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Background: Immunophenotyping of blood leukocytes
often involves fixation with paraformaldehyde prior to
cytometry analysis. However, the influence of cell type
and marker specificity on the stability of fluorescence
intensity after fixation has not been well studied.
Methods: Human whole blood was stained using a panel
of fluorescein isothiocyanate-labeled antibodies to surface
markers. Unfixed and fixed samples were analyzed by
flow cytometry at 0, 2, 4, 6, 24, 48, and 96 h after staining.
Fluorescence measurements were converted to molecules
of equivalent soluble fluorochrome for comparison.
Results: Fixation caused a significant decrease in both
forward and side scatter at 48 h which required gating
adjustments to achieve resolution of cell populations. The
autofluorescence increased progressively in fixed samples
(ninefold at 96 h for monocytes). Variable decreases in

marker-associated fluorescence became apparent after
correction for autofluorescence. The magnitude of
the decrease at 96 h varied with cell type and marker,
from 5% for CD32 on monocytes to 39% for CD16 on
neutrophils.

Conclusion: The change in fluorescence intensity fol-
lowing staining and fixation of leukocytes varies with cell
type and surface marker. Fluorescence stability should be
determined for each cell type and marker used, and the
confounding effects of fixation on cell autofluorescence
should be considered. © 2007 International Society for Analytical

Cytology
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Immunostaining of leukocyte surface antigens is an im-
portant research tool in immunology. Typical laboratory
protocols often involve fixing with 1% paraformaldehyde
(PFA) after staining, followed by storage of samples for
various periods of time prior to analysis on the cytometer.
Such protocols require knowledge of how fluorescence
intensity varies over time. This is especially true with
experiments involving low marker expression or small
changes in fluorescence intensity.

Before determining changes in fluorescence intensity of
stained and fixed samples over time, there are two poten-
tial effects of fixation on fluorescence intensity that need
to be considered. First, does fixation and storage of sam-
ples alter the light scatter properties of the cells sufficient
to affect resolution of cell populations, and second, does
fixation alter cell autofluorescence?

There have been conflicting reports on the effects of
poststaining fixation on light scatter properties of cells.
Several authors (1-4) report that light scatter properties
of lymphocytes remained stable for up to 1 week after
fixation in 1-3% PFA. Lal et al. (5), on the other hand,
reported that fixation significantly altered the lymphocyte
scatter pattern. However, Lal et al. (5) and Lewis (6)

report that scatter remains unchanged if the fixative is
washed out and samples are stored in buffer. It is widely
appreciated that PFA fixation increases cell autofluores-
cence (1,2,6-9). However, we are unaware of any quanti-
tative attempts to determine the effects of fixation-
induced changes in autofluorescence on measurement of
human leukocyte surface markers.

Most previous studies of the effects of poststaining
fixation on FITC fluorescence intensity have focused on
lymphocytes, with varied results. Lifson et al. (3) reported
that expression of CD3, 4, and 8 was stable for 1 week
after fixation. Lanier and Warner (4) reported a slight drop
in the fluorescence intensity of a variety of markers after
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1 week but relative expression (% positive) remained
unchanged. Denny et al. (10) examined antibody binding
capacity via fluorescence intensity at 0, 24, and 48 h after
fixation with varying results; CD3 and 19 increased at
24 h, CD4, 8, and 16 did not, and CD3, 4, and 19 all
increased significantly at 48 h. Lal et al. (5), using a fix-
wash technique, also reported variable stability depending
on the marker; for example, CD4, 8, and 19 were stable,
and CD3 intensity decreased.

There have been limited studies of the effects of fixation
and storage on marker expression using cells other than
lymphocytes. Lanier and Warner (4) reported stability for
human peripheral blood cells but showed no data. Denny
et al. (10) reported that the fluorescence intensity of CD4
on monocytes increased at 48 h. Hu et al. (11) reported
increases in P-selectin expression on platelets as early as
1-h post fixation. Macey and McCarthy (12) and McCarthy
et al. (13) using prestaining fixation with very short PFA
exposures, reported significant decreases in fluorescence
intensity on all classes of leukocytes for CD18 and 62L
epitopes, and lesser decreases for CD11b. None of these
studies reported correction for changes in autofluores-
cence, although the Macey and coworkers papers (12,13)
indicate increases in isotype intensities which may reflect
increased autofluorescence.

