
www.BioTechniques.com83Vol. 61 | No. 2 | 2016

Heme is an essential and central 
component in diverse biological 
processes ranging from gas metab-
olism, one-electron chemistry, and 
bacterial pathogenesis (1–3) to its more 
recently recognized roles in circadian 
rhythm and small RNA processing 
(4,5). From a clinical standpoint, the 
level of hemoglobin-associated heme 
in blood and body fluid samples can 
be diagnostic of many pathological 
conditions. Here, we have focused on 
the quantitation of heme in standard 
hemoglobin solutions, erythroid model 
cell lines, and blood samples as a 
benchmark for comparison of currently 
available technologies.

Traditional strategies for measuring 
hemoglobin include, but are not limited 
to, Drabkin’s (cyanmethemoglobin) 
method (6), the pyridine hemochro-
mogen assay (7), the f luorescence 
heme assay (8), and reverse-phase 
HPLC (9). With the exception of the 
cyanmethemoglobin assay, these 
approaches infer hemoglobin concen-
trations from measurements of heme. 
More recently, chemiluminescent-
based methods based on horse-
radish peroxidase biochemistry have 
also been developed to quantitate total 
cellular heme (10) and regulatory heme 
(11). We have previously relied on the 
pyridine hemochromogen and fluores-

cence assays to determine cellular 
heme and hemoglobin concentra-
tions as described elsewhere (12,13). 
Fluorescence analysis is a more 
sensitive technique per se, yet signal 
emission is complicated by multiple 
environmental factors and therefore 
does not permit application of the 
Beer-Lambert law (14). Like the chemi-
luminescence method, both pyridine 
hemochromogen and fluorescence 
assays involve laborious sample prepa-
rations that require the handling and 
disposal of hazardous chemicals.

As an alternative, the CLARiTY 
1000 spectrophotometer by Olis, Inc. 
(Bogart, GA) has made it possible to 
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Rapid and accurate heme quantitation in the research lab has become more desirable as the crucial 
role that intracellular hemoproteins play in metabolism continues to emerge. Here, the time-honored ap-
proaches of pyridine hemochromogen and fluorescence heme assays are compared with direct absor-
bance-based technologies using the CLARiTY spectrophotometer. All samples tested with these meth-
ods were rich in hemoglobin-associated heme, including buffered hemoglobin standards, whole blood 
from mice, and murine erythroleukemia (MEL) and K562 cells. While the pyridine hemochromogen assay 
demonstrated the greatest linear range of heme detection, all 3 methods demonstrated similar analytical 
sensitivities and normalized limits of quantitation of ~1 mM. Surprisingly, the fluorescence assay was only 
shown to be distinct in its ability to quantitate extremely small samples. Using the CLARiTY system in 
combination with pyridine hemochromogen and cell count data, a common hemoglobin extinction coef-
ficient for blood and differentiating MEL and K562 cells of 0.46 mM-1 cm-1 was derived. This value was 
applied to supplemental experiments designed to measure MEL cell hemoglobinization in response to 
the addition or removal of factors previously shown to affect heme biosynthesis (e.g., L-glutamine, iron).
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METHOD SUMMARY
Two traditional methods of heme quantitation, pyridine hemochromogen and fluorescence heme assays, are compared 
side-by-side to absorbance spectroscopy using the CLARiTY spectrophotometer. The CLARiTY system offers the advantage 
of direct measurement of heme in intact cells without the need for derivatization and the concomitant handling of hazardous 
chemicals. Consequently, this approach allows for post-scan processing (e.g., qPCR, immunoblotting) or reculturing of samples.
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measure hemoglobinization in turbid 
whole-cell suspensions quickly and 
without sample derivatization. This 
technology has been implemented 
in situ elsewhere (15–18), and here 
we demonstrate use of the CLARiTY 
system (Figure 1A) to quantitate heme 
in buffered blood and cell culture resus-
pensions. The key component of the 
CLARiTY is a novel integrating cavity 
absorption meter (ICAM) that contains 
a quartz cuvette surrounded by a highly 
reflective coating. UV/visible light brack-
eting the heme Soret band is generated 
by a rapid-scanning monochromator 
(RSM) and directed into the cuvette to 
produce isotropic, fully dif fused light 
that is subsequently altered only by 
sample absorption. The light is trapped 
within the reflective confines of the 
cuvette until it encounters the output 
port; thus, its effective pathlength is 
increased significantly. The enhanced 
pathlength is inversely related to the 
detected (apparent) sample absor-
bance, and this nonlinear ef fect is 
corrected by converting the apparent 
absorbance to absorbance per centi-
meter using first principles and the Fry 
Equation (19). The resulting sensitivity of 
the CLARiTY to light absorption in turbid 
samples is overwhelmingly superior to 
that of traditional transmission spectro-
photometers (Figure 1B).

