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Abstract: The zebrafish is a powerful model organism to study the mechanisms governing transition
metal ions within whole brain tissue. Zinc is one of the most abundant metal ions in the brain,
playing a critical pathophysiological role in neurodegenerative diseases. The homeostasis of free,
ionic zinc (Zn2+) is a key intersection point in many of these diseases, including Alzheimer’s disease
and Parkinson’s disease. A Zn2+ imbalance can eventuate several disturbances that may lead to the
development of neurodegenerative changes. Therefore, compact, reliable approaches that allow the
optical detection of Zn2+ across the whole brain would contribute to our current understanding of the
mechanisms that underlie neurological disease pathology. We developed an engineered fluorescence
protein-based nanoprobe that can spatially and temporally resolve Zn2+ in living zebrafish brain
tissue. The self-assembled engineered fluorescence protein on gold nanoparticles was shown to be
confined to defined locations within the brain tissue, enabling site specific studies, compared to
fluorescent protein-based molecular tools, which diffuse throughout the brain tissue. Two-photon
excitation microscopy confirmed the physical and photometrical stability of these nanoprobes in
living zebrafish (Danio rerio) brain tissue, while the addition of Zn2+ quenched the nanoprobe
fluorescence. Combining orthogonal sensing methods with our engineered nanoprobes will enable
the study of imbalances in homeostatic Zn2+ regulation. The proposed bionanoprobe system offers
a versatile platform to couple metal ion specific linkers and contribute to the understanding of
neurological diseases.

Keywords: zinc; gold; nanoparticles; zebrafish; two-photon excitation imaging; fluorescence

1. Introduction

Zinc is one of the most abundant transition metals in the brain, second only to iron [1].
In its free, ionic form (Zn2+) it plays a critical role in various neurological diseases [2,3],
influencing neuronal function [4,5] by guiding neuronal communication, memory formation,
and sensory processing [6]. Zinc exists in bound and unbound forms, and levels as free
ions may rapidly fluctuate. For example, about 80–90% of zinc exists as an integral part of
proteins while the remaining 10–20% exists in its free form (Zn2+) and is stored, in part, in
synaptic vesicles [1]. This vesicular Zn2+ undergoes Ca2+ dependent exocytosis from subsets
of glutamatergic neurons in the hippocampus, amygdala, striatum, and thalamus [7–11].
This release of Zn2+, estimated to be present in vesicles at low mM concentrations, transiently
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increases synaptic (100–300 µM) and extracellular (10–20 µM) Zn2+ levels [7]. Given its
important physiological roles in neuronal health and function, understanding the factors af-
fecting zinc ion homeostasis in living brain tissues could contribute immensely to our current
understanding of the mechanisms that underlie neurological disease pathology [12–16].

The general categories for measuring Zn2+ levels have commonly included genetically en-
coded Zn2+ indicators (GEZIs) and small molecule sensors (reviewed by Pratt et al. 2021) [17].
A wide range of genetically encoded Zn2+ sensors have been developed to measure Zn2+

levels in the cytosol [18] and various organelles, including the endoplasmic reticulum [18],
Golgi apparatus [18], mitochondrial matrix [19], mitochondrial intermembrane space [20],
lysosomes [21,22], and secretory vesicles [23]. Additionally, recent work has demonstrated
the use of genetically encoded sensors for detecting Zn2+ on the extracellular surface in cul-
tured cell preparations [2]. However, the optical detection of free metal ion distribution in
biological systems, especially in the brain, has proven challenging due to spatial and temporal
limitations.