Because published data on fluorescence stability after
fixation are limited and often conflicting, we sought to
determine changes in fluorescence intensity up to 96 h
after fixation, using a panel of antibodies to surface mar-
kers on blood leukocytes, with consideration of fixation
effects on cell autofluorescence. We hypothesized that
stability after fixation would vary with cell type and
marker antibody:.

MATERIALS AND METHODS
Subjects

This study was approved by the Research Subjects
Review Board at the University of Rochester Medical
Center, and informed consent was obtained. Healthy,
never-smoking subjects (aged 35 * 13 vyears) were
recruited from the local population. Blood was drawn
from an antecubital vein into sterile 10-ml vacutainer tubes
containing sodium heparin (Becton Dickinson, Franklin
Lakes, NJ) and immediately processed.

Immunostaining

Whole blood was aliquoted into titered antibody and
kept in the dark for 15 min at room temperature. Samples
were mixed once, mid-way through the incubation. The
antibodies tested (Table 1) were all fluorescein isothiocya-
nate (FITC) conjugates with the exception of anti-CD45,
which was a peridinin chlorophyll (PerCP) conjugate. The
anti-CD45 was added to all samples for gating purposes
only. Autofluorescence was measured in the FL1/FITC
channel (530 nm) using samples stained only with anti-
CD45 PerCP.

After staining, 2 ml of a 1:10 dilution of lysing solution
BD FACSTM, BD Biosciences, San Jose, CA) was added

Table 1

Surface Marker Antibodies Used
Antibody Clone Manufacturer
CDl1a 2531 Beckman Coulter, Fullerton, CA
CD11b ICRF44 Ancell Laboratories, Bayport, MN
CD16 3G8 Beckman Coulter, Fullerton, CA
CD18 L130 BD Biosciences, San Jose, CA
CD32 L130 Serotec, Raleigh, NC
CD45 2D1 BD Biosciences, San Jose, CA
CD54 84H10 Beckman Coulter, Fullerton, CA
CDG62L DREG56 BD Biosciences, San Jose, CA
CD64 10.1 BD Biosciences, San Jose, CA
I1gG1 X40 BD Biosciences, San Jose, CA

to each tube. Samples were mixed and allowed to lyse for
10 min in the dark, then centrifuged at room temperature
for 5 min at 300g with no brake. The supernatant was
aspirated and the pellet resuspended in 2 ml of Dulbecco’s
phosphate buffered saline (PBS), without calcium or
magnesium, containing 0.1% sodium azide. Samples were
mixed and centrifuged for 5 min at 200g with no brake.
The supernatant was aspirated. If samples were to be read
unfixed, 0.5 ml of PBS/azide was added. Fixative (0.5 ml
of 1% PFA) was added to the remainder of the samples.
Fixative was prepared by diluting 20% electron micro-
scopy-grade PFA (Electron Microscopy Sciences, Hatfield,
PA) with PBS/azide. All buffers and fixatives were
sterile filtered, refrigerated, and used within 1 week of
preparation.

Additional experiments were performed without azide,
and with washing out PFA after fixation, to determine the
role of these materials on fluorescence stability.

Samples were read on a FACScan™ flow cytometer
(BD Biosciences, San Jose, CA) using settings optimized
for blood leukocytes, at 0, 2, 4, 6, 24, 48, and 96 h after
fixation. In addition, three sets of samples were also run
with no fixation and read immediately after processing
(0 h). Quantum high and low level FITC beads (Bangs
Laboratories, Fishers, IN) were run on the cytometer
along with each set of samples. The pH of the samples
was measured at each time point using a Model ®350
pH meter with a Futura Gel Long Electrode (Beckman
Coulter, Fullerton, CA). The pH remained unchanged over
the time course and thus was not a factor.