Here, we assess and validate our 
protocol for hemoglobin quantitation 
using the CLARiTY system in a side-by-

side comparison to pyridine hemochro-
mogen and fluorescence heme assays 
of standard hemoglobin solutions and 
blood samples. Pyridine hemochro-
mogen and CLARiTY assays are further 
employed to analyze hemoglobinization 
in cultures of differentiating MEL and 
K562 cells. Specifically, we demon-
strate the use of heme concentrations 
from pyridine hemochromogen spectra 
to calculate red blood cell indices for 
mouse blood and cell culture samples, 
a heme proportionality constant for 
the fluorescence assay, and a micro-
molar hemoglobin extinction coeffi-
cient for the CLARiTY. Additional tests 
of the CLARiTY verify the ability of 
our system to determine the effects 
of oxygen, glutamine, iron, aminolev-
ulinic acid (ALA), and succinylacetone 
(SA) on hemoglobin levels in MEL cells. 
In general, we expect the protocol 
described here to be useful for heme 
quantitation in many non-erythroid cell 
types as well. One exception is plant 
cells, in which the absorbance signa-
tures of chlorophylls and carotenoids 
significantly overlap the heme Soret 
peak.

Materials and methods
Hemoglobin standards and mouse 
blood
Lyophilized hemoglobin from bovine 
blood (Sigma-Aldrich, St. Louis, MO) 
was dissolved in phosphate buffered 

saline (1× PBS) to a concentration of 20 
mM and diluted for use as standards. 
Whole mouse blood samples were 
generously provided by L. Wang 
(University of Georgia, Athens, GA). 
Samples were collected in K2EDTA 
tubes from adult wild-type C57BL/6 
mice (one female and one male) and 
subsequently diluted between 1:250 
and 1:100,000 in 1× PBS and kept on 
ice.

Cell culture
Cells from the MEL strain DS19 (20) and 
K562 cell line ATCC CCL-243, originally 
established by Lozzio and Lozzio (21), 
were maintained at 37°C and 5% CO2 
in complete media consisting of DMEM 
with 25 mM glucose and 1 mM sodium 
pyruvate (Cellgro, Corning, NY) supple-
mented with 2 mM L-glutamine, 9% (v/v) 
FBS (Atlanta Biologicals, Atlanta, GA), 
and 1× Pen/Strep (Cellgro). K562 cells 
were seeded at 1 × 105 cells/mL and 
induced to dif ferentiate in complete 
media conta in ing 1 mM sodium 
butyrate (Sigma-Aldrich). MEL cultures 
were seeded at 2.5 × 105 cells/mL and 
induced in media with 1.5% (v/v) DMSO 
(Sigma-Aldrich). Multi-day induction 
courses of MEL and K562 cells were 
carried out in triplicate. In addition, MEL 
cells were induced for 72 or 96 h under 
each of the following sets of conditions: 
(i ) 0–4 mM L-glutamine (Cellgro); (ii ) 5% 
and 20% O2; (iii ) 100 mM iron as iron 
dextran (Fisons, UK) and/or 100 mM 

Figure 1. The Olis CLARiTY spectrophotometer diffuses light from a rapid scanning monochromator (RSM) to obtain absorbance readings for hemoglobin in turbid 
whole-cell solutions. (A) Major components of the CLARiTY system include: (i) xenon arc lamp with igniter, (ii) RSM, (iii) CLARiTY module with 1- and 10-mL cu-
vettes adjoined to separate photomultiplier tubes, (iv) control box to switch scan settings between RSM and CLARiTY, (v) computer hard drive, and (vi) electronic 
box. (B) Overlay of absorbance spectra for MEL cells washed and resuspended in 1× PBS following a 72-h induction in regular media containing 1.5% DMSO. 
The apparent absorbance scan of a 1-mL cell sample on the RSM-CLARiTY is decreased upon Fry correction (19) for the increased pathlength within the cu-
vette. A traditional transmission spectrophotometer (Cary 1G by Varian) was used to scan a 1:10 dilution of the same cell resuspension analyzed on the CLARiTY.
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ALA (Sigma-Aldrich); and (iv) 500 mM 
SA (Sigma-Aldrich). Hypoxic cultures 
were grown in a sealed incubator 
flushed with 5% O2/5% CO2/balance 
N2 at 37°C.

