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Abstract: Detecting molecules across different spatial
scales remains a major challenge in biological samples,
particularly in complex tissues such as brain, where
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Fluorescence microscopy provides selective labeling
of specific molecules but cannot fully resolve many
cellular and subcellular features, whereas electron
microscopy reveals ultrastructure without molecular
specificity. Bridging these modalities is difficult
because commonly used fluorescent probes such as
dyes and proteins cannot provide electron contrast. Quantum dots are particularly useful as they retain fluorescence
while providing sufficient electron density for ultrastructural visualization. Here, we show that streptavidin-
functionalized CdSe/CdS core/shell quantum dots can function as dual-modal probes for labeling y-aminobutyric
acid (GABA) neurons in brain tissue. The quantum dots produce bright and stable fluorescence signals for optical
detection while their inorganic composition generates strong electron contrast in ultrathin sections examined by
transmission electron microscopy. This work demonstrates that functionalized CdSe/CdS quantum dots can serve
as stable dual-modal probes for fluorescence and electron microscopy in complex tissues, highlighting the potential
of semiconductor nanocrystals for multifunctional imaging applications.
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1. Introduction

Understanding the molecular architecture of complex tissues is challenging due to the high-resolution
imaging needed to localize molecules at the subcellular level. Fluorescence microscopy (FM) has been the primary
tool to specifically label and identify molecular and structural features of brain cells such as a cell body, dendrites
and axons as seen in neurons [1,2]. However, it lacks the spatial resolution needed to resolve subcellular structures.
In contrast, electron microscopy (EM) provides ultrastructural detail but does not inherently convey molecular
specificity. To integrate molecular information with ultrastructural context, we focused on the use of CdSe/CdS
quantum dots (QDs) as correlative probes for FM and EM visualization.

EM approaches to molecular localization come with certain limitations. Normally, one must balance the
ultrastructural and molecular preservation of a determined target, followed later by immunoelectron microscopy
techniques (immuno-EM) [3]. Immunolabeling on ultrathin EM sections is detected by direct or indirect visualization
of antibodies by colloidal gold particles, which are electron dense for EM imaging but cannot be imaged by light
microscopy [4,5]. Additionally, the size of gold-antibody complexes provides a challenge since labeling efficiency
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decreases with larger gold particles (5—15 nm) [6,7]. Although ultra-small gold particles (0.8—1.4 nm) can improve
labeling and imaging resolution, detection requires silver enhancement which is subject to background and may
not reflect individual gold particles. These features therefore increase detection inaccuracies, potentially obscuring
ultrastructural details and increasing background due to heterogenous particle sizes. Accordingly, probes that are
reliably visualized and support dual FM and EM imaging are needed for immuno-EM applications [6-9].

Semiconductor QDs offer a promising platform to address these limitations. QDs exhibit high brightness,
photostability, and size-tunable emission [10—12], making them well suited as fluorescent probes in biological
systems [13—16]. In addition, their inorganic composition provides intrinsic electron density, suggesting their
potential as contrast agents for EM [17-19]. These properties make QDs attractive candidates for dual-modal
imaging. The ability to synthesize and functionalize QDs de novo provides flexibility to optimize particle size,
emission, and surface properties for specific research needs. Although functionalized QDs have shown efficient
correlative labeling in pre-embedding approaches [20-23], their use for post-embedding correlative FM and EM
on ultrathin sections has not been developed.

Because commercially available QDs may not always provide optimal surface functionalization, labeling
performance, and EM visibility, requiring signal enhancement in some cases [21], we describe in detail the
synthesis and functionalization of CdSe/CdS core/shell QDs for use as dual-modal labels in brain tissue post-
embedding immuno-EM. By functionalizing the QDs with streptavidin, biotinylated y-aminobutyric acid (GABA)
cells are successfully labeled and visualized in ultrathin brain tissue sections for both FM and EM imaging.
Ultrathin sections permit visualization of cells and subcellular structures that can be followed through consecutive
series of sections [24]. Immunolabeling using two consecutive serial sections demonstrates that the functionalized
streptavidin-QDs enable correlative FM and EM imaging in brain tissue, maintaining functionality across both
imaging workflows.

