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Abstract—The mass transport kinetics for the unmediated diffusion of Hoechst-33342 dye (HO-33342) into spermatozoa was estab-
lished at Varlying pH and temperature. The mass transport diffusion coefficient kgir at 41.5 °C and pH 6.2 was determined to be
0.0435 min™ " [M sperm/mL]™" and the energy of activation E, associated with the temperature dependency of kg at 14.2 kcal/
gmoL. The relationship of kg4 to pH was based mechanistically on the premise that the HO-33342 dye becomes more hydrophobic
as the pH becomes more alkaline and therefore facilitates transport. The kg4;r dependency on pH was described mathematically using
a form of the Henderson—Hasselbalch equation in which the pK, of the HO-33342 dye was 6.6. Using the kinetic parameters, an
Excel-based model was developed capable of predicting the time required for the HO-33342 dye to reach any specified level of sat-

uration in the spermatozoa.
© 2007 Elsevier Ltd. All rights reserved.

1. Introduction

Introduction of fluorescent dyes into living cells is of
significant importance in many areas of biology. For
technology directed at the separation of X chromo-
some-bearing spermatozoa from their Y chromosome
counterparts,! an essential component to this technol-
ogy is the introduction of the DNA-binding dye,
Hoechst-33342, which has been shown to be valuable
in discriminating between the X and Y bearing sperma-
tozoa of several mammalian species such as rabbit, boar,
ram, and bull through the use of flow cytometry.? The
Hoechst-33342 (HO-33342) dye is a bis-benzimidazole
that binds to DNA.? The excitation of the HO-33342-
DNA complex with UV-vis radiation at 350 nm wave-
length provides an emission spectrum with maximum
wavelength at 460 nm.* Since the equilibrium coefficient
K, of HO-33342 to calf thymus DNA? was measured at
2.8x 107 M, the total amount of dye in the sperm cell
will essentially be bound to the DNA. Therefore, the
intensity signal from the emission spectra can be consid-
ered to be directly proportional to the concentration of
the DNA-dye complex which must reach a critical level
for detecting differences in signal intensity between the X
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and Y chromosomes. Furthermore, due to this propen-
sity for the HO-33342 dye to bind to DNA, the rate
determining step in forming the dye-DNA complex
would involve the transport of the dye across the sperm
cell membrane. Precedent in the literature has suggested
that HO-33342 enters the cell by an unmediated diffu-
sion transport mechanism through the cell membrane
prior to DNA binding.> However, there appears to be
a paucity of information regarding the detailed study
of the mass transport kinetics associated with this mech-
anism. There is value in determining the kinetics since
this information could be used to establish a model for
predicting the length of time needed for incubating the
cells with HO-33342 dye to achieve the necessary fluo-
rescence intensity for X/Y discrimination. This paper
discusses the kinetic study pursued in our laboratory
and the utilization of the kinetic parameters in develop-
ing the predictive model.

2. Results and discussion

Based on precedent® the unmediated diffusion mecha-
nism of HO-33342 through the spermatozoa membrane
was used as the premise for establishing the mass trans-
port kinetics. Fluorescence spectroscopy was used to
measure the rate of dye uptake into the cell. Shown in
Figure 1 are the emission spectra for the HO-33342-
DNA complex in spermatozoa obtained at varying time
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Figure 1. Emission intensity versus wavelength data was obtained on a
3 Million/mL spermatozoa suspension in citric acid monohydrate/
KHCO3/NaHCOj; buffer using the Perkin-Elmer LS55 Luminescence
Spectrometer at pH 7.0 and 41.5 °C. Concentration of the HO33342
dye was 209 nM.

intervals over the course of 70 min whereby the maxi-
mum peak emission intensity was approached at
30 min indicating sperm cell saturation. The experiment
was conducted in a citrate/bicarbonate-based buffer at
41.5°C and pH 7.0. The cells were excited at 350 nm
wavelength and the emission spectra were acquired in
the 360-600 nm wavelength interval.