Cell counting
Mouse red blood cells (1:500 dilution in 
1× PBS) were counted on a hemocy-
tometer. MEL and K562 cells were 
washed and diluted in 1× PBS before 
cell counts were done with a Scepter 
handheld cel l  counter (Mi l l ipore, 
Billerica, MA) as previously described 
(22). MEL and K562 cell proliferation 
values were obtained by dividing the 
ratio of live cells at the end of each time 
course to the number of cells seeded 
at the beginning by the same ratio for 
untreated cultures.

Spectrophotometric hemoglobin 
quantitation using the CLARiTY
Absorbances for hemoglobin standards 
and whole-cel l suspensions were 
measured in the Olis CLARiTY 1000A 
spectrophotometer with an integrated 
RSM-ICAM containing a 1-mL cuvette. 
A total of 10 scans from 280–520 nm 
were collected per sample. Apparent 
absorbance values for 1-mL samples 
were recorded relative to a 1× PBS 

baseline at the heme Soret peaks of 
400 nm for the standard solutions 
(which contained methemoglobin) and 
410 nm for cell samples. Fry correction 
(19) was carr ied out to normalize 
enhanced pathlength values to 1 cm 
using SpectralWorks software (Olis, 
Inc.). The Soret peak baseline was 
then determined for the corrected 
spectra by linear interpolation. Heme 
concentrations were obtained from 
pyridine hemochromogen assays and 
combined with Fry-corrected absor-
bance values from the CLARiTY to 
define a hemoglobin extinction coeffi-
cient for mouse blood and MEL and 
K562 cell cultures. The assumptions 
that all cellular heme in these samples 
is bound to hemoglobin and that each 
hemoglobin tetramer contains four 
heme molecules were made. The mean 
corpuscular hemoglobin (MCH) was 
then calculated in picograms per cell 
according to the following form of the 
Beer-Lambert law,

MCH
M A

N
Hb Fry

Hb

=
ε

 [Eq. 1],

where M Hb = molecu la r  we ight 
of hemoglobin (64.5 kDa), AFry = 

Fry-corrected absorbance (absor-
bance/cm) at 410 nm, eHb = hemoglobin 
extinction coefficient, and N = absolute 
number of cells.

Pyridine hemochromogen assay
Samples of mouse blood and cell 
culture resuspensions were kept on 
ice and disrupted by sonication. An 
equal volume of 50% (v/v) pyridine 
: 0.2 N NaOH solution was added to 
the hemoglobin standards or homog-
enized cell samples to prepare the 
pyridine hemochrome derivative. Heme 
content was measured from reduced 
minus oxidized difference spectra as 
described by Berry and Trumpower (23) 
and based on the original work of Paul 
et al. (7). Scans were carried out on a 
Cary 1G UV-visible spectrophotometer, 
whose settings were controlled using 
Cary WinUV software (Agilent, Santa 
Clara, CA). The absorbance difference 
between the reduced peak at 556 nm 
and oxidized trough at 540 nm (Supple-
mentary Figure S1A) was converted to 
heme concentrations using the extinction 
coefficient 23.98 mM-1 cm-1 (23).

Fluorescence heme assay
Fluorescence assays were carried out 
as previously published (8,13), with 
minor modifications. Briefly, aliquots 
of hemoglobin standards or sonicated 
cells were diluted 40-fold in concen-
trated oxalic acid and then split. One 
sample was boiled at 99°C for 30 min 
in a Robocycler PCR machine (Strat-
agene, La Jolla, CA). The other solution 
was treated in the same way except that 
it was maintained at room temperature 
throughout to control for the presence 
of endogenous porphyrins. All samples 
were then analyzed on a CLARIOstar 
microplate reader (BMG LABTECH, 
Offenburg, Germany) at excitation and 
emission wavelengths of 400 nm and 
662 nm, respectively.

Table 1. Detection parameters and assay information for hemoglobin standard solutions.

