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specificity in immunofluorescent labeling and
optical super resolution imaging of microtubules+

i ") Check for updates ‘

Cite this: RSC Adv., 2017, 7, 39977

Shenfei Zong, Chen Chen, Yizhi Zhang, Lang Li, Zhuyuan Wang™* and Yiping cui®~

When performing immunofluorescent labeling of microtubules, Triton X-100 (TX100) is commonly used as
the cell membrane permeabilization agent to improve the accessibility of antigens. Usually, before
immunofluorescent labeling, cells are fixed first by aldehydes, followed by permeabilization with TX100.
Here, we report an innovative immunofluorescent labeling strategy for microtubules with a meaningful
alteration, that is, to treat cells with TX100 first and fix with aldehydes later. We proved that this subtle
change can greatly improve the specificity of microtubular immunolabeling. However, treating cells first
with TX100 can also severely disrupt the integrity of microtubules if an excessive amount of TX100 is
used. Hence, TX100 is a "double-edged sword” in immunofluorescent labeling of microtubules and
its dosage is In the experiment, we compared different
immunofluorescent labeling protocols using various cell lines and found that treating cells with 0.02%
TX100 before fixation is an optimal solution. Confocal laser scanning microscopy (CLSM), atomic force

elaborative control of required.

Received 22nd June 2017 . . — ) - .
Accepted 5th August 2017 microscopy (AFM) and single molecule localization microscopy (SMLM) are utilized to verify the
immunofluorescent labeling results performed via the presented unusual protocol. It is possible that

DOI: 10.1039/c7ra06949a such a modified immunofluorescent labeling protocol of microtubules can be generalized as a universal
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Introduction

Immunofluorescent labeling is a powerful tool in immunology
and optical microscopy. By tagging the target antigens with
fluorophore labeled antibodies, immunofluorescent labeling
can “visualize” the antigens (e.g. specific proteins, cell organ-
elles), allowing biochemical or morphological study of the
targets." Usually, immunofluorescent labeling follows a sand-
wich-type labeling strategy (i.e. the indirect immunofluores-
cent labeling). The target antigens are first recognized by
monoclonal primary antibodies. Then these primary antibodies
are subsequently recognized by polyclonal secondary antibodies
that are fluorescently labeled. In this way, the target antigens
can be indirectly labeled with fluorophores. The polyclonal
secondary antibodies here act as a signal amplifier. Moreover,
fluorescently labeled secondary antibodies are relatively
cheaper than fluorescently labeled primary antibodies. Hence,
such a sandwich-type strategy can reduce the overall costs as
well as improve the fluorescence signal intensity as compared
with direct immunofluorescent labeling.>**
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One of the most commonly investigated immunofluorescent
labeling targets is microtubule, which is a vital component of
the cytoskeleton. Microtubule plays important roles in cellular
events such as cell division and intracellular substance trans-
portation. They are formed by the polymerization of a protein
dimer of a-tubulin and B-tubulin.>” Fluorescent labeling of
microtubules can be realized by various methods, such as
staining with commercialized organic dyes and transfection
with fluorescent proteins. Here, we focus on immunofluores-
cent labeling of microtubules, which is usually performed on
fixed cells. Either a-tubulin or B-tubulin can be chosen as the
antigen.*® Before immunofluorescent labeling, cells should be
fixed and permeabilized since it is quite difficult for primary
and secondary antibodies to penetrate through intact cell
membranes. Ordinary microtubular immunofluorescent
labeling procedures can be briefly described as follows.'***
Cells are first fixed with aldehydes and then permeabilized with
TX100. After permeabilization, primary antibodies are added to
bind to tubulins. Finally, fluorescent secondary antibodies are
added to recognize primary antibodies. Thus, immunofluores-
cent labeling is completed. The nonionic surfactant TX100 is
one of the popular cell permeabilization agents. TX100 mole-
cules can insert into lipid bilayers and destroy the integrity of
cell membranes, making the tubulins more accessible to anti-
bodies.” In addition to permeabilize the membrane of fixed
dead cells, TX100 can also permeabilize living cells to deliver
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(@) Schematic illustration of the three different fluorescent immunolabeling protocols. The green lines represent microtubules. (b)

Graphical illustration of the immunolabeling strategy. Images are not to scale.

molecules which can not penetrate intact cell membranes.
Previous literature has reported that reversible membrane per-
meabilization can be realized when TX100 with a low dosage is
used." However, excess dosage of TX100 will result in severe cell
damage and instant cell death.™

