuNPs and aptamer does not deform the
native structure of ZIF-8.
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20.0kV. Z.8mmix6.00k

Figure 2. (a,b) FE-SEM of Apta-AuNP@ZIF-8 at a magnification of 10 microns showing distinct
homogeneous crystals having a shape almost like cubes. (c¢) Morphology captured at a resolution
of 5 microns shows the presence of many crystal cubes; some are perfectly cubic, and some are
deformed. (d) This shows the morphology of a particular cubic crystal captured at 1 micron showing
an almost-cubic crystal having edge lengtha=b =c.

Moreover, as seen in the FE-SEM images, different types of crystals with different
morphologies have been observed, but if we look closely, most of the crystal morphology is
either cubic or deformed cubic, which is rhombohedral. The reason for such variety depicts
the nature of the encapsulation reaction, which is a very quick in situ transformation, and
the morphology of the hybrid composite is mostly governed by the pristine ZIF-8. To
understand this artifact more vividly, we have performed FE-SEM of all three isomorphs
at the same magnification of 1 micron and put them side by side for comparison. The
result is depicted in Figure 3. The result shows that ZIF-8 has an almost cubic crystal
morphology and depicts its native morphology, duly supported by the literature. While
encapsulating AuNPs, the native cubic morphology is found to be deformed, probably due
to accommodating AuNPs inside the MOF matrix. The interesting fact is that, when
AuNPs and aptamer are both encapsulated, the encapsulated MOF retains its native
cubic morphology. This outcome points out the structural aspect of ZIF-8 upon post-
encapsulation and suggests that AuNPs and aptamer, while present together, increase
the host—guest interaction, resulting in the deformed morphology regaining the native
framework architecture.
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Figure 3. Side-by-side comparison of the morphology of ZIF-8 isomorphs upon encapsulation at the
same magnification depicts distinct structural features.

3.4. Transmission Electron Microscopy (TEM)

To understand the three-dimensional morphology of the as-synthesized novel material
Apta-AuNP@ZIF-8, we have performed HR-TEM, and the result is depicted in Figure 4.
Figure 4a depicts the morphology at a higher magnification of 0.2 uM, showing the hexag-
onal shape of the synthesized crystal, which perfectly correlates with the FE-SEM result,
having the cubic crystal morphology. Figure 4b depicts the dark-phase TEM output of
the material, which suggests the presence of an organic moiety as well as metal fringes,
obvious for the metal presence of zinc and gold nanoparticles. Upon further magnification
at 5 nm, substantial fringes have been found, depicting the presence of Zn and AuNPs
and presented in Figure 4c. Figure 4d depicts the presence of gold fringes having a fringe
gap of 0.24 nm, depicting the Au (111) plane perfectly matching the P-XRD result. As the
presence of AuNPs is very scant in the whole composite, this defends the hypothesis of the
encapsulation of AuNPs and aptamer into the ZIF-8 matrix.

3.5. Atomic Force Microscopy (AFM)

We have also performed AFM to observe the topology of the synthesized Apta-
AuNP@ZIF-8, and the result is depicted in Figure 5. The result depicts the unique topology
of the as-synthesized species showing cubic crystal homogeneous topology duly correlated
with the FE-SEM results.

Figure 5a depicts a 2D depiction of the topology of Apta-AuNP@ZIF-8, whereas
Figure 5b depicts a 3D topology of Apta-AuNP@ZIF-8 having an average depth profile
of 0.6-0.7 uM, suggesting the formation of a homogeneous crystalline heterostructure.
This also suggests that the in situ encapsulation of guest molecules does not rupture the
crystalline property of native ZIF-8, duly observed using other microscopy tools.
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Figure 4. (a) Dark-phase TEM depicting the ZIF-8 crystal from a 3D spatial angle having a hexagonal
architecture and portraying the ZIF-8 moiety at the 0.2 mM scale. (b) The contrast-phase diagram of
ZIF-8 at 50 nm captures the presence of nano/sub-microparticles, portraying encapsulated molecules.
(c) The presence of metal fringes upon zooming in to 5 nm depicts the probable presence of AuNPs.
(d) A fringe gap of 0.24 nm attributed to the Au (111) plane confirms the presence of AuNPs.