Method LODR, LODN  
(mM)

LOQR, LOQN 
(mM)

LOLR, LOLN 
(mM)

Analytical sensitivity  
(mM-1)

Sample volume (mL) Requires sample 
derivatization?

Approximate time for 
1, 96-cell assay(s)

Pyridine              
hemochromogen

0.0959, 
0.194

0.533, 
1.08

≥10,
≥20

72.3 1 Yes 10 min, 6 h

Fluorescence
0.00143, 
0.0572

0.0266, 
1.06

0.213, 
8.52

28.5 0.012 Yes 1 h, 2.5 h

CLARiTY
0.0362, 
0.0362

1.07,  
1.07

4.26,  
4.26

30.8 1 No 1 min, 1.5 h

All micromolar units reflect heme concentrations. LOD = limit of detection, LOQ = limit of quantitation, LOL = (upper) limit of linearity; R subscript indicates the limits in 
terms of the raw, analyzed sample concentration (as shown in Figure 2); N subscript indicates limit normalization to the underivatized and undiluted sample concentration.
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Figure 2. Determination of detection parameters for pyridine hemochromo-
gen, CLARiTY, and fluorescence assays of standard hemoglobin dilutions. (A) 
Pyridine hemochromogen and (B) CLARiTY calibration curves. Scans for select 
points (see arrows) in the LODR–LOQR range can be found in the Supplemen-
tary Material (Supplementary Figure S1, A and B). (C) Fluorescence calibration 
line. Inset plots magnify the region near the origin. Each method was carried out 
on three separate days (Series 1, 2, and 3) with two or three repeat measure-
ments per day. Slopes of the linear regions of the pyridine hemochromogen and 
CLARiTY curves represent micromolar extinction coefficients for pooled data 
in each type of analysis. LOD: limit of detection; LOQ: limit of quantitation; LOL: 
limit of linearity; subscript R = value in terms of the raw sample concentration.

Figure 3. Pyridine hemochromogen, CLARiTY, and fluorescence assays of 
whole mouse blood. Dilutions of clot-free blood (1:250–1:150,000) were pre-
pared in 1× PBS and analyzed for 2 mice (Mouse 1: female, Mouse 2: male). 
(A) Pyridine hemochromogen absorbance differences were measured twice 
for each mouse. The corresponding heme concentrations were plotted against 
the number of red blood cells counted on a hemocytometer. Slope values are 
equivalent to heme content (fmol/cell). Scans maintained the same profile 
seen in Supplementary Figure S1A. (B) Fluorescence assays were carried out 
with three replicates for each dilution of Mouse 2 blood. (C) CLARiTY analysis 
produced statistically different extinction coefficients for heme in Mouse 1 
and Mouse 2. Individual data points bracketing the LOQR (see arrows) reveal 
a Soret peak shift from 400 nm in the hemoglobin standards (Supplementary 
Figure S1B) to 410 nm in blood (Supplementary Figure S1C). This 10 nm dif-
ference was not unexpected, as the lyophilized hemoglobin solid used in the 
standards contained a significant amount of methemoglobin. Inset plots mag-
nify the region near the origin. * indicates a limit parameter established for 
purified hemoglobin standards (Figure 2), shown for comparison. LOQ: limit 
of quantitation; subscript R: value in terms of the raw sample concentration.
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Sensitivity and limits of detection and 
quantitation
Cal ibrat ion data for hemoglobin 
standards were pooled to derive a limit 
of detection (LOD) for the CLARiTY, 
pyridine hemochromogen assay, and 
fluorescence heme assay using the 
limit-of-blanks approach summarized 
elsewhere (24). Limits of quantitation 
(LOQ) and upper limits of linearity (LOL) 
were also determined. The LOQ was 
defined as the lowest concentration 
at which the calibration curve is linear 
and the coefficient of variance (CV) of 
replicate samples is <20%. The LOL 
was identified as the highest concen-
tration of standard that remained in the 
linear range of the curve. Limits were 
established for raw sample concen-
trations (e.g., LOQR) and normalized to 
original, pre-derivatized concentrations 
(e.g., LOQN). Finally, analytical sensi-
tivity was defined as the slope of the 
linear region of the curve divided by 
the standard deviation of the response 
variable.