In the past few decades, the use of metal ion sensors that incorporate small or-
ganic molecules, peptides, and proteins have been instrumental in revealing zinc ion
changes [17,24,25]. The co-existence of multiple metal ion types in different quantities and
in complex biological environments requires the development of additional visualization
methods. The ability to tune these sensors by the choice of fluorophore and chelator offers
distinct advantages. With the limitation of several organic or chromogenic dyes absorbing
light, fluorescent based approaches have attracted increasing interest for monitoring transi-
tion metals in biological systems. Biochemical molecular constructs as well as synthetic
probes have been utilized for the fluorescent imaging of transition metal ions. Molecular
sensors were developed to measure intracellular free Zn2+ based on carbonic anhydrase
conjugated to small molecules, such as AlexaFluor, as the fluorophore [26]. With the advent
of these molecular sensors and fluorescence approaches, there has been a steady increase
in the variety of fluorescent Zn2+ sensors. However, although molecular probe sensors
are easy to inject, they diffuse instantly. Additional potential roadblocks to using them
in complex living brain tissues include decreased bioavailability due to the inability to
cross the blood–brain barrier and breakdown by metabolic and catabolic enzymes. These
molecular tools also are not well-suited for obtaining measurements in spatially confined
spots within the brain. Furthermore, several of these studies were conducted in primary
neuron cultures and brain slices of mice or other small animals.

Owing to their unique optical properties, colloidal metal nanoparticles have been
widely used for a broad range of metal ion detection methods [27,28]. Profuse fluorescent
nanoprobes have been developed to detect metal ions for medical diagnostics, biomedical
imaging, and environmental monitoring. Gold nanoparticles (AuNPs) are among the most
used nanomaterials in the biomedical fields due to their unique optical and electronic
properties, excellent chemical stability, and biological compatibility. Numerous synthe-
sis and functionalization methods have been used for AuNPs to construct fluorophore
and quencher-based sensing systems for several metal ions, including Zn2+ [29–34]. The
surface functionalization of metal nanoparticles is especially attractive as they have the
potential to be expanded into multimodal imaging applications. In biological systems,
proteins are central in guiding molecular recognition to self-assembly with molecular scale
precision. Inspired by biological processes, we and other groups have selected inorganic
specific peptides using biocombinatorial techniques, and enhanced their binding kinetics
and self-assembly properties using computational and experimental techniques [35–38].
These peptides allow the biofunctionalization of nanoparticle surfaces with high affinity
and selectivity, with the ability to display additional bioactive peptides and/or proteins to
target a desired functionality. We recently explored the formation of self-assembled hybrid
metallic nano-architectures composed of gold and silver nanoparticles with green fluores-
cent proteins as bimodal imaging probes [39]. We employed metal-binding, peptide-based
assembly to self-assemble green fluorescence protein onto metallic nanoparticles, i.e., Au
and Ag [40–42]. Such systems allow monitoring using both plasmonic and fluorescent
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signatures. We recently expanded these approaches to design fluorescent proteins, GFP
and DsRed proteins, as reporter molecules for rapid quenching in the presence of inorganic
ions including Cu2+ [39]. These reporter proteins, designed as chimeric fusion systems,
self-assemble on metallic nanoparticles using in vitro systems. Despite several advances in
metallic nanoprobes, functionalized with synthetic or biomolecular reporters, the detection
of metal ions with colloidal metal NP-based fluorescence in living cells or brain tissues has
remained limited.

Here, we investigated a self-assembled bionanoprobe that is composed of an engi-
neered red fluorescent protein and gold nanoparticles as a molecular tool enabling the
detection of Zn2+ in living zebrafish brain tissue (see Figure 1). We showed that the ability
of these bionanoprobes to be quenched is preserved in live, whole brains removed from
zebrafish, and provides a high degree of spatial and temporal resolution for the detection
of ions. The use of whole brains ex vivo from this rapidly emerging research model holds
key advantages. First, the whole brains are small enough to be kept viable and functional
in a superfusion chamber. Because the brain is kept whole, all the neural pathways are
preserved and functional. Additionally, the small size of the zebrafish brains facilitates light
microscopy imaging measurements and is especially amenable to two-photon excitation
(2PE) microscopy, which can image within the opaque tissue of adult brains. For these
reasons, this model organism is ideal for the study of free biometals in homeostatic regu-
lation and for understanding neurologically relevant disease models. To our knowledge,
the optical detection of free metal ions in a living whole brain with gold nanoparticles,
functionalized with fluorescent proteins, has not been published in the peer reviewed
literature. The use of our bionanoprobes offers a unique, enabling platform with its versa-
tile self-assembled design to target different metal ions by engineering different specific
moieties into the protein as well as nanoparticle assemblies.
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Figure 1. Schematic diagram of the overall experimental paradigm. (A), Live, whole brains from
zebrafish were harvested for microscopy imaging. (B), Bionanoprobes (red balls) were delivered
to specific locations in the brain with a picospritzer. Next, exogenous Zn2+ ions (blue balls) were
delivered though a separate capillary to induce quenching. The delivery of the bionanoprobes and
Zn2+ was imaged with conventional and 2PE fluorescence microscopy. Credit for image of individual
zebrafish: David Dohnal/Shutterstock.com.