Since TX100 can permeabilize living cells without obvious
disrupting of the cells if appropriate amount is used, we
wondered what if we permeabilize the cells while they are still
alive and then fix them during immunofluorescent labeling. To
find out the difference between permeabilization first or fixa-
tion first, we conducted several experiments as shown in Fig. 1a.
Generally, microtubules are labeled using three different
immunofluorescent labeling protocols. The ordinary protocol
(denoted as Protocol 1) fixes the cells first and permeabilizes
later. The second and third protocols (denoted as Protocol 2 and
Protocol 3, respectively) permeabilize the cells first and then fix
later. The difference between Protocol 2 and Protocol 3 is that
different concentrations of TX100 are used during per-
meabilization. In Protocol 2, an appropriate dosage of TX100
(0.02%) is used while in Protocol 3 an excess amount of TX100
(0.2%) is utilized. In the experiment, we employed several
microscopic techniques to study the labeling results, including
CLSM, AFM and SMLM. To investigate the universality of the
presented protocol, we also conducted immunofluorescent
labeling of microtubules using different cell lines, including
human cervical cancer cells (HeLa), human breast cancer cells
(SKBR3) and human embryonic lung fibroblasts (MRC-5).
Moreover, secondary antibodies labeled with different types of
fluorophores (i.e. organic dyes and quantum dots) are also
tested.

Results and discussion
CLSM imaging

The immunolabeling principle of microtubules is illustrated in
Fig. 1b. B-Tubulin is used as the antigen, which can be recog-
nized by the primary antibody (mouse anti-p-tubulin
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monoclonal antibody). The primary antibody is subsequently
recognized by secondary antibodies. Two types of secondary
antibodies are used. The first one is Alexa Fluor 647 labeled goat
anti-mouse IgG polyclonal antibody (denoted as secondary
antibody 1), the second one is quantum dots (QDs) labeled
donkey anti-mouse IgG polyclonal antibody (denoted as
secondary antibody 2). Fluorescence spectra of the two
secondary antibodies are shown in Fig. S1 in the ESLf}
Secondary antibody 1 is tagged with organic dyes and secondary
antibody 2 is tagged with quantum dots. The main difference
between these two kinds of antibodies is the size of the fluo-
rophores. The diameter of QDs (e.g. 8-10 nm) is much larger
than the size of the dye molecules (e.g. 1-2 nm). Testing anti-
bodies with different sizes can better evaluate the cell
membrane permeabilization results of TX100 and facilitate
comprehensive investigations of the labeling results of different
immunofluorescent labeling protocols.

CLSM imaging results of HeLa cells labeled with secondary
antibody 1 via different protocols are presented in Fig. 2. The
detailed procedures of each protocol are presented in the
Experimental section. Fig. 2a is a representative image of cells
prepared using Protocol 1 (i.e. the ordinary fix first strategy). As
can be seen, the microtubules are well preserved and stained.
Such a standardized and widely used labeling strategy (i.e.
Protocol 1) can well hold the natural status of microtubules
right before the fixation of the cells. For cells prepared using
Protocol 3, that is permeabilization first with 0.2% TX100, only
a few microtubular fragments are left (Fig. 2b). The reason is
that in Protocol 3, a relatively high concentration of TX100
(0.2%) is used. TX100 at such dosage can instantly destroy the
integrity of microtubules by dissolving tubulins (since tubulins
are TX100 soluble).'® While for cells labeled using Protocol 2,
that is permeabilization first with 0.02% TX100, enormous
microtubules are retained (Fig. 2c) and successfully labeled.
However, the overall morphology of the microtubules in Fig. 2c
(Protocol 2) is quite different from that shown in Fig. 2a
(Protocol 1). Previous literature has reported that living HeLa

This journal is © The Royal Society of Chemistry 2017
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Fig. 2 CLSM images of Hela cells labeled using different protocols. (a and d) Protocol 1; (b and e) Protocol 3; (c and f) Protocol 2. (a—c)
Secondary antibody 1 was used; (d—f) secondary antibody 2 was used. Scale bars: 20 um. (g and h) Reconstructed three-dimensional CLSM
images of Hela cells prepared with Protocol 1 (g) and Protocol 2 (h). Secondary antibody 1 was used. The red and yellow arrows indicate the cross
sectional views. Images are reconstructed from Z-stack CLSM slices with a step size of 1 um.

cells become permeabilized with 0.17 mM (i.e. 0.011%) TX100
present.”®* Since 0.02% TX100 is used in Protocol 2, it is
reasonable that the microtubular morphology is different from
Protocol 1, because some microtubules might be dissolved by
TX100. We also tried TX100 with lower concentrations with
2 min permeabilization in Protocol 2, hoping to reduce the
influence of microtubular morphology. As shown in Fig. S2 and
S3 in the ESLT not all the cells are labeled, indicating that
permeabilization with less TX100 is insufficient. Besides, if we
extend the permeabilization time (e.g. 3-4 min), most cells will
detach from the culture dish even when TX100 with quite low
concentrations is used (0.002% and 0.008%). Considering all
the above, we concluded that permeabilizing with 0.02% TX100
for 1 min is optimal for Protocol 2. Fig. 2g and h are the

This journal is © The Royal Society of Chemistry 2017

reconstructed three-dimensional (3D) CLSM images of HeLa
cells prepared using Protocol 1 and Protocol 2, which better
proved that Protocol 2 can indeed preserve most microtubules
(see the cross-sectional views).