2. Results and Discussion

CdSe/CdS QDs were synthesized using the hot injection method [25]. The QDs exhibit a broad absorption
spectrum and a sharp photoluminescence (PL) maximum at 620 nm, as shown in Figure 1A. To further evaluate
their optical properties, the photoluminescence quantum yield (PLQY) was measured before and after aqueous
transfer. The as-synthesized QDs in hexane exhibited a PLQY of 44.5%, while the MUA-capped QDs after ligand
exchange and aqueous dispersion exhibited a PLQY of 16.2%. Although the PLQY decreased after ligand
exchange, the QDs retained detectable fluorescence in water (Figure S1), supporting their use as fluorescent
probes. Transmission electron microscopy (TEM) revealed that the QDs have a spherical morphology with an
average size of 9.0 £ 0.9 nm shown in Figure 1B. To make the QDs water soluble and thus biocompatible, ligand
exchange with mercaptoundecanoic acid (MUA) was performed on the as-synthesized QDs. Following ligand
exchange, the QDs were functionalized with streptavidin to allow for targeted biological labeling through biotin-
streptavidin interactions [26—28]. Details of the functionalization method are available in the Supporting
Information, Section 4.

To confirm that streptavidin has been successfully introduced on the QDs, Forster resonance energy transfer
(FRET) measurements were conducted using the streptavidin-functionalized QDs as an energy donor and Cy5
biotin as an acceptor fluorophore. The FRET measurement takes advantage of the spectral overlap between QD
emission and Cy5 dye absorption (Figure S2) and the strong distance dependence of FRET, which is most effective
over donor-acceptor separations of approximately 1-10 nm [29-31]. Therefore, Cy5 dye emission is only
detectable when Cy5 biotin binds to streptavidin on the QD surface and brings the acceptor fluorophore into close
proximity with the QD donor. For FRET measurements, streptavidin-functionalized QDs dispersed in PBS/BSA
were reacted directly with CyS5 biotin in solution and allowed to react for 30 min. Following the addition of Cy5
biotin to the streptavidin-functionalized QDs, the reaction mixture was excited at 400 nm to selectively excite the
QDs only and PL emission spectra were collected. Under these conditions, Cy5 emission was observed at 670 nm
(Figure 1C), indicating that FRET occurred due to successful binding of Cy5 biotin to streptavidin. Furthermore,
PL decay measurements were performed under the same experimental conditions using a 405 nm pulsed laser
excitation and the decay curves were fit using a tri-exponential function (Figure S3 and Table S1). A decrease in
the QD donor PL lifetime from 17.90 ns to 11.42 ns was observed in the presence of Cy5 biotin (Figure 1D). The
faster PL decay observed of the conjugated biotin-streptavidin pair indicates nonradiative energy transfer from
QDs to Cy5 which further confirms binding between streptavidin-functionalized QDs and Cy5 biotin [32-34].
These results demonstrate successful streptavidin functionalization at the QD surface.
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Figure 1. (A) UV-vis absorption spectrum (left axis) and photoluminescence (PL) emission spectrum (right axis)
of CdSe/CdS QDs in hexane. (B) Representative TEM image of the QDs. The inset shows a histogram of the QD
size distribution. (C) PL spectra of streptavidin-conjugated QDs before and after addition of Cy5 biotin, excited at
400 nm. (D) Time-resolved PL decays of streptavidin-conjugated QDs before and after addition of Cy5 biotin.

While successful conjugation of streptavidin was confirmed in vitro, removal of unbound streptavidin is
critical to ensure effective labeling of the targets in the tissue sections by QDs rather than free streptavidin. A 100
kDa molecular weight cut off filter was applied to purify the streptavidin-functionalized QDs to remove unbound
streptavidin. The QDs were evaluated for specific labeling in ultrathin brain tissue sections using an antibody-
based approach as illustrated in Figure 2A. The QDs were then used to visualize GABA, one of the main
neurotransmitters to identify inhibitory cell types in the brain, on ultrathin (70 nm) sections of rat brain [35,36].
Perfusion-fixed rat brains were sectioned on a vibratome and the amygdala region was dissected out and embedded
in resin following the procedure in Section 6 in the Supporting Information. Embedded tissue blocks were
sectioned at 70 nm using an ultramicrotome and sections placed on coverslips or gold pioloform grids were used
for immuno-EM labeling. The tissue sections were then treated with the primary antibody to GABA followed by
a biotinylated secondary antibody. Lastly, the tissue sections were incubated with streptavidin-QDs or AlexaFluor
647 as a control, as detailed in Section 7 in the Supporting Information. The tissues were examined under
fluorescence or transmission electron microscopes. Ultrathin tissue sections ensure that adjacent sections contain
nearly identical structural information, allowing reliable comparison across sections.