Height Sensor

(b)

715.2 nm

1.6 pm

T 02 um

1.2 pm 0.4 ym

0.8 um

682.4 nm <" osum
& - 682.4 nm

0.4 ym ’ P 1.2 pm

1.6 ym

340.0 nm Height Sensor

Figure 5. (a) 2D AFM topology of Apta-AuNPs@ZIF-8 depicts homogenous crystallinity and a
smooth depth profile. (b) 3D AFM of the synthesized material depicts a homogeneous height profile
between 0.68 mM and 0.71 mM.
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3.6. Thermogravimetric Analysis

To check the thermal stability of all the synthesized species, we have performed TGA
for all the samples, and the result is depicted in Supplementary Figure S2. The result shows
the blue line corresponding to Apta-AuNP@ZIF-8, whereas the red line corresponds to
AuNP@ZIF-8, and the black line corresponds to ZIF-8. All the isomorphs show almost
similar thermogravimetry trends where a kink at 200 °C corresponds to the breakdown of
a long-chain carbon backbone, probably corresponding to the breakdown of the aptamer
chain encapsulated into the ZIF-8 matrix, whereas MIM bridging ligand decomposition
is observed at 350 °C and a plateau is obtained after that, which designates the relatively
high thermal stability of these as-synthesized materials.

3.7. UV-Vis Spectroscopy

Moving from physical characterization to chemical characterization, UV-Vis has been
performed to characterize the gold nanoparticle and the UV-Vis effect of the as-synthesized
material. The result is depicted in Supplementary Figure S3, which shows the fingerprint
peak of a AuNP at 520 nm and depicts the synthesis of a AuNP in its pure form. The
UV-Vis results of all synthesized materials, ZIF-8, AuNP@ZIF-8, and Apta -AuNP @ZIF-§,
are also depicted in Figure 8. The result depicts a blunt peak at 416 nm, whereas there is
no significant peak for the other two isomorphs in the visible region, indicating that the
complete encapsulation of gold nanoparticles is getting masked by the ZIF-8 architecture.

3.8. Electrochemical Characterization

To calibrate the sensor for the quantification of creatinine levels in the test sample, an
established electrochemical transduction technique of Electrochemical Impedance Spec-
troscopy (EIS) was used. Using this method, a small-signal AC voltage is applied at the
working electrode to perturb the Electrical Double Layer (EDL) at the electrode—urine buffer
interface [46,47]. A change in the electrical properties of this interface occurs in the form
of a change in the dielectric constant due to creatinine binding to the ZIF-based capture
probe and the rearrangement of water and ionic species at the EDL. When an AC voltage is
applied at the EDL, it results in a phase-shifted current, the ratio of which is used to obtain
the interfacial impedance as a function of binding [43], which is then correlated to the con-
centration of creatinine in the sample [41,42]. Additionally, Chronoamperometry (DC-based
method) [41,42] was used for method validation for reliable creatinine biosensing.

The sensor was first calibrated for a wide dynamic range of 0.1-1000 pg/mL for
urinary creatinine biosensing using a controlled artificial urine buffer medium (at median
human urine pH of 6). Next, the sensor calibration was performed using pooled human
urine samples (pH 6.5) to test the stability of the aptamer-encapsulated MOF capture
probe in the real unfiltered and unprocessed urine sample. The t-test analysis in Figure 6a
compares the sensor performance for both artificial and real human urine. A p-value > 0.05
is obtained, which validates that the sensor performance is stable and unaffected by the
buffer microenvironment. A characteristic Bode phase plot (impedance phase angle versus
the logarithm of frequency) shown in Figure 6b obtained from EIS analysis depicts the
capacitive, non-faradaic mode of operation as evidenced by the negative phase angle values
for the entire dynamic range (100 Hz which is chosen as the frequency of operation for EIS).
The electrochemical behavior of the developed novel creatinine aptamer encapsulated ZIF-8
material was further studied as a Nyquist plot (an imaginary component of impedance on
the Y-axis and real component of impedance on the X-axis), using a bare/un-encapsulated
ZIF-8 as a control (Figure 7). From Figure 7, it is clear that the aptamer-encapsulated ZIF-8
material shows a specific and completely opposite dose-dependent trend compared to the
control sample, i.e., bare ZIF-8 without any aptamer.
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Figure 6. Electrochemical characterization of the sensitive and specific biosensor made of novel
synthesized in situ encapsulated aptamer-AuNPs@ZIF-8 composite -(a) {-test comparison of sensor
performance in artificial and real human urine, ns: non-significant, ** p < 0.01, **** p < 0.0001.
(b) Bode phase plot showing the capacitive operation at 100 Hz for EIS studies for increasing
creatinine doses.