Fig. 2d-f are CLSM images of HeLa cells labeled with
secondary antibody 2 using different protocols. For HeLa cells
labeled using Protocol 1, high backgrounds are observed and
the microtubular structures are hard to distinguish, indicating
a low labeling specificity (Fig. 2d). For HeLa cells treated with
Protocol 3 shown in Fig. 2e, similar to those shown in Fig. 2b,
the microtubules are destroyed with only a small fraction left.
Besides, secondary antibody 2 tends to adsorb on the remaining
cell nucleus, which is a common phenomenon when adding
quantum dot probes into fixed cells. While for HeLa cells

RSC Adv., 2017, 7, 39977-39988 | 39979
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labeled using Protocol 2 as presented in Fig. 2f, microtubules
are successfully stained with a better specificity as compared
with cells labeled via Protocol 1. When comparing Fig. 2f and
dwith 2c and a, it can be seen that the improved performance of
Protocol 2 are more remarkable when secondary antibody 2 is
used, because Fig. 2d exhibits a quite low specificity while

Fig. 3
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Fig. 2f reveals a much better specificity. Possible reason might
be that compared with secondary antibody 1, secondary anti-
body 2 is more likely to adsorb to non-specific binding sites. The
immunolabeling specificity of QDs labeled antibodies (both
customized and commercialized ones) is not as good as that of
dyes labeled antibodies, we have observed such a phenomenon

(a—f) CLSM images of MRC-5 cells labeled using different protocols. (a and d) Protocol 1; (b and e) Protocol 3; (c and f) Protocol 2. (a—c)

Secondary antibody 1 was used; (d—f) secondary antibody 2 was used. Scale bars: 20 pm. (g—1) CLSM images of SKBR3 cells labeled using different
protocols. (g and j) Protocol 1; (h and k) Protocol 3; (i and |) Protocol 2. (g—i) Secondary antibody 1 was used; (j—|) secondary antibody 2 was used.

Scale bars: 20 pm.
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in our daily experiments. By searching the literature, we can also
found that the labeling results of QDs are often poorer than
dyes.*>'”*® So the high background of cells labeled with QDs
might originate from the relatively poorer specificity of anti-
bodies attached with QDs as compared with antibodies
attached with dyes. Possible cause of the poorer immuno-
specificity might be that the size of QDs (e.g. 8-10 nm) is
much larger than that of the dye molecules (e.g. 1-2 nm). It is
possible that such a large size of QDs might influence the
immuno-specificity of the secondary antibody. However, by
using the presented Protocol 2, the specificity of QDs labeled
antibodies can be greatly improved as shown in Fig. 2f. Z-stack
CLSM images of the cells shown in Fig. 2d-f are provided in the
ESI as Fig. S4-S6,t respectively, which more vividly reveal the
improved labeling efficiency of Protocol 2.

Worth mentioning is that in Protocol 1, we tried different
TX100 concentrations (0.02%, 0.2% and 2%) and various per-
meabilization times (10 min, 15 min and 20 min) in the
experiments, which all produced similar results. However, in
Protocol 2, permeabilization only lasts for 1 min (see the
Experimental section for more detail). Longer permeabilization
time would cause the cells to detach from the dishes. Although
permeabilizing cells first with TX100 can improve the labeling
specificity, excess amount of TX100 will completely destroy the
microtubular structure (Protocol 3). Consequently, TX100 here
acts as a double-edged sword and requires careful control of its
dosage and incubation time.

Next, to find out the applicability of Protocol 2 when labeling
other types of cells, we performed immunofluorescent labeling
of microtubules using MRC-5 cells and SKBR3 cells. Different
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protocols and different secondary antibodies are also tested, the
results are presented in Fig. 3. Similarly, both MRC-5 and
SKBR3 cells are severely damaged in Protocol 3, leaving only
a few fragmental microtubules (see Fig. 3b, e, h and k). High
backgrounds and low labeling specificity are observed in cells
prepared via Protocol 1 (see Fig. 3a, d, g and j). While for cells
treated with Protocol 2, excellent labeling specificity is achieved
(see Fig. 3¢, f,iand 1). Z-stack CLSM images of the cells shown in
Fig. 3 are presented in the ESI as Fig. S7-S18,f which more
convincingly prove the better immunofluorescent labeling
results of Protocol 2. Previously literature has mentioned that
treating cells first with TX100 can improve labeling specificity of
tissues.'® Here, by using different cell lines, we more thoroughly
investigated the role of TX100 in immunofluorescent labeling of
microtubules.