In the brain, GABA is found in the neuron cell body, as well as in dendrites and axons [36,37]. Labeling of
GABA cells using streptavidin-AlexaFluor 647 is seen with a strong labeled cell body (arrow in Figure 2B). A
consecutive section labeled with streptavidin-QDs show the same pattern of staining of the same cell (arrow in
Figure 2C), although some non-specific puncta were observed in the tissue (arrowheads in Figure 2C).
Fluorescence microscopy images of QDs were excited at 385 nm and emission was collected with an ET605/52
nm filter. Fluorescence imaging indicates that streptavidin-functionalized QDs preferentially bind in the presence
of biotin in tissue, with minimal QD signal observed in the absence of the primary antibody (Figure 2D). GABA
is widely distributed in the brain making it difficult to confirm non-specific QDs puncta in neuropil (the dense
space between neuronal cell bodies primarily composed of axons, dendrites and glial cells), so EM is needed to
confirm the specificity of the QD labels. Axons and dendrites can be followed through series of consecutive
ultrathin sections [24]. To test streptavidin-QDs labeling at EM resolution, two consecutive ultrathin 70 nm
sections were labeled with GABA, using one section with streptavidin AlexaFluor 647 as a validation of the labeled
structures (magenta signal in Figure 2E), and the following one with QDs directly to tissue on EM gold pioloform
grids (Figure 2F,G). Imaging at high resolution showed individual QDs on tissue structures (arrows in Figure 2G).
GABA positive puncta was aligned to specific neuronal processes using the AlexaFluor 647 signal (Figure 2E),
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and QDs were distributed within these processes (white arrows in Figure 2F,G). However, non-specific binding of
QDs was also present in some GABA-negative processes (arrowheads in Figure 2F), and not all GABA-positive
processes exhibited QD labeling (black arrow in Figure 2F). The presence of streptavidin-functionalized QDs on
some GABA-positive processes supports target-associated labeling; however, nonspecific binding in GABA-
negative structures and incomplete labeling of GABA-positive processes indicate that labeling efficiency and
specificity remain limited. These observations may reflect inefficient binding of the QD probes to the secondary
antibody due to incomplete removal of unbound streptavidin, as excess free streptavidin could occupy the
biotinylated secondary antibody sites. Although size exclusion filters have previously been used for QD
purification [38—40], as well as to remove excess free streptavidin [41], more precise purification methods, such
as high-performance size exclusion chromatography (HPSEC) may further reduce unbound streptavidin and QD
aggregates [42] potentially improving labeling specificity. Together, these factors highlight the importance of
optimizing purification and surface functionalization to improve labeling specificity in tissue sections.
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Figure 2. (A) Schematic of immunolabeling on 70 nm ultrathin sections. Signal from primary antibody is detected

by biotin and streptavidin interaction. Streptavidin is either fluorescent or functionalized with QDs. A GABA
positive cell is detected by fluorescent streptavidin (arrow in B) and streptavidin-QDs (arrow in C) after
immunolabeling is performed on ultrathin sections. A no primary antibody control shows less or no signal of
streptavidin-QDs (D). GABA positive processes are visualized at EM level after immunolabeling is performed on
EM gold pioloform grids. Fluorescence microscopy in a consecutive 70 nm section validates labeled structures
(magenta signal in E). Streptavidin-QDs are seen in positive (white arrows in F and G) and non-positive
(arrowheads in F) GABA processes. A positive GABA axon (black arrow in F) is shown with no QDs. (G) is an
inset magnification of the boxed region in (F). Scale bars: 10 um in (B), 200 nm in (E), and 10 nm in (G).

In conclusion, streptavidin functionalized CdSe/CdS QDs function as dual-modal probes that retain
fluorescence and electron contrast, enabling correlative imaging in ultrathin brain tissue sections. While specific
labeling of GABA neuronal processes was achieved, nonspecific binding and incomplete labeling indicates that
further optimization of purification and surface functionalization is needed. These results demonstrate the
feasibility of using semiconductor QDs for integrated fluorescence and electron microscopy and support their
continued development as multifunctional imaging probes.

Supplementary Materials: The following supporting information can be downloaded at: https://media.sciltp.com/articles/
others/2608141007326916/M1-26050111-SL.pdf, Chemicals, instrumentation, QD synthesis and surface functionalization
procedures, tissue embedding, sectioning and labeling procedures, and additional experimental data.
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