Statistics
Extinction coefficients and red blood 
cell indices for mouse blood and cell 
culture samples were determined as 
mean ± SD. Statistical signif icance 
between slope values was evaluated 
with GraphPad Prism 6 (GraphPad 
Software, LaJolla, CA). Significance 
between two sets of cel l culture 
conditions was established with the 
two-tailed Student’s t-test. Multiple 
treatments were analyzed with one-way 
ANOVA followed by Tukey’s post-hoc 

analyses using Statistica freeware 
(StatSoft, Tulsa, OK).

Results and discussion
Detection parameters in pyridine 
hemochromogen, CLARiTY, and 
fluorescence assays of hemoglobin 
standards
Hemoglobin standards were used 
to derive calibration curves and to 
compare the detection parameters for 
the pyridine hemochromogen, CLARiTY, 
and fluorescence assays, including 
LOD, LOQ, LOL, and analytical sensi-
tivity. The pyridine hemochromogen 
assay served a dual purpose in that 
the results were also used to check 
the heme content of the commercially 
available hemoglobin, which was not 
expected to contain four bound heme 
molecules per hemoglobin tetramer 
due to impurities, the unknown impact 
of oxidation (i.e., conversion to methe-
moglobin), and molecular structure 
deformities inherent to the lyophili-
zation process. Based on a comparison 
of slope values from pooled plots of 
reduced minus oxidized absorbances 
against both hemoglobin and heme 
concentrations (Figure 2A), it was 
found that the lyophilized hemoglobin 
contained 2.13 heme groups per 
hemoglobin tetramer. The detection 
parameters l isted in Table 1 were 
defined in terms of heme concentra-
tions using this value.

Corrected CLARiTY absorbances 
for the hemoglobin standards at 400 
nm (Figure 2B, Supplementary Figure 

S1B) were pooled and yielded a heme 
extinction coefficient (slope) of 0.266 
± 0.004 mM-1 cm-1. The CLARiTY 
calibration curve was sigmoidal in 
shape, and the linear range of response 
was determined by maximizing R2 
values between visually identified bend 
points in the curve (Table 1). Although 
the LODR for the CLARiTY was approx-
imately one-third the LODR for the 
pyridine hemochromogen assay, the 
LOQR for the CLARiTY was more than 
twice the LOQR for pyridine hemochro-
mogen. Because the CV dropped below 
20% at 0.11 mM heme, we defined 
LOQR for the CLARiTY system by 
the lowest heme concentration in the 
linear region of the curve. This 2-fold 
difference in LOQR was mirrored closely 
by the analytical sensitivities of the two 
methods.

Fluorescence heme assays also 
generated nonlinear calibration data 
across the range of standard concen-
trations (Figure 2C). However, unlike 
the CLARiTY, two of the three series 
maintained linearity through the origin. 
The slope of the line (505 ± 8 mM-1) is 
referred to as Kheme, a proportionality 
constant in the expression,

I K cF heme heme=  
[Eq. 2],

where IF = fluorescence intensity and 
cheme = heme concentration. The Kheme 
constant is a complex term that is 
directly proportional to the excitation 
beam intensity, quantum yield, heme 
extinction coefficient (eheme), and path 

Table 2. Mouse whole blood indices and spectroscopic constants.

Sample Density Pyridine hemochromogen Fluorescence CLARiTY
(109 cells/mL) HGB (g/dL) MCH (pg/cell) Kheme (mM-1) eheme (mM-1 cm-1) eHb (mM-1 cm-1)

Mouse 1 (♀) 8.35 14.7 ± 0.6 17.2 ± 0.1 NE 0.110 ± 0.002 0.439 ± 0.007

Mouse 2 (♂) 9.97 14.1 ± 0.4 14.2 ± 0.1 0.484 ± 0.007 0.119 ± 0.001 0.475 ± 0.003

Pooled - - - - 0.115 ± 0.002 0.46 ± 0.01

Pyridine hemochromogen assay results are based on an extinction coefficient of 23.98 mM-1 cm-1 (23).  Cellular heme, Kheme, and eheme are equivalent to 
slope values reported in Figure 2. Reference 25 reports normal HGB and MCH ranges of 13–18 g/dL and 13–17 pg/cell, respectively. 

Table 3.  Cell culture heme and hemoglobin properties.