2. Results and Discussion

To generate the self-assembled nanoprobe system, we used peptide motifs that were
identified and studied in detail for their selective metal binding property and with high
affinity to gold surfaces and nanoparticles [35–38] (Figure 2). The genetic incorpora-
tion of gold binding peptide (Figure 2A,B) as a tag into the DsRed fluorescent protein
(λex = 545 nm, λem = 573 nm) enabled the use of the self-assembled, fluorescent gold
nanoparticles as bimodal imaging nanoprobes [39] (Figure 2C). The fabrication and use of
these probes were carried out using proper safety and disposal measures. The resulting
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nanoprobe was explored as a potential metal ion-monitoring tool in living zebrafish brain
tissue due to its experimental advantages and the high sequence homology of zebrafish to
mammals [43–45].
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Figure 2. DsRed protein engineered with Au binding peptide. (A), The peptide insertion in-
cludes Au binding peptide (Green), linker (blue), and conformational domains (red and purple).
(B), Insertion locations of DsRed-AuBP. (C), Fluorescence spectra showing that the properties of
DsRed are conserved after the insertion of AuBP.

We first ran in vitro quenching assays using Zn metal ions with nanoprobes that
were composed of 15 nm-diameter gold nanoparticles functionalized with the fusion
DsRed-AuBP protein (Figure 3A–D). Figure 3B shows that the dynamic linear range of the
probes with respect to Zn2+ extends to about 25 µM (R2 = 0.98). Given that the expected
transient brain concentrations of Zn2+ (10–20 µM) fall within the linear dynamic range,
our nanoprobes seem well-suited for measurements of extracellular metal release. We next
tested the probes for selectivity for Mg2+ due to its presence in the extracellular fluid in the
brain. Analysis by two-way ANOVA revealed the significant overall main effects of metal
ion identity (p = 0.007, F [3,48] = 6.76) and concentration (p < 0.0001, F [3,48] = 12.15) on
quenching. Further Sidak post hoc testing revealed the high selectivity of the probes for
Zn2+ over Mg2+ (p < 0.05 at 10 µM and p < 0.001 at 25 µM, two-way ANOVA)(Figure 3D).
The selectivity of our nanoprobes for Zn2+ at 10 µM was critical to achieve because this
concentration approximates the Zn2+ levels that occur after release events in living brain
tissue. We also note that there could be an interference on the sensing activity with the
presence of biologically relevant metal ions, such as sodium and potassium. Building
upon the promise of these results, nanoprobes should be investigated in the presence
of different metal ions. Nevertheless, our results provide a promising concentration-
dependent quenching effect on the fluorescence protein displayed on the nanoprobes.
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Figure 3. Nanoprobe response to metals in vitro. (A), Zn2+ response curves (0 to 100 µM) and
(B), representative calibration plot (inset from shaded region, 0 to 25 µM). (C), Mg2+ response curves
(0 to 100 µM) and (D), Quenching vs. concentration of added MgSO4 and ZnCl2. Bars on graph
indicate mean ± SEM. Statistics: * p < 0.05 vs. MgSO4, *** p < 0.001 vs. MgSO4, (two-way ANOVA
with Sidak post hoc, n = 4).