To explore the reason why Protocol 2 can support an
improved labeling specificity, we conducted coomassie brilliant
blue (CBB) and PKH26 staining of cells. CBB can stain the
proteins remained in the cells and PKH26 can label the cell
membrane. Since we are trying to study the intrinsic difference
among cells prepared by various protocols, cells are only fixed
and permeabilized (without the addition of blocking serums
and antibodies). Detailed staining procedures are presented in
the Experimental section. The results are shown in Fig. 4.
Fig. 4a—c are cells labeled with CBB, darker image means more
CBB molecules are bind to the cells (i.e. more proteins are
retained in these cells). So it is obvious that the amount of
remained proteins in cells treated with different protocols is
Protocol 1 > Protocol 2 > Protocol 3. Fig. 4d—f are cells labeled
with PKH26, brighter image means more PKH26 molecules are

Fig.4 CBB stained cells (a—c) and PKH26 labeled cells (d-f). (a and d) Cells prepared via Protocol 1. (b and e) Cells prepared via Protocol 2. (c and
f) Cells prepared via Protocol 3. The scale bars in (@a—c) are 20 pm and those in (d—f) are 50 pm.

This journal is © The Royal Society of Chemistry 2017
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labeled to the cells (i.e. more lipid membranes are left in these
cells). Clearly, the amount of remained lipid membranes in cells
treated via different protocols is Protocol 1 < Protocol 2 =
Protocol 3. Besides, we also stained the membrane of cells
which are only fixed with PFA without membrane per-
meabilization by TX100. The result is presented in Fig. S19 in
the ESI, T which is similar to Fig. 4e and f. This indicates that the
membranes of cells prepared by Protocol 2 and Protocol 3 are
relatively intact. Such a result of lipid membrane contents is
rational considering the fact that cells are incubated with TX100
for 20 min in Protocol 1 while only for 1 min in Protocol 2 and
Protocol 3. Considering all the above results in Fig. 4, we came
to the following conclusion. For cells prepared via Protocol 1,
the cell membranes are dissolved to a large extent yet the
cellular proteins are well preserved. For cells prepared via
Protocol 2, the cell membranes are well preserved and quite
a few cellular proteins are also retained. For cells prepared via

0 nm

1300 nm

0 nm
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Protocol 3, the cell membranes are well preserved yet many
proteins are dissolved. In Protocol 2 and Protocol 3, although
living cells are only incubated with TX100 for 1 min, it is still
sufficient for TX100 to extract TX100 soluble proteins. Besides,
membrane punching is also enough with such a short per-
meabilization time since primary and secondary antibodies can
penetrate through the cell membrane in Protocol 2 and Protocol
3 (otherwise microtubules will not be stained in Protocol 2 and
Protocol 3).

Hence, detailed mechanism of the improved labeling speci-
ficity observed in Protocol 2 can be explained as follows. On one
hand, TX100 acts both as the membrane pemeabilization and
protein extraction agents.*® As a nonionic detergent, TX100 can
break the binding between lipid-protein yet has a relatively
weak influence on protein-protein binding. On the other hand,
proteins in fixed cells are covalently cross-linked as a network by
the fixative (i.e. PFA), keeping the steric configuration of the

Fig.5 Two-dimensional AFM and fluorescence images of Hela cells labeled using different protocols. Secondary antibody 1 is used. The color-
coded scale bars on the right side of the AFM images represent heights. (al—cl) Protocol 1, (a2-c2) Protocol 2, (a3-c3) Protocol 3. (a) AFM
images, (b) fluorescence images, (c) merged AFM and fluorescence images. The white dashed circles indicate the FOV of the epi-fluorescence

microscope.
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proteins unchanged as well as maintaining the antigenicity of
the proteins. Considering these two facts, the difference in
labeling specificity of cells treated by different protocols
becomes reasonable. For cells fixed first (i.e. Protocol 1),
proteins (especially those in the cytoplasm) are cross-linked and
become insoluble toward TX100. Consequently, TX100 can only
disrupt the lipid membrane and extract membrane proteins
(see Fig. 4a and d), leaving behind most of the cytoplasmic fixed
proteins (including microtubules). The remaining cross-linked
proteins can act as non-specific binding sites during immuno-
fluorescent labeling, resulting in a relatively high background
and a low specificity. Contrarily, for cells treated with TX100
first (i.e. Protocol 2), proteins are not fixed. Upon adding into
the living cells, TX100 can instantly punch into the cytoplasm
and dissolve as much soluble proteins as possible. Microtu-
bules are formed by polymerization of tubulin dimers, which
represents relatively strong protein-protein interactions. As