Analysis of Cytometry Data

Data were analyzed using CellQuest™ software (BD
Biosciences, San Jose, CA). Cell populations were gated
using their positions on a CD45 vs. SSC plot. The geo-
metric mean intensity was converted to molecules of
equivalent soluble fluorochrome (MESF) using a calibra-
tion curve generated with the quantum beads for each run
as detailed previously (14). Correction for changes in auto-
fluorescence was done using MESE Data were compared
using Student’s # tests, with significance characterized
by P < 0.05.
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Table 2
Autofluorescence of Unfixed and Fixed Samples"
Cell type Unfixed samples (MESF)b Fixed samples (MESF) Difference (%) P value
Lymphocyte 771 + 61 892 *+ 132 183 0.001
Monocyte 1,151 £ 85 1,352 £ 119 16 =7 0.001
Neutrophil 1,377 £ 161 1,483 + 181 6*+3 0.027

“Both samples were read immediately after processing.
PValues are geometric mean (# = 3) converted to molecules of

RESULTS

To assess the fluorescence stability of the various mar-
kers, it was necessary to determine the effects of fixation
on cell light scatter properties and gating, and to deter-
mine the effects of fixation-induced changes in autofluor-
escence.

In general, we found that FSC decreased after fixation,
becoming significant at 48 h and remaining at that level
through 96 h. Similar losses were seen in all three cell
types [lymphocytes (11.4 = 4)%, monocytes (13.1 £ 3)%,
neutrophils (12.6 = 3)%, n = 9]. SSC also decreased
but the extent varied more with cell type [lymphocytes
(10.7 = 3)%, monocytes (16.5 £ 3)%, and neutrophils

equivalent soluble fluorochrome.

(11.6 = 2)%]. These changes did not affect resolution of
the cell populations using CD45 vs. SSC, although changes
in SSC required adjustments in gate placement.

Next, we determined the contribution of autofluores-
cence. Unstained samples read immediately after fixation
showed increased fluorescence intensity compared with
unfixed samples (Table 2). When the fluorescence intensity
of the stained samples was corrected for changes in auto-
fluorescence, there was no significant difference between
fixed and unfixed samples read immediately after process-
ing. The autofluorescence of the fixed samples continued
to increase with time in all three cell types (Fig. 1). After 96
h, the increase from the readings at O h was greatest in
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Fic. 1. Changes in leukocyte autofluorescence after fixation. (A-C) Changes in fluorescence intensity for three cell types from a typical subject. Filled
area denotes cells immediately after fixation; dark solid line, 48 h after fixation; light solid line, 96 h after fixation. (D-F) Mean (£SD, n = 17) fluorescence

intensity expressed as MESF for each of the three cell types.
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cence intensity after fixation (mean
+ SD, n = 17). (A) CD18 expression
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sion on lymphocytes, (C) CDI16
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monocytes [(910 = 114)%] followed by lymphocytes [(735
+ 142)%] and neutrophils [(467 = 62)%)].

It was therefore necessary to correct for autofluores-
cence at all time points before judging the stability of the

2 4 6 24 48 96
Time (Hours after Fixation)

fluorescent markers. Once corrected, however, the fluo-
rescence intensities for the markers showing positive
expression showed varied patterns of stability (Fig. 2). In
some cases changes were small and intensity remained

Table 3

Change in Fluorescence of Surface Markers with Storage After Fixation™
Hours after fixation 0 2 4 6 24 48 96
Lymphocytes
CDl11a 6.4*+1.0 6.0 = 0.86** 5.6 = 0.75* 5.8 = 0.66** 5.4 * 0.83* 5.4 = 0.75* 5.0 = 0.72*
CD18 4.6 = 0.80 4.2 *0.78* 4.0 £ 0.74* 3.9 = 0.62* 3.8 £ 0.49* 3.8 £ 0.58* 3.6 £ 0.72*
CDG62L 2.0 +0.72 1.9 £0.76 1.9 £0.76 1.9 = 0.88 1.8 £0.86 2.3 £0.90 3.4 *+0.87*
Monocytes
CDl11a 83+ 1.6 79*15 7.6 £ 1.4* 75*15 7.3 £ 1.5 7.0 £2.2F 7.1 2.4
CD11b 29*1.2 27*1.1 25 *1.1* 2.2 +0.92% 2.3 +0.81* 25+ 1.1* 2.6 =0.97
CD18 8322 82*22 7.6 £ 2.1* 7.2 21" 7.3+ 1.8% 7.4 *2.7* 7.7 £ 3.0*
CD32 11 *1.5 11 *£18 10 = 1.6 99 1.2 10 £1.2 10 £ 2.1 9.6 = 1.9*
CD54 0.89 £ 0.46 0.85 * 0.49* 0.82 £ 0.51"™ 0.80 £0.58* 0.71 = 0.50* 0.84 = 0.60 0.88 + 0.88
CDO62L 55*1.5 58*15 5.3 = 1.5* 54*1.4 5.2+ 1.4* 52+1.2 5.7 = 0.69
CD64 44*26 45+26 4.0=*26 43 *+28 40=*23 45*+33 4.6*+32
Neutrophils
CDl11a 3.7 £ 0.39 3.5 = 0.26™ 3.3 £0.35 3.3 = 0.33* 3.2 = 0.26" 3.0 = 0.39* 2.9 £ 0.39*
CD11b 34+13 33*+15 32*+14 3.1*1.3 3.0x1.1% 32*X1.2 33*+14
CD16 58 £ 19 56 £ 22 53 *+ 20* 45 *+ 13** 44 + 18* 35 £ 12** 39 *+ 25%
CD18 4.5 * 0.94 4.4+ 0.99 4.1 = 1.0* 3.9 * 0.89* 4.1+ 0.77* 42+1.1 41*1.1
CD32 13*+13 1315 12*+13 1215 13*£13 12 £ 0.53 12+ 14
CDG62L 10 = 2.2 9.7 £ 24 9.3 + 23" 9.3 + 2.3* 9.0 £ 2.5™ 9.0*+29 92+25

