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In vitro manipulation of mouse pre-implantation embryos
has become a valuable research tool for reproductive physiolo-
gists and embryologists. It also is an integral part of the devel-
opment of transgenic animal models. However, the production of
appropriate quantities of viable embryos for transfer after ma-
nipulation has been an elusive challenge. Depending on the
strain of mouse and in vitro manipulation procedure performed,
the percentage of early cleavage embryos that develop to morula
and blastocyst can range from 20 to 40% (1, 2). It has been hy-
pothesized that numerous variables associated with the in vitro
system (including accumulation of metabolites, such as lactate
and ammonia and depletions of necessary nutrients) are the
cause of the poor yields of viable embryos in vitro (3). In the in
vivo environment, the female reproductive tract is constantly
active, resulting in movement of the embryo down the reproduc-
tive tract (4). This movement also washes the embryos in chang-
ing fluid in the uterine tube and uterus, possibly maintaining a
gradient for the supply of necessary nutrients and the removal
of waste products (4). As this in vivo environment is dynamic, it
suggests that use of a perfusion system may be beneficial in
overcoming limitations of static culture (3).

Dynamic in vitro culture of cells has been used extensively in
multiple fields of biology (e.g., 5-7). However, it has been largely
overlooked in embryo culture because it has proven challenging
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The ability to manipulate mouse pre-implantation embryos in vitro has become a valuable tool in many scientific
disciplines. However, fewer embryos maintain viability following in vitro manipulation compared with embryos in vivo.
It has been suggested that use of dynamic medium environments may improve viability by simulating in utero
environment. The objective of the study reported here was to compare a microdrop in vitro culture system with a
microdevice in vitro culture system containing a static and two dynamic medium environments (0.1 and 0.5 µl/h) for
culturing of mouse pre-implantation embryos. Results indicated that the static medium environment, in silicon-
glass microdevices, was not significantly different from the microdrop control environment in proportion of embryos
developing from the two-cell to the blastocyst stage. However, the static microdevice environment produced signifi-
cantly (P < 0.05) more morulas than did that of the control group. Both of these treatment groups, under the pre-
sented conditions, consistently had significantly higher proportions of blastocysts (P < 0.05) and morulas (P < 0.05)
and lower proportions of abnormal (P < 0.05) and eight-cell embryos (P < 0.05), compared with those of the high flow
rate dynamic environment microdevice treatment groups. Studies exploring slower or pulsatile rates of medium
delivery in a dynamic medium environment are indicated.

to create a system that allows the embryos to be moved mini-
mally without damage to them while maintaining the appropri-
ate pH and carbon dioxide concentration (8-12). Tissue culture
systems that pump the medium through the embryo chamber or
through a chamber adjacent to the embryos have been used, with
minimal success (8-12). Turbulence and flow rates > 50 µl/h,
causing depletion of nutrients and the removal of required hor-
mones and growth factors, have been proposed as factors con-
tributing to this developmental failure (8, 9). Ideally, dynamic
culture would evolve to mimic the conditions of the oviduct and
uterus, yielding a higher number of viable blastocysts, compa-
rable to the in vivo situation. Dynamic culture also would allow
collection and analysis of culture fluids for detection of markers
of embryo viability.

The development of miniaturization technologies toward
small mechanical systems, microelectromechanical systems
(MEMS), has created a means for dynamic culture on a volu-
metric scale reportedly more consistent with the needs of the
embryo (3, 13). To address concerns cited in the previously used
cell culture systems we previously developed a silicon-glass
microdevice for in vitro manipulation of pre-implantation em-
bryos, using MEMS technology (14). The first objective of the
study reported here was to determine whether use of an in vitro
embryo manipulation microdevice system (14) would result in a
higher percentage of viable blastocysts, compared with results
using the more common microdrop in vitro culture method. The
second objective of the study was to explore the effect of dy-
namic flow on development of mouse pre-implantation embryos
in silicon-glass microdevices.
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Materials and Methods
Mice. Female ICR mice, at least 3 weeks old, were obtained