Fig. 6
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a result, microtubules are dissolved relatively slow by TX100. If
properly controlled, most of the microtubules can be preserved.
Since TX100 soluble proteins have already been extracted by
TX100 (see Fig. 4b), less non-specific binding sites are left in
these cells. Hence, a quite high labeling specificity of microtu-
bules is achieved. However, if extensive TX100 is added to living
cells (i.e. Protocol 3), similar to cell lysis, plenty of proteins are
dissolved, leaving only a small fraction of broken microtubules,
the cell nucleus and some TX100 insoluble proteins (e.g. F-actin
filaments) (see Fig. 4c).*** Thus, the mechanism under the
improved labeling specificity of Protocol 2 is uncovered.

If comparing the labeling results of HeLa, MRC-5 and SKBR3
cells treated via Protocol 2, one can find that the overall integrity
of retained microtubules is SKBR3 > HeLa > MRC-5 (see Fig. 2
and 3 and the Z-stack images in Fig. S9 and S157). One possible
explanation is that the tolerance of microtubules of living cells
toward 0.02% TX100 is SKBR3 > HeLa > MRC-5, hence, SKBR3
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(a) 3D AFM images of the identical HelLa cells shown in Fig. 3. (b) The height distributions along the yellow dashed lines shown in Fig. 5a. (al

and bl) Hela cells labeled using Protocol 1, (a2 and b2) Hela cells labeled using Protocol 2, (a3 and b3) Hela cells labeled using Protocol 3.
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cells can still maintain a fine microtubular morphology.
However, even for SKBR3 cells, the amount of TX100 still
requires careful control, otherwise microtubules will also be
broken (Fig. 3h and k).

AFM imaging

To further study the morphological differences between cells
labeled using different protocols, we also performed AFM
measurements of immunofluorescent labeled cells, using HeLa
cells as a representative. A commercialized Bruker Bioscope
Resolve AFM system is used, which is mounted on an inverted
epi-fluorescence microscope. This system allows simultaneous
collection of AFM and fluorescence images of the same sample
region. At present, the field of view (FOV) of the epi-fluorescence
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microscope is only approximately 50 um due to its optical
alignments. Besides, fluorescence images and AFM images are
collected using two separate softwares (Micro-Manager 1.4 and
Nanoscope 9.2, respectively) due to incompatibility between the
AFM software (Nanoscope 9.2) and the CCD (Photometrics,
CooISNAP MYO) of the epi-fluorescence microscope. As a result,
FOVs of the AFM and fluorescence microscope are not over-
lapped precisely. In spite of these inconvenience, the AFM
system can still be used to perform a rough colocalization of the
AFM and fluorescence images. Representative results are shown
in Fig. 5, where AFM, fluorescence and merged AFM-
fluorescence images are all presented. The upper panel is
HeLa cells labeled using Protocol 1, the middle panel is HeLa
cells labeled using Protocol 2 and the lower panel is HeLa cells

«

¥
s
)+
-
\i

Fig.7 SMLM imaging results of Hel a cells prepared using different labeling protocols. SMLM images are reconstructed from 20 000 frames with
an exposure time of 30 ms. (al and bl) Protocol 1, (a2 and b2) Protocol 2, (a3 and b3) Protocol 3. Left panel: wide field fluorescence images,
middle panel: SMLM images, right panel: enlarged SMLM images of the regions as indicated by the yellow dashed boxes.
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treated with Protocol 3. The epi-fluorescence images in Fig. 5b1-
b3 are similar to the CLSM images presented in Fig. 2a-c. The
AFM images also reveal that soundness of the morphology of
cells treated with different protocols is Protocol 1 > Protocol 2 >
Protocol 3 (Fig. 5a1-a3), which corresponds well with the fluo-
rescence images. The 3D AFM images shown in Fig. 6al-a3
more clearly support such a conclusion. Besides, the heights of
the cells treated by different protocols are Protocol 1 > Protocol
2 > Protocol 3 (Fig. 6b1-b3). This is reasonable since the amount
of remained proteins in these cells also follows such an order
(see Fig. 4). From the AFM-fluorescence colocalization results,
we affirmed that Protocol 1 can well keep the microtubular
structure because cells are killed and fixed first. Protocol 2
permeabilize live cells first with TX100, hence, the microtubules
are partially solubilized by TX100. Protocol 3 utilized an excess
amount of TX100, which instantly dissolves soluble proteins
(including tubulins), remaining only a few microtubule
segments. So the difference between the morphology of cells
treated with different protocols can be summarized as follows.
For cells treated with Protocol 1, proteins are cross-linked and
become insoluble toward TX100. Consequently, all these
proteins will be retained during the whole labeling procedure
and thus the morphology of cells treated with Protocol 1 is well
preserved (Fig. 6a). For cells treated with Protocol 2, TX100 can
dissolve as much soluble proteins as possible. Besides, micro-
tubules are dissolved relatively slow by TX100. So most of the
microtubules will remain during the labeling procedures and
the cell morphology is partially damaged due to the extraction
of TX100 soluble proteins (Fig. 6b). For cells treated with
Protocol 3, plenty of proteins are dissolved due to the excess
amount of TX100, leaving only a small fraction of broken
microtubules, thus the integrity of cell morphology is greatly
damaged (Fig. 6¢). The AFM-fluorescence colocalization results
more directly demonstrate the subtle yet important role of
TX100 in microtubular labeling.