The experimentally observed maximum peak intensities
at 440 nm wavelength were plotted as a function of time
(Fig. 2). The diffusion rate represented by the increase in
emission intensity with time was greatest during the first
15 min after dye addition to the sperm cell suspension.
As time increased, the intensity increase rate decreased
until finally approaching a rate of zero which was likely
due to the saturation level of the dye in the cell. This ob-
served behavior of dye diffusion into the sperm cells sug-
gested 1st-order diffusion kinetics in which the rate is
proportional to the difference in concentration of the
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Figure 2. Emission intensity versus time experimental data (diamonds)

were obtained from the data shown in Figure 1 along with the curve fit
to the data based on 1st-order diffusion kinetics.

dye at any given time and the concentration at satura-
tion levels.

Prior to further discussion, the nature of the ejaculates
used in this study should be mentioned. The spermato-
zoa contained in the ejaculate consisted of two subpop-
ulations, live and dead cells. Since dead cells would not
have the ability to control the movement of the dye
across the membranes, the diffusion rate was expected
to be very rapid. Although the live cell subpopulation
was expected to have subtle differences in their mem-
brane morphologies, the emission intensity data were as-
sumed to represent an average rate for all live cells.
Therefore, the live cell population was used in the vali-
dation process of determining whether the diffusion of
the HO33342 dye into the sperm cells was Ist-order.
The difference between the rates for the live and dead
cell subpopulations was noted in the emission intensity
versus time data for a greater portion of the experiments
in that the rate of increase in the emission intensity was
significantly greater between initial time (z = 0) and the
next data point (acquired between 30 s and 5 min) than
for the remaining data points at subsequent time inter-
vals. Therefore, for those experiments exhibiting this
behavior, treatment of the data for validating the 1st-or-
der diffusion kinetics was performed by using all of the
emission intensity data except for the value at initial
time.

The 1st-order mass transfer rate is represented by Eq. 1.°
The proportionality constant between the rate and the
concentration gradient between saturated and unsatu-
rated HO-33342 dye concentration levels is the mass
transfer rate coefficient k. The bridge between the rate
expression represented by Eq. 1 and the experimental
data is depicted as Eq. 2. Eq. 2 is essentially the same
as Eq. 1 except the concentration terms were replaced
by emission intensity levels.

Mass transfer rate equation

dCrodye

Rate = TR kobs * (Chodyesat — Crodye) (1)

Mass transfer rate equation—emission intensity

d(/ e
% = kobs * (Inopyesat — IHodye) @

The first step toward obtaining the 1st-order kinetic data
and kgps was to integrate Eq. 2. The integrated rate
expressions are represented by Egs. 3 and 4 in exponen-
tial and logarithmic forms, respectively.

Integrated mass transfer rate equation—emission
intensity

IHOdye = IHOdye-sat * [1 - eikObs*t} (3)

ln[(IHOdye—sal - ]HOdye)/IHOdye-sat] = _kObs * 1 (4)

The proposed Ist-order kinetic mass transfer rate of
HO-33342 into the spermatozoa was confirmed by fit-
ting the integrated form of the rate expression (Eq. 3)
to the experimental data shown in Figure 2 by manually
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Figure 3. Observed kinetic rate coefficient (kops, min~') obtained by
logarithmic plot of the emission intensity versus time.

adjusting the kg,s value. From this curve fitting ap-
proach, the emission intensity at HO-33342 dye satura-
tion in the sperm cell /odyesat Was obtained. Further
confirmation of the lst-order kinetics was established
by obtaining a linear plot of the left side of Eq. 4 versus
time (Fig. 3). The absolute value of the slope of the best
fit to the data provided the rate coefficient kps.