from Jackson Laboratory (Bar Harbor, Maine) for use as donor
females. The SB6F1 male mice, obtained by breeding SJL/J fe-
males from Jackson Laboratory with C57BL/6J males from
Jackson Laboratory were used as stud males to produce em-
bryos. All animals were housed under environmental conditions
of 22°C, 40 to 70% humidity, 15 air changes/h, and a 14:10-hr
light:dark cycle. Animals were housed in polycarbonate
microisolation cages (7.5 × 11.5 × 5 in.) with filter tops. The bed-
ding was composed of autoclaved heat-treated hardwood chips
(Sanichips, P. J. Murphy Inc., Montville, N.J.). Mice were fed au-
toclaved LM-485 (Diet 7012) Mouse/Rat Sterilizable Diet
(Harlan Teklad, Madison, Wis.) and autoclaved water ad libi-
tum. Sentinel animals were tested quarterly, and found to be
test negative, for mouse hepatitis virus, Sendai virus, pneumo-
nia virus of mice, mouse parvovirus, minute virus of mice,
mouse encephalomyelitis virus, reovirus type 3, lymphocytic
choriomeningitis virus, ectromelia, mouse rotavirus, Myco-
plasma pulmonis, and rodent pinworms. The UIUC Animal
Care and Use Committee approved all animal experiments.

Preparation of microdrop in vitro culture system. Em-
bryos were cultured in a 60 × 15-mm tissue culture dish (Becton
Dickinson Labware, Franklin Lakes, N.J.) in a 35-µl drop of M16
culture medium (15) under 5 ml of embryo-tested mineral oil
(Sigma Chemical Co., St. Louis, Mo.). The mineral oil was
washed with double-deionized water (Barnstead, Dubuque, Iowa)
and filtered through a 0.22-µm syringe filter unit (Millipore
Corp., Bedford, Mass.) prior to use in the laboratory to further
ensure removal of potential contaminates. The system was
equilibrated at 37°C in a 5% CO2/air atmosphere prior to use.

Manufacture of the microdevices. The fabrication process
has been described elsewhere (14). In brief, the microdevice con-
sists of a processed silicon wafer between two pieces of Pyrex
7740 glass, with Pyrex wells adhered. The inlet well is wide to
facilitate placement of the embryos. The outlet well is luer-lock
adapted to allow medium to be drawn out. These devices have
two to three parallel transparent microdevices (250 µm deep
and 1 mm wide) etched in the wafer and are designed for group
culture of pre-implantation embryos (Fig. 1).

Preparation of static environment microdevices.
Microdevices were cleaned ultrasonically, rinsed with 70% etha-
nol and double-deionized water (Barnstead), and autoclaved be-
tween replicates. The autoclaved microdevices were loaded by

placing 0.5 ml of M16 culture medium (15) in the inlet well. A
tuberculin syringe (Becton Dickinson & Co., Franklin Lakes,
N.J.) was attached to the luer-lock adapter over the outlet well.
Using the syringe, gentle pressure was applied to pull medium
from the inlet to the outlet well. The total volume of M16 cul-
ture medium (15) in the devices was 0.5 ml, including that in
the inlet and outlet wells. Mineral oil was not used with these
devices. The system was equilibrated at 37°C in a 5% CO2/air
atmosphere prior to use.