SMLM imaging

Finally, we try to find out if Protocol 2 is also suitable for
preparing optical super resolution imaging samples since
microtubule is a quite popular object in super resolution
imaging. SMLM is one of the optical super resolution imaging
techniques which can break the diffraction limits.>*»** SMLM
utilizes repetitive imaging and localization cycles to reconstruct
super-resolved images.”*>* Secondary antibody 1 in our experi-
ments is tagged with Alexa Fluor 647, which has been proven to
be an excellent fluorophore for SMLM applications.** Hence, we
conducted SMLM imaging of microtubules using HeLa cells as
an example. HeLa cells were labeled using different protocols
and imaged with a Zeiss Elyra P.1 system. The results are shown
in Fig. 7, where both wide field and SMLM images are pre-
sented. The first thing for sure is that SMLM images all exhibit
an improved spatial resolution as compared with wide field
images no matter which one of the protocol is used. Localiza-
tion precisions of microtubules labeled via different protocols
are similar as can be seen from Fig. 8a (around 20 nm). This is
rational since localization precision is primarily determined by

This journal is © The Royal Society of Chemistry 2017
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the fluorophore itself and the microscope system. Fig. 8c shows
the intensity profiles obtained from wide field and SMLM
images along the red dashed line region in Fig. 7a2. The yellow
shadows indicate that microtubules indistinguishable in the
wide field image can be well resolved in the SMLM image,
confirming a much better spatial resolution of SMLM. After
carefully checking the SMLM images (see the enlarged SMLM
images in Fig. 7), one can find that high backgrounds are
detected in microtubules labeled with Protocol 1 while negli-
gible backgrounds are observed in samples prepared via
Protocol 2 and Protocol 3 (Fig. 8b). The sparse bright spots
observed in the background of the enlarged SMLM image of
Protocol 1 must originate from non-specific binding sites. This
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Fig. 8 (a) Localization precisions, (b) background levels, (c) pink curve:
intensity profile along the red dashed line in the wide field image
shown in Fig. 7a2. Green curve: intensity profile along the same region
in the SMLM image shown in Fig. 7b2. The data are analyzed using the
Zeiss Zen 2012 software.
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means that the improved labeling specificity of Protocol 2 is
more evident when samples are imaged using SMLM, which in
turn more convincibly strengthens the explanation on why
Protocol 2 produces higher labeling specificity (because less
non-specific proteins are left in Protocol 2). More importantly,
as can be seen from the dashed white circles in the enlarged
SMLM images (as well as Fig. S20 in the ESIt), closely packed
microtubules can be well resolved in Protocol 2 while poorly
distinguishable in Protocol 1, indicating that the improved
labeling specificity of Protocol 2 also can support a better spatial
resolution. Possible reason of the poor spatial resolution of
Protocol 1 can be explained as follows. The main cause is the
enormous non-specific binding sites presented in cells treated
by Protocol 1. First, antibodies will bind to these non-specific
sites, resulting in a lower labeling density of microtubules.
Second, Alexa Fluor 647 tagged on the non-specific sites will
also fluoresce during SMLM, which is a huge interference
toward those tagged on microtubules, resulting in less effective
localization cycles and thus poor image qualities.** We have
tried antibodies with higher concentrations and longer SMLM
image acquisition times, making sure that plenty of antibodies
were present and the localization cycles were sufficient.
However, this made no big difference to the final results. The
above experimental observations proved that excellent labeling
specificity matters much in SMLM imaging and Protocol 2 is
a more superior choice as compared with Protocol 1 when
performing SMLM experiments.

