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mutation or CDR-grafting has been used to improve the performance
of failed scFvs58,59. Finally, purely in vitro approaches using phage
display or other methods can be used to screen naive or immune scFv
libraries to develop new scFvs60. We believe it is likely that there will be
a much broader selection of scFvs available through open-access
sources that can be effectively used as immuno-probes in the near
future, and they will become more widely used for both conventional
immunolabeling and volumetric CLEM.

Multiplexability, i.e., the ability to use multiple labels with differ-
ent colors, can make vCLEM more cost-effective and more powerful.
More resolvable color labels in a specimen means that more molecular
information can be extracted without the need of multiple samples.
Moreover, combinatorial labels may parse more cell types than pos-
sible with only a single label at a time. For example, in the cerebellum,
cells that are CB- and PV-positive are Purkinje cells, whereas PV-posi-
tive, but CB-negative cells, are molecular layer interneurons. This same
combinatorial approach will likely be useful in parsing various sub-
types of interneurons in the cerebral cortex.

With spectral unmixing, we were able to acquire six-color fluor-
escent image volumes from samples immunolabeled with scFv probes.
However, six-color images are not the upper limit of how many colors
can be disambiguated. With the growing list of functional scFvs,
optimized algorithms of linear unmixing can achieve super-
multiplexed fluorescence imaging with up to 45 colors13. It is possi-
ble that scFvs could also be conjugated with narrow-peaked Raman
imaging dyes to achieve multiplexed Raman vibrational imaging with
24 or more colors61. In addition, as our technique is based on immu-
nolabeling, it can be easily combined with other types of functional
vCLEM. For example, scFv-enabled immunofluorescence can be
applied to samples that have been functionally imaged with calcium or
voltage indicators, so that the molecular identities of the neurons
whose functional properties have been analyzed can also be deter-
mined. This advantage can greatly expand the knowledge of neural
networks examined by functional live imaging.

We used confocal microscopy to acquire fluorescence volumes of
scFv-labeled samples because of the power of spectral unmixing to
separate multicolor fluorescence. The superior ability of scFvs to
penetrate 1-mm thick brain tissue sections as demonstrated in this
study can allow large-scale vCLEM with techniques like multicolor
2-photon microscopy62–65, lightsheet microscopy in uncleared
tissue66,67, and confocal microscopy done with clearing approaches
compatible with electron microscopy68.

One of the fundamental questions in neuroscience is the rela-
tionship between transcriptomically derived cell types and histologi-
cally derived cell classifications. The use of CLEM with many molecular
probes is a path forward. One area is the use of machine learning to
differentiate two different molecularly defined cell types. We showed
this when distinguishing between two kinds of mossy terminals,
despite having the same neurotransmitter and being functionally and
gross-anatomically similar (Fig. 7). More recent machine learning
algorithms like “SegCLR”69 may also be a promising approach for cell
typing in vCLEM datasets.

Methods
Animals
Animals used in the study were adult (8–12 weeks) female C57BL/6J and
YFP-H mice (Jackson Laboratory #003782) or adult (8–12 weeks)
female Sprague Dawley rats. The vCLEM dataset was collected from a
female adult C57BL/6J mouse. All experiments using mice were con-
ducted according to US National Institutes of Health guidelines and
approved by the Institutional Animal Care and Use Committee at
Harvard University (protocol number 24-08-4). The housing condi-
tions are: Dark/light cycle: Lights on at 6 am and off at 8 pm (14 L:10D);
Ambient temperature: 22 °C ± 1; Humidity: 30–70%. All experiments
for rat immunohistochemistry were performed in strict compliance

with the University of California Davis ethical regulations for studies
involving animals as approved by the University of California Davis
Animal Care and Use Committee (protocol #: 23734). UC Davis Animal
Welfare Assurance Number (Vertebrate Animals) A-3433-01. The
housing conditions are: Dark/light cycle: Lights on at 7 am and off at
7 pm (12 L:12D); Ambient temperature: 20–26 °C; Humidity: 30–70%.