Our initial biological evaluation of these bionanoprobes consisted of direct injection
into the hypothalamus of a live zebrafish brain and then imaging with 2PE microscopy. This
approach enabled us to observe and optically manipulate the nanoparticle-based systems at
the targeted sites with high spatial precision. Shown in Figure 4A is a brightfield image of a
typical pulled capillary used for injection, inserted into the brain with a micromanipulator.
A higher magnification image of the brain with 2PE microscopy demonstrated that the
injected fluorescent bionanoprobes were easily imaged with this method (Figure 4B).
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Figure 4. Bionanoprobes were precisely injected into living zebrafish brain. (A), Brightfield image of
injection capillary (circled) inserted into the hypothalamus. (B), Three-dimensional rendering of a
2PE microscopy image of bionanoprobes.

A useful characteristic of our nanoprobes is that they remain stationary in brain
tissue while free, unbound DsRed protein tends to diffuse. To illustrate this point, we
injected unbound DsRed protein molecules into living zebrafish whole brain maintained in
a superfusion chamber and imaged it with 2PE microscopy (injection location shown in
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Figure 5A). The epifluorescence image of injected nanoprobes overlayed on a brightfield
image of a zebrafish telencephalon reveals that these nanoprobes tended to disperse over a
wide region of the brain immediately following injection.
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Figure 5. Nanoprobes remain immobile while free DsRed protein molecules tend to diffuse.
(A), DsRed-AuBP functionalized nanoparticles, 15 nm diameter injected in the ventral diencephalon
area of a viable zebrafish brain. Image obtained by overlaying fluorescence on brightfield images.
The diagram on the right indicates the approximate location and orientation of spritzing. (B), Three-
dimensional 2PE image of injected DsRed protein in living zebrafish brain. Sampled regions (yellow
circles) and reference points (white circles and ellipse) are depicted at 0 min. The bar graph on
the right indicates the average fluorescence intensity inside the yellow circles. Scale bar = 50 µm.
* p = 0.0091 (two-tailed t-test, n = 5 regions sampled per time point). Z-axis slice thickness = 80 µm.
Orientation: x-axis, caudal; y-axis, lateral; z-axis, ventral. (C), DsRed-BP-AuNPs, 15 nm diameter,
were picospritzed in live zebrafish brain and imaged with 3D 2PE microscopy. The spatial relation-
ships between the GFP-labeled dopamine neurons (green) and nanoprobes (red) are unchanged. The
bar graph on the right indicates the average fluorescence intensities of the regions enclosed in yellow
circles and ellipses measured over time. Orientation: x-axis, caudal; y-axis, lateral; z-axis, ventral. 3D
images in B and C were captured on a Zeiss Axio Examiner.Z1.

The free DsRed protein molecules tended to disperse throughout the brain (Figure 5B).
Larger aggregates formed and remained stationary within the brain. To determine if smaller
aggregates and individual protein molecules moved, we chose several larger, stationary
aggregates as anchor points, and measured how the fluorescence intensity changes over
time at defined regions of interest within a selected panel. Over the course of 40 min, the
fluorescence intensity within the regions of interest decreased significantly, suggesting that
free DsRed protein molecules and smaller aggregates tend to diffuse throughout the tissue.

To determine if nanoparticle clusters move in relation to individual neurons, we also
injected nanoprobes into the diencephalon of a living brain from a th2:gfp zebrafish. These
zebrafish express green fluorescent protein in the dopaminergic neurons. We then imaged
the brain and the adjacent fluorescent dopaminergic neurons with 2PE microscopy at 0, 20,
and 40 min after injection (Figure 5C). Using this approach, the color differences between
the DsRed nanosensors and the GFP allows us to simultaneously observe the nanoprobes
and neurons within the same image over time.
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As shown in Figure 5C, the bionanoprobe clusters do not appear to move significantly
in relation to the GFP-labeled neurons. Another possible barrier to using our nanoprobes
to sense Zn2+ or other analytes would be the potential degradation by photobleaching or
protease activity in the brain, a common issue observed using small molecules, organic dyes,
or quantum dots [46]. However, observation of the images indicates that the nanoprobes
continued to fluoresce without noticeable photobleaching for at least 40 min. Thus, we
conclude that our bionanoprobe system is stationary and more stable compared to peptide
fluorophores and is well suited for applications in brain tissue.