Conclusions

A new immunofluorescent labeling strategy for microtubule is
presented, in which living cells are permeabilized first with
TX100 and then fixed with aldehydes. Such an innovative
protocol (i.e. Protocol 2) is proven to hold high labeling speci-
ficity and low backgrounds as compared with the ordinary
immunofluorescent labeling protocol (i.e. Protocol 1). TX100 in
Protocol 2 acts like a double-edged sword. On one hand, TX100
can permeabilize membranes of living cells and extract non-
specific proteins to improve the labeling specificity. On the
other hand, it can also instantly damage microtubules. As
a result, usage of TX100 requires elaborate control. The exper-
imental results show that treating cells first with 0.02% TX100
for 1 min and then fixing cells with aldehydes is an optimal
strategy (i.e. the Protocol 2). Besides, different cell lines exhibit
various tolerance toward TX100. For example, microtubules of
SKBR3 cells are perfectly reserved while those of MRC-5 cells are
partially damaged to a relatively high extent when labeling via
Protocol 2. Consequently, we suggest that whether to use
Protocol 1 or Protocol 2 should be determined according to
specific applications. For example, when studying the structural
or dynamical characteristics of microtubules, Protocol 1 would
be a better choice since it can well preserve the exact status of
microtubules. While if one is trying to obtain a SMLM image
with high quality or testing the performance of newly developed
antibodies and fluorophores, Protocol 2 can be a fine choice
since it will provide an excellent labeling specificity. It is hopeful
that such an innovative Protocol 2 can be generalized to other
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cell lines although the dosage and permeabilization time of
TX100 might require a little adjustments. In summary, the new
protocol produces extraordinary microtubular labeling results
yet it is quite simple, which demonstrates excellent potentials in
microtubule-related studies.

Experimental section

Materials

Sodium borohydride (NaBH,) and glutaraldehyde (GA) were
purchased from Alfa Aesar. Mouse anti-p-tubulin monoclonal
antibody (primary antibody), Alexa Fluor 647 labeled goat anti-
mouse IgG polyclonal antibody (secondary antibody 1) and
quantum dot labeled donkey anti-mouse IgG polyclonal anti-
body (secondary antibody 2) were purchased from Thermo-
Fisher Scientific. PKH26 kit for cell membrane labeling was
obtained from Sigma-Aldrich. TX100 was purchased from
Aladdin®. Polyformaldehyde (PFA, 4% in PBS), coomassie
brilliant blue (CBB) protein staining kit and PBS buffer were
purchased from KeyGEN BioTECH. Normal goat serum (NGS)
was purchased from BOSTER Biological Technology. Normal
donkey serum (NDS) was purchased from Jackson ImmunoR-
esearch. All the reagents were used as received. Deionized water
(Millipore Milli-Q grade) with a resistivity of 18 MQ cm™ " was
used in all the experiments.

Cell culture and immunofluorescent labeling

Cell culture. HeLa, SKBR3 and MRC-5 cells were purchased
from China Type Culture Collection. Cells were kept under
standard cell culture condition (5% CO,, 37 °C). SKBR3 was
cultured in RPMI1640, while HeLa and MRC-5 were cultured in
DMEM. The culture media were supplemented with 10% fetal
bovine serum (GIBCO) and 1% penicillin-streptomycin (Key-
GEN BioTECH). For immunofluorescent labeling, cells were
seeded into Nunc™ Lab-Tek™ II Chamber Slide™ and incu-
bated for 24 h before use.

Immunofluorescent labeling. Three different immunofluo-
rescent labeling protocols were investigated in this work
(denoted as Protocol 1, 2 and 3, respectively). Detailed experi-
mental procedures are as follows.

Protocol 1. First, the culture medium in the chamber slide
was discarded and cells were washed gently with PBS for three
times. Then, cells were fixed with fixation solution (4% PFA and
0.1% GA) for 20 min at room temperature. After discarding the
fixation solution, cells were washed with PBS for three times
(5 min each). Next, cells were treated with NaBH, (1 mg mL ™" in
PBS) for 7 min under gentle shaking to reduce autofluorescence.
After washing cells again with PBS, permeabilization solution
(0.2% TX100 in PBS) was added into the chamber and incubated
for 20 min upon gentle shaking. Then, the permeabilization
solution was discarded and blocking solution (NGS or NDS, 1%
in PBS) was added into the cell chamber and incubated for 1 h
under gentle shaking to block nonspecific adsorption sites.
Whether to use NGS or NDS depends on the species of the
secondary antibodies. For secondary antibody 1, the blocking
solution should be NGS. For secondary antibody 2, the blocking
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solution should be NDS. When blocking was finished, primary
antibody (1 pg mL™" in PBS) was added into the cell chamber
and incubated at 4 °C for 12 h. Then, the cells were washed with
PBS for three times (5 min each) to remove excess primary
antibodies. After that, secondary antibody (2 pg mL™" in PBS)
was added into the cell chamber and incubated at room
temperature for 1 h upon gentle shaking. Excess secondary
antibodies were removed by washing with PBS for three times
(5 min each). Finally, fixation solution was added into the
chamber and incubated for 2 min. After replacing the fixation
solution with PBS, the cells were ready for fluorescence imaging.