The mathematical treatment of the 1st-order kinetics of
HO-33342 dye mass transport is completed with the pre-
sentation of Egs. 5-7. Eq. 5 represents the transformation
of the integrated emission intensity 1st-order rate equa-
tion (Eq. 4) back to concentration terms. The rate coeffi-
cient k,,s was normalized with respect to sperm
concentration and % motility (Eq. 6) to produce k.
The parameter kg;r therefore reflects the kinetic data
acquired for a specified unit of sperm concentration

(M sperm/mL) and for live spermatozoa (%motility).
Finally, the time required to transport the HO-33342
dye into the sperm cells at a given percentage of the
dye-saturated concentration level was obtained by using
Eq. 7. Specifically Eq. 7 was obtained by manipulating
Eq. 5to obtain time as a function of the dye concentration
and kg;r with the unsaturated dye concentrations repre-
sented as a fraction of the saturated dye concentration.

transfer  rate

Integrated  mass equations—dye

concentration
ln[(CHOdye—sat - CHOdye)/CHOdye—sat] = _kjlifft (5)
kobs
kaitr = — 6
4 [Sperm Conc.] * (%Motility*.01) (6)
_ - 1n[CHOdye—sat * (1 - n)/CHOdy—sat] (7)

k iy
Chodye " * CHodye-sat 7 = fraction of Cyodye-sat

[Sperm Conc.] = Million/mL

The experimental determination of ks and kg at vary-
ing temperature and pH is shown in Table 1. Since the
quality of semen samples varies considerably between
ejaculates (%omotility) due to environmental factors such
as seasonal temperature variance throughout the calen-
dar year,” experiments designed to compare differences
in pH and temperature were performed on the same
ejaculate on the same day. As an example, experiments
were performed on bull # 7963 ejaculate at pH 6.26
and 7.45 (entries 3 and 4) on the same day (5/26/2006).
This protocol was critical in that significant variance
of kg values was noted for different ejaculates of the
same bull (#7963) at essentially the same pH and tem-
perature (compare entries 12 and 14 and entries 15
and 16).

Table 1. Results of kinetic experiments: diffusion of Hoechst-33342 dye into spermatozoa

Entry (Date) Bull ID* Temperature (°C) pH % Motility Kops’ kain®
1 (5/19/06) 7963 41.5 7.04 76 0.1102 0.0483
2 (5/19/06) 7963 41.5 7.15 76 0.1427 0.0626
3 (5/26/06) 7963 41.5 6.26 76 0.0307 0.0135
4 (5/26/06) 7963 41.5 7.45 76 0.1411 0.0619
5 (6/12/06) 8519 41.5 6.21 90 0.1056 0.0391
6 (6/12/06) 8519 41.5 7.23 77 0.2404 0.1041
7 (6/26/06) 8519 41.5 6.25 68 0.2229 0.1093
8 (6/26/06) 8519 41.5 7.71 66 0.3260 0.1646
9 (8/10/06) 8519 41.5 7.36 37 0.2831 0.2550
10 (8/23/06) 8519 41.5 6.21 68 0.0245 0.0120
11 (8/23/06) 8519 41.5 7.63 64 0.2176 0.1133
12 (6/15/06) 7963 32.0 6.22 80 0.0375 0.0156
13 (6/15/06) 7963 32.0 7.18 80 0.0673 0.0280
14 (7/17/06) 7963 32.0 6.17 82 0.0181 0.0074
15 (7/17/06) 7963 32.0 6.82 84 0.0238 0.0094
16 (8/01/06) 7963 32.0 6.86 55 0.0436 0.0264
17 (8/01/06) 7963 32.0 7.84 55 0.1553 0.0941
18 (8/10/06) 8519 32.0 7.32 43 0.1622 0.1257
19 (7/06/06) 8519 36.9 6.23 85 0.0212 0.0083
20 (7/06/06) 8519 36.9 7.16 83 0.0450 0.0181

# Mason-Plunkett farms (Bonne Terre, MO, USA).

® Mass transfer rate coefficient kops (min~') obtained from the slope of the emission intensity versus time graph (Fig. 4) generated from using Eq. 4.
© Mass transfer coefficient kg (min~'(M sperm/mL) ") obtained by transforming kops (min ") using Eq. 6. Sperm concentration units are in Million/mL.
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From the data presented in Table 1, significant trends
were noted. The k,ps and kg values were for the most
part greater at 41.5°C (entries 1-11) than at 32°C
(entries 12-18) and 36.9 °C (entries 19-20). Likewise,
for a specific temperature, ks and consequently kg
tended to be greater at more alkaline pH. This result
especially was noted when two experiments at two differ-
ent pH values were performed on the same ejaculate and
on the same day. It was encouraging to have observed
these trends given that sperm quality (Yomotility) varied
significantly between ejaculates.