Sample Pyridine hemochromogen (induced cells) CLARiTY (all cells)

Cellular heme (fmol/cell) MCH (pg Hb/cell) eheme (mM-1 cm-1) eHb (mM-1 cm-1)

K562 cells 0.477 ± 0.005 7.32 ± 0.24 0.114 ± 0.001 0.457 ± 0.005

MEL cells 0.216 ± 0.001 4.48 ± 0.10 0.116 ± 0.001 0.463 ± 0.005

Pooled - - 0.115 ± 0.001 0.462 ± 0.004

Pyridine hemochromogen assay results were obtained for K562 and MEL cells harvested at 7 and 5 days post-induction, respectively. CLARiTY eheme and eHb values 
were taken from the linear regression data in Figure 4A.
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length (14). This relationship holds at 
absorbances below 0.05, which can 
be assumed with the 40-fold dilution of 
the standard solutions prior to analysis. 
The analytical sensitivity of the fluores-
cence assay was unexpectedly close to 
the sensitivity of the CLARiTY and less 
than half the sensitivity of the pyridine 
hemochromogen assay (Table 1). 
Analytical sensitivity is dependent on 
statistical variance and is thus indic-
ative of changes in fluorescence signal 
with environmental conditions. Surpris-
ingly, the CLARiTY demonstrated a 
lower normalized LOD (LODN) than the 
fluorescence assay. That is, given at 
least 1 mL of sample, the CLARiTY and 
pyridine hemochromogen assays are 
superior to the fluorescence assay at 
low concentrations. At higher concen-
trations, the greater linear range and 
analytical sensitivity of the pyridine 
hemochromogen assay make it the 
preferred approach. Indeed, the 
fluorescence assay protocol employed 
here is only unmatched in its ability to 
quantitate extremely small samples.

Heme and hemoglobinization in mouse 
blood
As with the hemoglobin standards, the 
pyridine hemochromogen assay was 
used to determine heme levels in mouse 
blood dilutions (Figure 3A). Blood was 
collected from one male and one 
female C57BL/6 mouse on separate 
days and then analyzed (Table 2). With 
the exception of the female MCH (17.2 
pg/cell), HGB and MCH values for 
both mice fell well within the normal 
ranges for these indices (25). Consid-
ering established inaccuracies in the 
hemocytometer relative to automated 
means (26), the elevated female MCH 
was likely due to an erroneously low 
cell count.

Plots of f luorescence (Figure 3B) 
and corrected CLARiTY absorbance 
at 410 nm (Figure 3C, Supplementary 
Figure S1C) against heme concentration 
generated slope values equivalent to 
Kheme and eheme, respectively (Table 2). 
While we expected eheme values for the 
CLARiTY to be the same for both mice, 
the lower value for the female mouse 
could also be explained by a lower than 
actual cell count. Regardless of the 
deviation, assuming that hemoglobin 
is saturated with heme and that it is 

Figure 4. Determination and application of a micromolar extinction coefficient for whole-cell K562 and 
MEL suspensions. Data from CLARiTY and pyridine hemochromogen assays were used in combination (A) 
to derive MCH values for induced and uninduced K562 (B) and MEL (C) cell cultures over 7- and 5-day 
time courses, respectively (dpi = days post induction). The regression line for pooled absorbance/cm val-
ues (CLARiTY) and heme concentrations (pyridine hemochromogen assay) (A) was used to a derive a sin-
gle heme extinction coefficient because individual K562 and MEL cell slopes (lines not shown for clarity) 
were not significantly different (P = 0.115). Note that points that fell outside the linear range determined for 
hemoglobin standards (LOQR*–LOLR*) were included in the regression analysis. Error bars represent ± SD.
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the only hemoprotein present in the 
cells allows us to calculate eHb as 4 × 
eheme and directly convert absorbance/
cm (Beer-Lambert law) or fluorescence 
intensity (Equation 2) to hemoglobin 
concentration. In this way, the eHb for 
the CLARiTY was found to be 0.46 
± 0.01 mM-1 cm-1. Of fur ther note, 
visually identified LOQR values for the 
CLARiTY and fluorescence calibration 
curves were similar to the values for 
hemoglobin standards. LOLR values, 
however, were significantly higher than 
the hemoglobin standards for both 
methods, suggesting that detection 
parameters are analyte-specific.