Interestingly, careful inspection of the images in Figure 5C reveals that some of the
smaller nanoprobe clusters or individual probes slightly migrate or disappear over time.
While we do not know the precise cause of these disappearances, we speculate that they
may move slightly in the extracellular space or undergo endocytosis [47]. Given that
divalent metal ions, including Zn2+, are present in the endosomes/lysosomes as well as in
the cytosol, quenching may occur upon nanoparticle uptake [48].

An exciting aspect of our bionanoprobes is the prospect of bimodal imaging, that is,
using multiple light emitting modalities to obtain measurements. Gold nanoparticles have
unique local surface plasmon resonance properties, which allow them to either quench
or enhance the fluoresce of the chromophores, depending on proximity [49–51], through
increased excitation efficiency and radiative decay rates [50]. In Figure 6, we injected our
bionanoprobes into live zebrafish brain and collected images, monitoring the 2PE fluores-
cence emission wavelengths at 950 nm (Figure 6A) and 850 nm (Figure 6B). Our results
show that our bionanoprobe clusters not only emit fluorescent light at 950 nm, attributable
to the bound DsRed protein, but also emit light at 850 nm, which is attributable to the
plasmon resonance properties of gold nanoparticles. The peptide tag on the self-assembled
fluorescent proteins on the gold nanoparticles may also contribute to stabilizing the dis-
tance between the chromophore region of the protein and the nanoparticle and improve the
stability of the nanoprobe system for monitoring zinc ions. The combined measurement
of emitted light at both wavelengths (Figure 6C) resulted in the easy identification of
bionanoprobe clusters within the brain. Fluorescent image of nanoprobe clusters can be
found at Figure S1.
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Figure 6. Fluorescent image of bionanoprobe clusters. (A) Fluorescence of DsRed protein on
nanoprobes measured at 950 nm. (B) Fluorescence of gold nanoparticles measured at 850 nm.
(C) Combined. Images collected on a 3i/Zeiss two-photon upright microscope. The excitation wave-
length was 950 nm. A 3 µL volume of a solution containing DsRed-AuBP (size 15 nm) bionanoprobes
was injected into the ventral diencephalon area of a viable zebrafish brain.

To determine the ability of free metal ions to quench fluorescence in living brain
tissue, we injected a solution of ZnCl2 in aCSF into whole brains that had previously
been injected with DsRed-BP AuNPs and imaged the nanoprobes with epifluorescence
microscopy (Figure 7A). Upon the injection of ZnCl2 at a concentration of 10 µM, fluores-
cence decreased by 41% after 2 s (Figure 7B), indicating that the Zn2+ rapidly quenched the
protein by association with either the metal-selective peptide sequence or another location
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on the DsRed protein. This result suggests that our probes can be used for time-resolved
measurements of extracellular Zn2+ levels.
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Figure 7. Exogenously applied Zn2+ rapidly quenches fluorescence. (A), A 15 µL volume of nanopar-
ticles was injected into the telencephalon with a picospritzer (cartoon). (B), Injection of a 10 µL
volume of Zn2+ at a concentration of 10 µM, resulting in a 41% decrease in total fluorescence within
2 s. Image obtained by overlaying fluorescence on brightfield images. (C), The brain was perfused
with a solution of 100 nM ZnCl2 in aCSF. (D), No Zn2+ control. For all images, x-axis, caudal; y-axis,
lateral; z-axis, ventral. (E), Graph of the average intensities of select regions within images in C and
D. Regions analyzed are circled.

We further sought to determine if we could observe the fluorescence quenching of
discrete bionanoprobe clusters. DsRed-BP-AuNPs probes were injected into the brain and
the brain was perfused with ZnCl2 (100 nM) in aCSF while imaging with 2PE microscopy
(Figure 7C). Clusters were present before and after the addition of Zn2+. However, over the
course of 8 min, fluorescence almost completely disappeared, indicating rapid quenching.
On the other hand, the fluorescence of bionanoprobes, injected without the perfusion of
Zn2+, did not diminish over the course of 60 min (Figure 7D), demonstrating that the
decrease in fluorescence occurred due to the quenching of the DsRed protein with Zn2+

rather than the photobleaching or degradation of the chromophore. The quantitation of the
average fluorescence intensity also suggested that fluorescence is rapidly quenched by the
application of Zn2+ to the superfusion buffer and that the controls remain stable over an
extended time up to 60 min. When normalized against the controls at t = 0 min, the pooled
quenched values obtained at 2, 4, and 6 min had significantly less fluorescence compared
to the pooled control values at 20, 40, and 60 min (p = 0.0004, two-tailed t-test, n = four
control and four quenched measurements).