Based on these trends, average values for the kgy
parameters were obtained by averaging the data
presented in Table 1 for a given pH and temperature
(Table 2). As an example, at pH 6.2 and 41.5 °C, the
average kg parameter was determined using the data
from Table 1: entries 3, 5, 7, and 10. Additional average
values for kg at 41.5 °C were obtained at pH 7.2 and
7.6 and at pH 6.2, 6.8, and 7.2 for 32.0 °C.

The next step in establishing the mass transport kinetics
of HO-33342 dye into spermatozoa was to determine the
impact of temperature on the kgy parameter. The
Arrhenius equation® (Eq. 8) was used to describe this
relationship. The reference value kgig 7rer) (Table 2: en-
try 1) used in Eq. 8 was the average kg;r obtained at pH
6.2 and 41.5 °C (reference temperature, 7). Using the
data from two experiments performed on the same ejac-
ulate at 32.0 and 41.5 °C (Table 1: entries 9 and 18), the
energy of activation E, was determined to be 14.2 kcal/
gmoL using Eq. (8a) (SI). With the k4ig 7rery and E,
values determined, the mass transport rate coefficient
kgirr can be determined for any given temperature. The
parameters necessary to perform this calculation are
presented in Table 3 (entries 1-3).

Kairr (T) = kg T (vef) s e Euct/ReQl/TCK) =1/ Trer (K]

T(°C) =41.5°C (8)
Determining the impact of pH on the kg;y value required a
proposed mechanism for the mass transport process.’ The

HO-33342 bis-benzimidazole dye at pH 6.2 is likely a di-
cation in which one of the imidazole groups and at the

Table 2. Diffusion of Hoechst-33342 dye into spermatozoa—Xkinetic
parameters

Entry Experimental pH Temperature Predicted
kain 0O kaia"
1 0.0435° 6.2 41.5 0.0435
2 0.1220° 7.2 41.5 0.1221
3 0.1390¢ 7.6 41.5 0.1388
4 0.0115°¢ 6.2 32.0 0.0214
5 0.0179F 6.8 32.0 0.0462
6 0.0769% 7.2 32.0 0.0601
Amin~".

bAverage of Table 1: entries 3, 5, 7, 10.

¢ Average of Table 1: entries 1, 2, 9.

9 Average of Table 1: entries 8, 11.

¢ Average of Table 1: entries 12, 14.

fAverage of Table 1: entries 15, 16.

€ Average of Table 1: entries 13, 18.

" Determined from the HO33342 mass transport kinetic model (SI).

Table 3. Kinetic parameters associated with temperature and pH
impact on kg

Entry Kinetic parameter ~ Value Unit

1 Reference kgix 0.0435 min’l(M sperm/mL)’l
(T'=41.5°C.pH = 6.2)°

2 Epel® 14.2 kcal/gmoL

3 R 0.001987  kcal/gmoL/°K

4 pK.(dye)* 6.6 Dimensionless

#314.5 °C = Ty(°K) = 41.5 °C + 273 (Eq. 8).
® Energy of activation.

“Eq. 8a (SD.

4Eq. 9 (Refs. 9 and 11).

piperazine moiety is protonated.!® Increasing the pH in
the spermatozoa suspension should convert a significant
portion of the di-cationic dye into the mono-cationic form
thereby rendering the compound more hydrophobic
which would enable the species to pass through the hydro-
phobic membrane more readily. Although the mechanism
of HO-33342 transport is highly complex involving the
presence of transporter proteins and ATP,*!! a simplistic
mechanism of the HO-33342 transfer across the mem-
brane as a result of increased hydrophobicity at higher
pH is presented in Figure 4.