Hemoglobin quantitation in 
differentiating K562 and MEL cells
K562 cells are known to differentiate 
irreversibly along the erythroid lineage, 
expressing markers such as glycophorin 
A and synthesizing unusually large 
quantities of embryonic and fetal 
globins when treated with inducing 
agents such as sodium butyrate (27). 
MEL cells induced to differentiate by 
DMSO also exhibit erythroid-specific 
membrane antigens (28), an increase 
in globin mRNA (29), and a decrease in 
cell size (30) not observed in K562 cells.

Applying the same approach used 
to analyze mouse blood, pyridine 
hemochromogen assays of MEL and 
K562 cells that were induced to differ-
entiate with DMSO (5 days) and sodium 
butyrate (7 days), respectively, or left 
untreated (uninduced) were used to 
determine heme concentrations for 
each culture. Corrected absorbances 
from the CLARiTY plotted against the 
heme concentrations for MEL and K562 
cells generated slope values that were 
not significantly different between the 
two cell types (Figure 4A). All samples 
were thus pooled to derive a single value 
for eHb of 0.462 ± 0.004 mM-1 cm-1 (Table 
3), which is equivalent to eHb for pooled 
mouse blood (Table 2) to 2 decimal 
places. Incidentally, we decided to 
include cell sample data that fell outside 
of the defined linear range (LOQR–LOLR) 
for the hemoglobin standards. We felt 
this was justified for two reasons: (i ) no 
sigmoidal trend was observed in the cell 
culture analysis, and (ii ) the CV for the 
standards was less than 20% at 0.11 
mM heme, well below the minimum 
observed sample concentration.

Substitution of 0.462 mM-1 cm-1 
and cell count numbers into Equation 
1 yielded MCH values. The 7-day 
K562 induction time course (Figure 
4B) produced a mean maximum 
MCH value of 7.31 pg/cell in induced 
samples compared to only 0.983 pg/
cell in the uninduced controls (Day 7). 
The induced value is significantly lower 
than the normal red blood cell level of 
27–33 pg/cell (31), which has only been 
approached previously in K562 cells 
with glutamine starvation combined 
with hemin treatment (32). The 5-day 
MEL induction time course (Figure 4C) 
resulted in a mean maximum MCH of 
4.47 pg/cell in induced cultures and 
0.583 pg/cell in uninduced cultures 
(Day 5). These values indicate that 
cellular hemoglobin levels are much 
lower in MEL cells than K562 cells; 
however, this is not unexpected as the 
average volume of a K562 cell is more 
than three times that of an MEL cell.

The results of additional studies 
that validate the ability of the CLARiTY 
system to quantitate hemoglobin in MEL 
cells under various conditions can be 
found in the Supplementary Material. 
Specif ically, the ef fects of hypoxia 
(Supplementary Figure S2), glutamine 
starvation (Supplementary Figure S3), 
iron and ALA supplementation (Supple-
mentary Figure S4A), and SA treatment 
(Supplementary Figure S4B) on heme 
production and cell proliferation are 
described.

The CLARiTY, pyridine hemochro-
mogen, and fluorescence assays each 
have unique strengths and weaknesses 
for the measurement of hemoproteins. 
The pyridine hemochromogen assay 
has the largest linear range of operation 
and the highest analytical sensitivity, 
but it is also the most labor-intensive 
of the three approaches. The ability 
of the fluorescence assay to detect 
extremely low concentrations of heme 
is well-known, yet the processes of 
derivatization and associated dilution 
considerably of fset this attr ibute. 
Additionally, f luorescence requires 
calibration on a day-to-day basis due 
to variables such as temperature and 
lamp intensity. In contrast, the consis-
tency of the CLARiTY between sample 
types was clearly established here in 
defining equivalent eHb values for whole-
cell resuspensions of mouse blood and 

differentiating MEL and K562 cells. The 
CLARiTY also maintained normalized 
limits of detection and quantitation that 
were comparable, if not superior, to the 
other assays. Although the linear range 
of the CLARiTY is smaller than that 
of the other methods, this parameter 
appears to be sample-dependent and 
is signif icantly larger for whole-cell 
samples than for standard solutions 
of hemoglobin. Further, preliminary 
data collected on the CLARiTY shortly 
before publication of this work indicate 
that an empirically based absorbance 
correction method from Javorfi et al. 
(33) can produce a greater LOL and 
linear dynamic range than the Fry 
Equation. Perhaps most importantly, the 
CLARiTY system is able to quantitate 
protein-associated heme in situ quickly 
and without sample derivatization or 
destruction, permitting downstream 
applications and/or analyses.
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