Protocol 2. First, the culture medium in the chamber slide
was discarded and cells were washed gently with PBS for three
times. Then, permeabilization solution (0.02% TX100 in PBS)
was added into the chamber and incubated for 1 min upon
gentle shaking. After discarding the permeabilization solution,
cells were washed with PBS once, followed by the addition of
fixation solution (4% PFA and 0.1% GA). The fixation reaction
continued for 20 min and cells were subsequently washed with
PBS for three times (5 min each). Next, cells were treated with
NaBH, (1 mg mL ™' in PBS) for 7 min under gentle shaking.
When the reducing procedure finished, cells were washed with
PBS again and blocking solution (NGS or NDS, 1% in PBS) was
added. One hour later, the blocking solution was discarded and
primary antibody was added. The following procedures were the
same to Protocol 1.

Protocol 3. The experimental procedures of Protocol 3 are
almost identical to those of Protocol 2, except that 0.2% TX100
was used as the permeabilization solution.

Cell imaging. When conducting CLSM imaging, the as-
prepared cells were immersed in PBS solution. A 60x oil
immersion objective was used to collect fluorescence images.
For secondary antibody 1 labeled cells, the excitation laser was
633 nm He-Ne laser and photons with wavelengths ranging
from 650-700 nm were collected. While for secondary antibody
2 labeled cells, the excitation laser was 488 nm argon laser.
Photons also with wavelengths ranging from 650-700 nm were
collected.

During CBB staining, cells are prepared as follows. For cells
treated with Protocol 1, they are fixed first and then per-
meabilized. After reducing with NaBH,, CBB staining solution
was added. While for cells treated with Protocol 2 and Protocol
3, they are permeabilized first and then fixed. After reducing
with NaBH,, CBB staining solution was added. Cells were
incubated with CBB for 30 min. Then excess CBB was removed
and the cells were washed with PBS for 3 times (5 min each).
Finally, the cells were mounted onto the CLSM and bright field
(i.e. transmittance) images were collected.

For cell membrane labeling, cells treated with different
protocols were staining using PKH26. For cells treated with
Protocol 1, they are fixed first and then permeabilized. After
that, PKH26 was added into these cells. For cells treated with
Protocol 2 and Protocol 3, they are permeabilized first and then
fixed, followed by the addition of PKH26. Membrane staining
continued for 5 min. Then, NGS was added to stop the staining
reaction. Finally, cells were washed with PBS and mounted onto
the CLSM for fluorescence imaging. The excitation wavelength
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of PKH26 was 543 nm and photons with wavelengths of 555-
605 nm were collected.

For AFM imaging, cells were seeded into 35 mm culture dish
(glass bottom) and incubated for 24 h. Immunofluorescent
labeling procedures were the same to cells seeded in chamber
slides. Then the fluorescence labeled cells were gently washed
with deionized water for three times. After discarding the
deionized water, cells in the culture dish were dried slowly
under ambient air. The dried cells were subjected to AFM
imaging.

In SMLM experiments, secondary antibody 1 labeled cells
were immersed in imaging buffer prepared according to
previous published literature.** 405 nm laser was used as the
activation laser and 642 nm laser was used as the illumination
laser. A 655 nm long pass filter was utilized to screen the
emission lights.

Instruments

CLSM imaging was performed with an Olympus Fv1000
confocal microscope. SMLM imaging was conducted using
a Zeiss Elyra P.1 microscope. SMLM images was recorded using
a 100x oil immersion objective and an Andor EM-CCD camera
(iXon DU897). Imaging data were analyzed using the Zeiss Zen
2012 software. AFM image was obtained using a Bruker Bio-
scope Resolve AFM mounted on an inverted epi-fluorescence
microscope (Olympus IX73). The AFM system allows colocali-
zation of the AFM and fluorescence images of the same region.
AFM images were acquired using a silicon nitride cantilever
(SCANASYST-AIR, Bruker, k: 0.4 N m ") in the ScanAsyst in Air
mode. Fluorescence images of the same region were collected
using a 60x oil immersion objective with a halogen lamp as the
excitation.
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