Based on the proposed transport mechanism, the rela-
tionship between kg and pH can be described by
Eq. 9'2 in which the pH dependency of kgy is a
function of kg;r at pH 6.2 at any given temperature
(kdifr (7,pH = 6.2)), PK, of the protonated imidazole func-
tionality of the HO-33342 dye'® (Table 3: entry 4), the
hydrogen ion concentrations at pH 6.2 and at the pH
of the spermatozoa suspension. Detailed derivation of
Eq. 9 is in the Supporting Information (SI) (Eq. (9a)).

Kaitr(rpny = kair (7, pH = 6.2)
§ (IO*PKa(dye) + 10—62) o
(mpra(dye) + 10—pH) ( )

Using the kgjr value obtained at 41.5°C and pH 6.2
(Table 3: entry 1), Egs. 8 and 9 can be used to determine
kaigr (r,pry at any given temperature and pH.

Having developed the mass transport kinetics kqig (7, ph)
for HO-33342 dye introduction into spermatozoa, the
time required for the DNA of sperm cells to acquire a
given % of saturation can be determined (Eq. 7). The
ability to predict the time required to saturate the
DNA with HO-33342 dye to the level necessary for sort-
ing X/Y bearing sperm cells is important for maximizing
the % of viable spermatozoa in the final product (Artifi-
cial Insemination Straws).!> An Excel-based kinetic
model (included in Supporting Information) was devel-
oped in which the input variables are temperature, pH,
and degree of saturation for the HO-33342 dye. The out-
put parameters are the predicted kg;; value and the time
required to achieve the degree of saturation. For our
studies, a saturation value of 85% was chosen. Using
this value along with the 41.5 °C and pH 7.3 provided
a predicted dye transport time which is consistent with
experimental observations. Using the kinetic model, a
comparison between the predicted and experimental kg;z
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Figure 4. Hoechst-33342 dye unmediated diffusion (mass transfer) mechanism.

values at varying temperature and pH was made (Table
2: columns 2 and 5). At 41.5°C, the comparison was
excellent. However, differences between experimental
and predicted kg;q were noted at 32.0 °C although the
trends were consistently the same.

3. Conclusion

The mass transport kinetics for the unmediated diffusion
of the Hoechst-33342 DNA-binding dye into spermato-
zoa was determined. The mass transport kinetic coeffi-
cient kg was obtained experimentally at varying
temperature and pH. Due to the variance in the quality
of ejaculate samples on different days, the critical aspect
of the experimental protocol was that measurements on
a given ejaculate comparing the effect of parameters
such as pH and temperature must be performed on the
same day. From the experimental data, the relationship
between kg and temperature was determined using the
Arrhenius relationship. The dependency of kg;¢ on pH
was based mechanistically on the premise that the HO-
33342 dye becomes more hydrophobic at higher pH
and was therefore permitted to diffuse across the cell
membrane. Finally, an Excel-based mathematical model
was developed using the kinetic parameters and is capa-
ble of predicting the time required for the HO-33342 to
reach a given saturation level within the spermatozoa.
The establishment of the mass transport kinetics for
the HO-33342 dye should be applicable in determining
the unmediated diffusion rate of a variety of dyes into
spermatozoa and other types of biological cells.

4. Experimental
4.1. Materials
Fluorescence spectra were obtained on a Perkin—Elmer

LS55 Luminescence Spectrometer. The temperature in
the LS55 cuvette holder was controlled by circulating