3. Conclusions

In conclusion, engineered DsRed-AuBP-functionalized AuNP nanoprobes were read-
ily quenched by Zn2+ in living brain tissue with good spatial and temporal resolution.
They resisted photobleaching and degradation for at least an hour during imaging and
remained stationary. Collectively, our results show that our bionanoprobes consisting of
gold nanoparticles are well-suited for the measurement of Zn2+ at defined locations within
the brain tissue.
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Although our approach of measuring metals and other brain chemicals with function-
alized nanoprobes is potentially useful, researchers should consider several factors prior to
carrying out studies. The injection of bionanoprobes into tissues may be damaging; alter-
nate methods of delivery may be advisable to minimize such damage. Other routes of entry
into the brain may be through injection into the blood stream, oral ingestion, or aspirations.
However, because we have not yet determined the blood brain permeability of our probes,
the feasibility of these approaches is not known. An additional consideration is that the
bionanoprobes may interfere with normal brain function and tend to accumulate in specific
brain regions. Moreover, difficulties in quantitation and quenching by other ions represent
other possible hindrances in the use of quenching nanoprobes. Nevertheless, our probes
have shown excellent spectroscopic and mechanical stability. The confinement property
of the bionanoprobes would make it possible to carry out site-specific studies at defined
locations within the brain tissue. Monitoring the neuro-degenerative changes related to a
Zn2+ imbalance across the zebrafish live brain tissue would contribute immensely to our
current understanding of the complex molecular mechanisms underlying the pathogenesis
of neurological disorders.

The current platform is amenable to being combined with other orthogonal methods in
which nanoprobes could be tuned to target specific metal ions. These nanoprobes may also
be used in bimodal applications in which fluorescence quenching is observed in addition
to surface plasmon resonance from the gold portion of the nanoprobes. Our proposed
bionanoprobes are versatile and can be incorporated with additional metal binding tags to
engineered proteins for targeting different trace metal ions. The self-assembled system also
means that the technology can be expanded to incorporate different nanoparticle-based
systems. As a note, it is important to adhere to the guidelines for safety and ethical disposal
when using nanomaterials.

In summary, this work offers a promising, targeted approach to address the growing
demand for optical control for the in vivo sensing of key metal ions that is adaptable
and can be easily implemented with other analytical methods in living tissue. As the
multi-functionality of the nanoprobes expands, the novel molecular tools could impact our
understanding of numerous neurological disease states, including Alzheimer’s disease,
Parkinson’s disease, and Huntington’s disease.

4. Materials and Methods

Chemicals. The stock solution (10 µM) of ZnCl2 (CAS No. 7646-85-7, ≥98%, Sigma-
Aldrich, St. Louis, MO, USA) was prepared by dissolving the appropriate analyte mass
in modified artificial cerebrospinal fluid (aCSF). The aCSF consisted of 126 mM NaCl,
2.5 mM KCl, 2.4 mM CaCl2, 1.2 mM MgCl2, 25 mM NaHCO3, and 20 mM HEPES (all
Sigma-Aldrich, St. Louis, MO, USA), and was adjusted to a pH of 7.4. Both stock solutions
of ZnCl2 and aCSF were refrigerated when not in use. Ultrapure water (~18.2 MOhm-cm)
was used to prepare all the aqueous solutions.