“Values are geometric mean = SD converted to molecules of equivalent soluble fluorochrome X 10%, after correction for autofluores-

cence.

*P < 0.05, **P < 0.01 compared to 0 h.
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Fic. 3. Comparison of changes in autofluorescence in three cell types [(A) lymphocytes, (B) monocytes, and (C) neutrophils] seen after removal of fixa-
tive compared with standard samples left in fixative (mean = SD, n = 3). Black circles denote samples resuspended in PBS/azide, and open squares denote

samples left in fixative.

relatively stable for 24 h, in some there was a steady
decline over time, and in others the decline reversed after
48-96 h. Table 3 provides the individual data, with signifi-
cant changes indicated.

Two possible causes for this loss of fluorescence inten-
sity were explored: the presence of azide in the fixative,
and the continued presence of fixative during storage.
Samples fixed with 1% PFA in PBS without azide showed
no significant differences from the original protocol (data
not shown). The removal of fixative after 30 min and
resuspension in PBS/azide blunted the increase in auto-
fluorescence (Fig. 3), but did not affect the changes seen
after correction for autofluorescence. Typical results for
CD11a are illustrated in Figure 4. Removal of the fixative
resulted in decreased light scatter over time with neutro-
phils being most affected (Fig. 5). The downward shift in
side scatter resulted in the neutrophil region overlapping
both monocyte and lymphocyte regions, making gating
difficult. Similar results were obtained when 1% bovine
serum albumin was added to the resuspension buffer
(data not shown).

DISCUSSION

The fluorescence stability of several FITC-labeled cell
surface markers routinely used for phenotypic analysis of
human peripheral blood was investigated, along with
possible contributions from changes in light scatter and
autofluorescence. Both fixed and unfixed cells were stud-
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ied and changes over time were quantified using standar-
dized fluorescence beads.

Samples left in PFA showed decreases in both FSC and
SSC which necessitated gate adjustments but did not
hinder resolution. However, in samples washed of PFA
and stored in buffer, the large decrease in neutrophil side
scatter made gating impossible even at 24 h.

Our study confirms that fixation increases autofluores-
cence, and, to the authors’ knowledge, provides the first
quantitative data on this effect. The cause of this increase
remains unclear. Eliminating azide from the fixative buffer
had no effect. Cell shrinkage can occur with prolonged
aldehyde fixation (8). The progressive decrease in FSC, a
measure of cell size, from 0 to 48 h after fixation would
lend support to cell shrinkage as a contributor. However,
FSC was unchanged from 48 to 96 h after fixation, while
autofluorescence significantly increased during this inter-
val, suggesting that change in cell size is not the whole
answer. The reaction of PFA with a variety of free amine
groups (15) may produce fluorescent products. It is possi-
ble that the continued presence of PFA furthers this
process over time. Lewis (6) reported that washing out
the fixative and storing the sample in buffer eliminates the
autofluorescence increase. In our hands, washing out
the fixative reduced but did not eliminate the increase in
autofluorescence.