ScFv production
The amino acid sequence of scFv was designed by linking the variable
domains of the heavy chain and the light chain of a mAb with a
(GGGGS GGGGS GGGGS) linker (3× linker), a (GGGGS GGGGS GGGGS
GGGS) linker (4× linker 1), or a (GGGGS GGGGS GGGGS GGGGS)
linker (4× linker 2). A signal peptide (MDWTWRILFLVAAATGAHS or
MGWSCIILFLVATATGVHS) was added to the N’-terminus. A sortase
tag (SLPETGG) and a 6× His tag was added to the C’-terminus. The
amino acid sequence was reverse-translated into a DNA sequence
with codon optimization for human cells. The DNA sequence was
synthesized and cloned into pcDNA 3.1 or pcDNA 3.4 vectors.

Expi 293 cells (Thermo Fisher #A14527) were used for scFv
expression. The cells were maintained in Expi 293 Expression Medium
(Thermo Fisher # A1435101) and passaged every other day. After two
rounds of passage, transfection of the scFv expression plasmids was
carried out using 293fectin (Thermo Fisher #12347019) following the
vendor’s protocol. For 100 ml culture with 1 × 108 cells, we used 100 µg
plasmid DNA and 200 µl 293fectin. Cells were incubated for another
7 days, after which the culture supernatant was collected. The super-
natant was incubated with Ni-NTA agarose (Thermo Fisher # R90110).
After washing with Tris buffer (50 mM Tris, 150 mM NaCl,
pH = 7.5–8.0), the bound proteins were eluted with the elution buffer
(250 mM imidazole, 50 mM Tris, 150 mM NaCl, pH = 7.5–8.0). The
eluted proteins were loaded into Millipore Sigma Amicon Ultra-15
centrifugal filter unit (Fisher Scientific #UFC903024), washed with Tris
buffer, and then buffer exchanged into Tris buffer with 15% glycerol
(Millipore Sigma #G5516) by centrifugation at 3257×g at 4 °C. The
concentration of the purified protein was determined by A280. The
purified protein was stored at −20 °C.

Sortase reaction
The GGGC peptide was synthesized at BIOMATIK. The GGGC pep-
tides were dissolved in 1× PBS (Millipore Sigma #P3813) at a con-
centration of 20 mg/ml. The fluorescent dyes in maleimide form
(Thermo Fisher # A10254, # A20347, # A10256, # A10255; Lumiprobe
# 17180) were dissolved in DMSO (Millipore Sigma # D8418) at the
concentration of 20 mM. The dissolved peptide and fluorescent dyes
were mixed at the molar ratio of 12:1 and then incubated with shaking
at 800 rpm at 4 °C overnight on an Eppendorf ThermoMixer (same
below). The GGGC-dye conjugates were purified by HPLC. The
identity of the purified conjugates were confirmed by mass spec-
troscopy, lyophilized, and then re-dissolved in ddH2O at the con-
centration of 4 mM.

The sortase reaction was performed as described in ref. 70. In
brief, GGGC-dye conjugates (500 µM) and sortase tag-containing scFvs
(100 µM) were mixed in the sortase reaction buffer (50 mM Tris-HCl,
150 mM NaCl, 10 mM CaCl2, pH = 7.5–8.0), followed by adding sortase
A pentamutant that has a 6× His tag (2.5 µM) (a gift by Dr. Tao Fang).
The mixture was incubated with shaking at 500 rpm at 12 °C for 3 h.
Then Ni-NTA agarose was added into the mixture, followed by an
incubation shaking at 500 rpm at RT for 20 min to remove sortase and
any leftover GGGC-dye conjugates. After the incubation, the mixture
was loaded into a mini-column (USA Scientific #1415-0600) and cen-
trifuged briefly to remove the Ni-NTA agarose. The filtered solution
that contains the scFv-dye conjugates was loaded into Millipore
Sigma Amicon Ultra-4 centrifugal filter unit (Fisher Scientific
#UFC801024), washed with Tris buffer, and then buffer exchanged
into Tris buffer with 15% glycerol by centrifugation at 3257 × g at 4 °C.
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