Animals. Adult Danio rerio (zebrafish, transgenic line th2:gfp) were housed in the
Shankel Structural Biology Center at the University of Kansas, in 3L tanks (20 fish per 3L
system rack tank) and connected to a recirculation filtration system. All the tanks were
maintained under constant chemical, biological, and mechanical filtration conditions, as
well as using a UV sterilizing unit to ensure adequate conditions. The following quality
parameters of the reverse osmosis purified system water were controlled and adjusted
using the multiparameter monitoring and control instrument 5200A (YSI, Yellow Springs,
OH, USA): conductivity (~700 µS cm−1), pH (7.2), and temperature (28 ◦C). The fish were
fed twice a day and maintained on a 14:10 light: dark cycle. The study was conducted
according to the guidelines of the Declaration of Helsinki. All the protocols and procedures
involving the zebrafish were approved by the Animal Care and Use Committee of the
University of Kansas.

Euthanasia, brain perfusion, and extraction. All the zebrafish were euthanized by
hypothermic shock followed by decapitation. Immediately following euthanasia, the whole
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brains were harvested using the previously described methods [52,53] and transferred to
a perfusion chamber. The viability of the brains was ensured by the continuous flow of
oxygenated and heated (28 ◦C) aCSF.

Protein-Peptide Construct Methods. The DsRed fluorescent protein conjugated with
a gold-binding peptide (AuBP) and a maltose-binding protein (MBP) were expressed
and purified from recombinant E. coli ER2507 cells following previously established pro-
tocols [41,42]. A single colony of the recombinant E. coli cells was grown sequentially
into larger volumes (3 mL, 10 mL, and 400 mL) in LB-Miller media with 2% glucose
and 100 µg/mL of ampicillin in an incubator (37 ◦C) with continuous shaking. The
400 mL solution of the recombinant E. coli cells was inoculated with IPTG (isopropyl
β-D-1-thiogalactopyranoside) with a final concentration of 0.3 mM after an OD600 reading
of 0.6 was reached. Once inoculated, the cells were incubated with continuous shaking
overnight to give the cells time to express the fusion protein. The recombinant E. coli cells
were then subsequently separated from the media through centrifugation at 4000× g for
30 min. The cell pellet was then resuspended in an amylose resin column buffer (20 mM
Tris–HCl, 200 mM NaCl, 1 mM EDTA, pH 7.4) and lysed through sonication. The lysed
cells were spun down through centrifugation at 10,000× g for 30 min. The supernatant
was sterile filtered and loaded onto an amylose resin (New England Biolabs, NEB, Ipswich,
MA, USA) column to purify the fusion protein using the maltose binding protein tag. The
extraneous biomolecules were washed away with the column buffer, and the fusion protein
was eluted using an elution buffer (column buffer + 10 mM of maltose). Using centrifugal
filters with a 10 kDa (MilliporeSigma, Burlington, MO, USA) weight cut-off, the fusion
protein was concentrated in Milli-Q sterile filtered water. Samples at the various steps
of the purification process of the MBP-DsRed-AuBP were collected and verified using
an SDS-PAGE gel. Then, the protein samples were transferred into a 1X cleavage buffer
containing 20 mMTris-HCl, 100 mM NaCl, and 2 mM CaCl2 (pH 8.0) by ultrafiltration using
the same centrifugal filter tube. A 40 µL volume of 1 mg/mL factor Xa (NEB, Ipswich,
MA, USA) was added to 2.5 mg/mL of the fusion protein in a 1X cleavage buffer. The
cleavage reaction was performed overnight at 16 ◦C. A buffer exchange was completed so
the cleaved MBP and DsRed-AuBP was back in the column buffer and the mixture was
added into a fresh amylose resin column. The cleaved MBP fragments bound to the resin
and the flow through was collected as pure DsRed-AuBP. The fusion protein was again
concentrated in Milli-Q sterile filtered water using centrifugal filters with a 10 kDa MWCO
(MilliporeSigma, Burlington, MO, USA). Following cleavage, the purity of DsRed-AuBP
was observed by SDS-PAGE.