Preparation of dynamic environment microdevices.
The microdevices were prepared as described for the static envi-
ronment. All plastic equipment was cleaned with 70% ethanol
and double-deionized water (Barnstead) and was gas sterilized
with ethylene oxide between replicates. Hamilton syringes
(Reno, Nev.) were cleaned with 70% ethanol and double-deion-
ized water (Barnstead) and were autoclaved between replicates.
The M16 culture medium (15) used in the dynamic culture sys-
tem was equilibrated at 37°C in a 5% CO2/air atmosphere prior
to use. A three-way stopcock (Sigma Chemical Co.) was placed
on the female end of the polyvinyl chloride tubing (Cole-Parmer
Instrument Co., Vernon Hills, Ill.). A two-way stopcock (Cole-
Parmer Instrument Co.) was placed on the male end of the tub-
ing. A blunted 18-gauge needle (Becton Dickinson & Co.) was
placed on the male end of the two-way stopcock. A 20-ml syringe
(Becton Dickinson & Co.) and 0.22-µm syringe filter unit
(Millipore Corp.) were used to load approximately 5 ml of M16
culture medium (15) into the tubing, taking care to remove all
air bubbles from the tubing. For each channel, two lengths of
tubing were prepared. One had a 50-µl Hamilton syringe filled
with M16 culture medium (15) connected to the three-way stop-
cock. The second had an empty 50-µl Hamilton syringe attached
to the three-way stopcock.

The Hamilton syringes were placed in a PHD 2000 Infusion/
Withdraw syringe pump (Harvard Apparatus, Holliston, Mass.).
Entering the diameter of the Hamilton syringes and the desired
rate of flow into the control panel programmed the syringe
pump. This pump has the capability to produce flow between
0.0001 µl/h and 220.82 ml/min.

The ends of the tubing with the blunted 18-gauge needles
were introduced into the incubator (Forma Scientific Inc.,
Marietta, Ohio) via a rear access port. The tubing was run
through holes drilled in a rubber stopper that was placed in the
port to help seal the incubator chamber. After loading the em-
bryos into the microdevices, the blunted 18-gauge needle con-

Figure 1. Schematic cross-section (A) and top-down view (B) of the silicon-Pyrex microdevice. The basic structure of the device is a sandwich with
Pyrex 7740 slides forming the bottom and top layers.
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nected to the tubing with the full Hamilton syringe was placed in
the input well of the microdevice. The blunted 18-gauge needle
connected to the tubing with the empty Hamilton syringe was
placed in the output well of the microdevice. The infusion proto-
col was initiated by commanding the syringe pump to run the
entered program.

Preparation of embryos. Three- to eight-week-old ICR fe-
male mice (Jackson Laboratory) were superovulated by intrap-
eritoneal (i.p.) administration of an injection of 15 IU of pregnant
mare serum globulin (PMSG; Sigma Chemical Co.) 92 to 96 h
prior to collection, followed by i.p. administration of 10 IU of hu-
man chorionic gonadotropin (hCG; Sigma Chemical Co.) 44 to 48 h
prior to collection. The females were placed with SB6F1 studs
immediately following the hCG injection. The presence of a vagi-
nal plug the following morning (day one of pregnancy) indicated
that mating had taken place at the midpoint of the dark cycle.
Forty-four to 48 h after hCG injection, the ICR female mice were
euthanized by CO2 asphyxiation. The oviducts were dissected out
and placed into M2 collection medium (15). Two-cell embryos
were flushed out of the oviducts with M2 medium (15). They were
washed once in the M2 medium (15) and three times in the M16
culture medium (15), prior to distribution into treatment groups.

Experimental design. Embryos cultured in vitro in the
microdrop were considered the control group for this experi-
ment. Previously reported dynamic flow systems had used flow
rates > 50 µl/h and conditions of turbulence without success (8,
9). To begin to target the ideal rate of flow, we decided to at-
tempt a 10×, 100×, and 500× decrease in previously reported
flow rates for the microdevices. The design of the microdevices
creates conditions of laminar flow, without turbulence (14).
Three treatment groups were established: in vitro culture in the
microdevice under static medium conditions, in vitro culture in
the microdevice under dynamic medium conditions at 0.1 µl/h,
and in vitro culture in the microdevice under dynamic medium
conditions at 0.5 µl/h. After collection, groups of 15 two-cell em-
bryos were placed in microdrop treatment and microdevice
treatment groups, respectively. The embryos were allotted to
treatment groups, using a randomized block design. An equal
number of embryos from each donor were placed in each treat-
ment group to balance the heterogeneity of embryos and dis-
tribute embryos from each donor. All embryos were maintained
in an incubator (Forma Scientific Inc., Marietta, Ohio) for 72 h.
The dishes and microdevices were removed from the incubator at
24-h intervals to record the stages of development by examina-
tion under a dissecting microscope. The embryos were classified
as four-cell, eight-cell, sixteen-cell embryo, morula, blastocyst, or
abnormal (degenerating) embryo. The same operator performed
evaluation of the stages of development at each 24-h interval.
The dishes and microdevices were taken out and put back in the
incubator at the same time to eliminate variation among groups.
This was done as quickly as possible to eliminate excess varia-
tion in culture conditions. Replications were done over days and
donors to segregate donor variability from the treatment effect.