After correcting for autofluorescence, the changes in
fluorescence intensity following fixation were variable,
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Fic. 4. Typical decrease in marker fluorescence of anti-CD11a (mean * SD, n = 3). (A) Samples stored in fixative, (B) fixative removed and samples

stored in PBS/azide. All data have been corrected for autofluorescence.

Cytometry Part A DOI 10.1002/cyto.a



384 STEWART ET AL.

A B
DC062804.PBS .00hr 003

DC062804.PBS .24hr 003

C
DC062804. PES 96hr 003

£ 8 g
21 21 £
Eo ] Zo ] £
81 %1 81
T T x
7% 2% 3%
8 E R
b- 1 | I 1 | b- 1 | | | | o L] 1 1 L] |
0 200 400 600 800 1000 0 200 400 600 800 1000 0 200 400 600 SO0 1000

FSC-Height

FSC-Height

FSC-Height
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washout of fixative, (B) 24 h after washout of fixative, and (C) 96 h after washout of fixative. The examples shown are from a single subject’s blood, stained

for anti-CD11a, fixed, washed, and resuspended in PBS/azide.

and depended on the cell type and marker. For example,
CDG62Lrelated fluorescence on lymphocytes remained
stable through 48 h, and then increased at 96 h. CD62L
fluorescence on neutrophils decreased significantly at 4 h
and continued to decrease thereafter. A number of
markers showed decreases through 24 h and then small
increases at 48 or 96 h. This pattern of change is similar to
that reported by Lal et al. (5) for lymphocytes, and by
Denny et al. (10) for CD4 on monocytes.

There are a variety of possible causes for such a loss of
marker expression: leakage from lysosomal granules in dis-
rupted neutrophils, cleavage of the fluorochrome and/or
antibody complex, internalization of the complex, or
quenching of the fluorochrome by fixation products.

Leakage from disrupted neutrophil lysosomes, if it oc-
curred, would likely overwhelm buffer capacity, resulting
in acidification. However, the sample pH in this study
remained constant, making such disruption unlikely.
Furthermore, in their work with lymphocytes, Lal et al.
(5) showed that removing neutrophils had no effect on
the reported changes.

Cleavage of the antibody or antigen-antibody complex
should be prevented by fixation. It is possible that some
endogenous proteases might still be active, but Lal et al.
(5 reported that inhibiting proteases had no effect.
However, since aldehyde fixatives form methylene
bridge cross-links between proteins which deform the
tertiary structure (13), the continued action of PFA might
cause sufficient steric strain to disrupt the fluorochrome-
antibody-antigen complex. Several authors (11-13,16)
have shown that PFA decreases antigenicity of some
markers when used before staining, either by reacting
with the epitopes themselves or with moieties which
maintain the structure of the epitope. This might explain
the progressive nature of the decreases. Oddly enough,
cleavage might also explain the later increases in fluores-
cence intensity which appeared, for example, with CD54
expression on monocytes. Lal et al. (5) theorized that
shed fluorochrome might adsorb nonspecifically to cells
creating spurious expression.

Internalization of the antigen-antibody complex might
occur because of changes in membrane integrity. Pro-
longed fixation has been shown to increase membrane per-
meability (12,13,16). Changes in the membrane integrity
might also contribute to the decrease in SSC reported here.

Another cause of decrease in fluorescence intensity
could be energy transfer. West et al. (17) reported that
aldehyde fixation caused quenching of membrane bound
probes. Deka et al. (18) showed that self-quenching of
FITC can occur if fluorochromes are in close proximity.
The apparent decrease in cell size as indicated by the FSC
changes, as well as steric transformations bringing sus-
ceptible groups into closer proximity, could increase
quenching. Interestingly, in our study, some of the largest
decreases were seen in neutrophil expressions of CD16—
a complex with numerous sites on the membrane of the
smallest of the three cell types.

In summary, PFA fixation of human blood altered light
scattering properties of leukocytes, necessitating some
gate adjustments, but did not affect resolution of the cell
populations. Fixation significantly increased the autofluor-
escence of leukocytes, as much as 910% in monocytes at
96 h. Once corrected for autofluorescence, immunofluo-
rescence intensity generally decreased with time, to vary-
ing degrees depending on cell type and surface marker.
These variable changes in fluorescence intensity following
fixation should be considered in immunofluorescence
experiments.
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