AuNP Functionalization. The applicable safety precautions, including the use of
personal protective equipment, a certified fume hood, and the proper disposal procedures
were employed when handling the gold nanoparticles. Following a previously established
protocol, stock, citrate-coated gold nanoparticles (AuNPs) were functionalized with the
affinity-based DsRed-AuBP construct [39,40,42]. Briefly, stock AuNPs sized 15 and 50 nm
(BBI Solutions, Portland, ME, USA) were provided at 47.8 and 56.9 µg/mL, respectively,
and diluted in water to achieve a concentration of 10 µg/mL. To functionalize the AuNPs
with the affinity peptide construct, the AuNPs were incubated with DsRed-AuBP and
prepared to achieve a final concentration of 50 µM in water. The solution was allowed to
incubate at room temperature (25 ◦C) for 2 h under gentle shaking conditions, protected
from light to allow time for the peptide to bind to the gold surfaces. A wash step was
completed to remove excess, unbound protein by pelleting the suspension via 30 min
centrifugation at 17,000× g and 1100× g for 15 and 50 nm AuNPs, respectively, followed by
carefully removing the supernatant. The pellet was reconstituted in either Milli-Q water or
aCSF media to achieve a final functionalized AuNP concentration of 10 µg/mL in solution.

In vitro Fluorescence Quenching. To study the quenching effect of key metal ions
on the DsRed-AuBP functionalized AuNPs, stock metal ion solutions were prepared.
Magnesium sulfate heptahydrate (MgSO4; Fisher Chemical, Loughborough, UK), and zinc
chloride (ZnCl2; Acros Organics) were prepared to achieve a working stock concentration
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of 6 mM in 10 mL of Milli-Q water and sterile filtered. In a 96-well plate, 100 µL of
washed, DsRed-AuBP (ex/em 556/590 nm) functionalized AuNPs at a final concentration
of 10 µg/mL were added into each well. Triplicate samples were prepared for each
metal ion concentration tested. A 6X concentration of each metal ion was prepared from
the working stock so that 20 µL could be added to each well immediately prior to the
experimental measurements to achieve final, in-well ion concentrations of 0, 2, 4, 10, 25, 50,
and 100 µM. Once the solutions were added, a fluorescence spectral scan was conducted to
measure the quenching effect using a Cytation3 multi-modal plate reader. The excitation
was kept at 525 nm to avoid interference with the emission spectral range from 556 to
680 nm. The immediate quenching of the fluorescence signal was noted with increasing ion
concentrations.

Delivery of the nanoprobes. DsRed-BP-AuNP was injected into the telencephalon and
diencephalon of living zebrafish whole brain with a micropipette linked to a Picospritzer
III (Parker, Hollis, NH, USA). The micropipettes were fabricated from glass capillary tubes
(1.2 mm D.D and 0.68 mm I.D, 4 in long; A-M System Inc., Carlsborg, WA, USA). The glass
capillary tubes were pulled using a PE-22 heated coil puller (Narishige Int. USA, East
Meadow, NY, USA) and cut to an external diameter of 20 µm.

Microscopy. Epifluorescence images were obtained with a Nikon E600Fn Epiflu-
orescence microscope, using either a Plan Fluor 10X/0.30 NA air objective or a Fluor
40X/0.80 NA water immersion objective. The images were collected and analyzed with
Metamorph software (Molecular Devices, San Jose, CA, USA).

Two-photon imaging was carried out on a customized 3i/Zeiss Axio Examiner.Z1
upright two-photon excitation microscope with a Plan-Apochromat 20X/1.0 NA water
immersion objective. For the imaging of Au, DsRed-Au nanoparticles, and their combi-
nation with GFP-labeled neurons, excitation wavelengths of 850, 920, and 950 nm were
used, respectively. 3D imaging was captured by resonant scanning and under the follow-
ing parameters: resolution, 1024 × 1024 pixels; pixel size, 0.2441 µm; dwell time, 2 µs;
bidirectional scanning, 1; voltage amplifier of the pockets, 0.5 V; and step size, 0.55 µm.

The activity of the nanoparticles (viability and movement) in the living brain were
monitored by continuous imagining at 10 min intervals for periods lasting up to 2 h. The
resulting 2-photon images were analyzed and post-processed using 3i SlideBook 6.0 (6.0.19
version), ImageJ software, and Adobe Photoshop.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/molecules28052260/s1, Figure S1: Image of nanoprobe fluorescence
from DsRed protein and gold nanoparticle fluorescence.
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