Figure 7. Electrochemical characterization of the sensitive and specific biosensor made of novel
synthesized in situ encapsulated aptamer-AuNPs@ZIF-8 composite: Nyquist plots obtained from EIS
for control (no aptamer) and test (anti-creatinine aptamer encapsulated ZIF-8) samples for increasing
creatinine doses.

3.9. Electrochemical Sensor Performance

The modulus of impedance (Zmod) was studied to obtain the calibration dose—
response curves for quantifying the urinary creatinine levels using EIS. The Zmod de-
creased in a dose-dependent manner, from the lowest to the highest doses at 100 Hz. For
CA, the peak current at time t = 0.01 s was used for calibrating the sensor. A decrease in the
peak current was observed with increasing creatinine doses. In this way, the electrochemical
behavior of the sensor as a function of creatinine binding to the capture probe was analyzed
using EIS and CA.

Figure 8a,b show the dose-response curves for creatinine in pooled human urine
samples using EIS and CA, respectively. We observed a linear dose response for both
real pooled human urine samples (1 = 3) and the artificial urine samples (n = 3) over a
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wide dynamic range of 0.1-1000 png/mL of creatinine for both EIS and CA methods. The
modulus of the impedance measured at the EDL interface was observed to decrease as a
function of dosing due to increasing interfacial capacitance as a result of creatinine binding
to the ZIF-8—aptamer capture probe. Figure 8c,d show the relative changes in the Zmod
values relative to the blank (zero creatinine dose) baseline. To test for the sensor specificity
and the effect of interfering species (also expressed in urine) on the sensor performance
for creatinine detection, cross-reactivity studies using glucose and urea (1:1 volume by
volume cocktail) were performed. As shown in Figure 8ef, a p-value of <0.0001 obtained
for both EIS and CA methods from Student’s ¢-test analysis (unpaired, two-tailed, o = 0.05)
shows that there is a significant difference in sensor output for specific (urine creatinine)

and non-specific (interferents) samples at the input. In this way, the sensor specificity
was validated.
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Figure 8. Absolute-value calibration dose-response curve using (a) EIS and (b) CA for pooled human
urine samples. Baseline-relative calibration dose-response curve using (c) EIS and (d) CA for artificial
urine samples. (e,f) show the t-test analysis results for cross-reactivity study or non-specific (glucose
and urea) versus specific (creatinine) doses.

4. Conclusions

In this work, we discussed the development of a novel hybrid capture-probe material
using a gold nanoparticle aptamer encapsulated ZIF-8 compound. The material synthesis
was inspired by the traditional Pysanky art of Easter egg decoration in Ukraine. Extensive
material analysis was performed using physical and chemical characterization methods.
We also demonstrate the application of the developed MOF material towards electrode
modification for non-faradaic electrochemical biosensing using two established electroana-
lytical methods, an AC-based method of Electrochemical Impedance Spectroscopy and a
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DC-based method of Chronoamperometry. Using a combination of AC and DC techniques,
subtle changes in the resistive and capacitive properties at the electrical double-layer in-
terface were captured as a function of the binding of creatinine expressed in the test urine
sample to the ZIF-8-aptamer capture probe. The sensitivity and specificity of the calibrated
sensor were also discussed for a wide urinary creatinine range of 0.1-1000 ug/mL. These
achievements highlight the unique potential of our novel synthesized material and the
proposed sensing scheme to boost the performance of the current affinity of biosensors for
POC applications. Future work will involve testing our novel synthesized in situ encapsu-
lated aptamer-AuNPs@ZIF-8 composite for long-term operational stability and shelf-life
enhancement of the traditional capture probes for longitudinal biomarker tracking studies.

Supplementary Materials: The following supporting information can be downloaded at: https:/ /www.
mdpi.com/article/10.3390/chemosensors11110557/s1, Figure S1: PXRD comparison of synthesized
ZIF-8 and simulated ZIF-8 (JCPDS 00-062-1030) showing more than 95% peak matching depicting
the purity of the synthesized ZIF-8; Figure S2: TGA comparative analysis of as-synthesized material
having three distinct decomposition phases depicting rigidity and stability of the composite materials;
Figure S3: UV-Vis characteristics of AuNPs showing peak at 520 nm and depicting the size of the
AuNPs as 5 nm; Figure S4: Validation of signal enhancement due to Aptamer AuNP@ZIF-8 versus
plain aptamer system; Table S1: Comparative table of current methods of creatinine detection.
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