water provided by the PolyScience Model 8006 Temper-
ature Controller Circulating Water Bath. The Hoechst-
33342 dye (1 mg/mL) was obtained from Invitrogen
Co. (Carlsbad, CA). Sodium bicarbonate, potassium
bicarbonate, and citric acid monohydrate were acquired
from Sigma-Aldrich Co. (St. Louis, MO). Water used
was GIBCO Ultrapure™ (Invitrogen Co.). Bovine ejacu-
lates were supplied from the Plunkett-Mason Farms
(Bonne Terre, MO). Sperm concentration (M Sperm/
mL) and %motility were determined by IVOS (Inte-
grated Visual Optical System—Hamilton Thorne Biosci-
ences—Berverly, MA)!#!> measurements prior to use in
experiments. IVOS measurements were performed by
incubating the spermatozoa in an 1.8 mL microcentri-
fuge tube for 10 min at 37 °C using a TCA-based buffer
solution [citric acid monohydrate (1.77%), fructose
(0.26%), pyruvic acid (0.10%), Trizma® base— 2-Ami-
no-2-(hydroxymethyl)-1,3-propanediol (3.03%), GIBCO
Ultrapure™ water (94.83%)] followed by injecting
the spermatozoa into 4-chamber (20 um) slides (Leja
Corp—The Netherlands, info@leja.nl).

4.2. Experimental procedure

The buffer solution'® was prepared by dissolving
NaHCO; (0.661 g, 7.87 mmoL), KHCO; (1.380g,
13.78 mmoL) in 40 mL of GIBCO Ultrapure™ water.
Citric acid monohydrate (1.521 g, 7.239 mmoL) in
40 mL GIBCO Ultrapure™ water was slowly added to
the bicarbonate solution over a 15 min time period to
maintain pH at 6.0. The pH of the solution was noted
to gradually increase with time due to CO, evolution.
Neat bovine semen (7.7 pL, 1170 =44 M sperm/mL,
85 + 0.6% motility) was added to a plastic cuvette. Se-
men sperm concentration and %motility were deter-
mined by IVOS. The buffer solution (3.0 mL) was
SLOWLY added to the semen to prevent osmotic shock.
The sperm concentration in the cuvette was 3.0 M
sperm/mL. The cuvette was then placed in the LS55
Spectrometer cuvette holder equipped with water-jacket
temperature control capabilities. The sample was
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allowed to calibrate at 36.9 °C for 5 min. A background
emission spectrum was acquired in the 350-600 nm
wavelength range using a 350 nm excitation wavelength.
After acquiring an additional background spectrum
5 min later, 6.3 pL of a 0.1 mM HO-33342 dye solution
(0.07 nmoLL HO-33342 dye/l M sperm/mL) in water
(GIBCO Ultrapure™) was quickly added to the sample.
An initial time (¢ = 0 min) emission spectrum was then
acquired at pH 6.20. Emission spectra were then ac-
quired at 3, 6, 9, 15, 20, 30, 50, 70, 90, 110, and
125 min after HO-33342 dye addition. A pH measure-
ment was recorded following each spectrum acquisition.
During the course of the experiment, the pH increased
to 6.27. The experiment was repeated on the same day
using the same ejaculate sample except the buffer solu-
tion had been pre-treated with an aqueous KOH
(3.95%)/NaOH (1.58%) solution to achieve a pH of 7.16.

4.3. Data evaluation

Using the FL WinLab software accompanying the LS55
Spectrometer, intensity data in 0.5 nm wavelength inter-
vals from each of the emission spectra (350-600 nm
range) were converted into Excel format. From these
data, intensity versus wavelength plots were generated
for the emission spectra at all time intervals. The peak
intensities at 440 nm for the time intervals were then
plotted against time to obtain a Ist-order exponential
curve. The curve based on the algorithm (Eq. 3),
Itodye = IHodye-sac* {1 — exp(—Kkops*?)}, was fit to the exper-
imental data using Excel by manually adjusting the kps
value. From this curve fitting exercise, the intensity at
saturation of the HO-33342 dye into the spermatozoa
(laodye-sat) Was obtained. If the first attempt at curve
fitting to the experimental data was not satisfactory, a
reasonable curve fit was obtained by excluding the initial
time point. After obtaining the saturation intensity value
(/Hodye-sat), the observed mass transfer rate coefficient
kobs was obtained by plotting (In[(/godye-sat — THodye)/
T1iodye-sat]) versus time. The mass transfer coefficient kqig
normalized to live sperm concentration (M sperm/mL)
was obtained by dividing ks by both the sperm concen-
tration and fraction of live cells (Y%omotility*.01) in the
cuvette.
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