Results
Embryo culture. The stages of development (abnormal,

eight-cell, and 16-cell embryos, morulas, and blastocysts) at each
observation (24, 48, and 72 h of culture) were analyzed, using the
PROC PROBIT procedure in SAS (SAS Institute Inc., Cary, N.C.).
The model included the fixed effects of replicate, treatment, and

time, and the time-treatment interaction. For each analysis, when
a factor was not significant, (P > 0.05), it was subsequently re-
moved from the model. In all instances, replicate was found to be
non-significant and was removed from the model.

The initial PROC PROBIT analysis examined the proportion
of each type of embryo observed in each treatment group. Eight-
cell embryos, morulas, blastocysts, and abnormal embryos were
analyzed with respect to treatment (Fig. 2).

After 72 h of culture, the static environment microdevice treat-
ment and control groups were not significantly (P > 0.05) differ-
ent with regard to the proportion of embryos, except at the
morula stage of development. The static environment produced
significantly (P < 0.05) more morulas than did that of the control
group. The static environment microdevice treatment group
consistently had significantly higher proportions of blastocysts
(P < 0.05) and morulas (P < 0.05) and lower proportions of abnor-
mal (P < 0.05) and eight-cell embryos (P < 0.05), compared with
the dynamic environment microdevice treatment groups. The
two dynamic environment microdevice treatment groups had no
significant differences in the proportion of embryos at any stage
of development when compared with each other (P > 0.05).

Time and treatment interactions were also analyzed within
each developmental stage of embryo. Significant time and treat-
ment interactions were not found for blastocysts or abnormal
cells. Significant time and treatment interactions were found
for morulas and eight-cell embryos (Fig. 3).

At 24 h, the 0.1- and 0.5-µl/h dynamic environment microde-
vice treatment groups had significantly fewer eight-cell embryos
(P < 0.05), compared with the control and static environment
microdevice treatment groups. The static environment microde-
vice had a significant decrease in the proportion of morulas seen
at 24 h (P < 0.05), compared with the control group. The 0.1-µl/h
dynamic environment microdevice treatment group also had a sta-
tistically significant decrease in the proportion of morulas seen at
24 (P < 0.05) and 48 (P < 0.05) h, compared with the control treat-
ment group. Other significant interactions were not observed.

An additional treatment group, 5.0 µl/h, was studied, but was
not included in the statistical analysis. Only two successful rep-
licates of this treatment group were performed. The blastocyst
stage of development was not achieved in either of these repli-
cates and after 72 h of culture, and the proportion of abnormal
embryos was 100%. It was concluded that this rate of flow for 72 h
was detrimental to development of mouse pre-implantation em-
bryos. However, examination of the raw data revealed a higher
percentage of morulas at the 24-h stage of in vitro culture, com-
pared with that of the other treatment groups (Fig. 4).

Discussion
Since the practical use of in vitro manipulation of embryos is

to produce usable offspring, the gold standard for successful in
vitro development is the production of pups after embryo trans-
fer. The desired developmental stages after in vitro embryo cul-
ture are morulas and blastocysts, as these are the developmental
stages suggested for successful mouse embryo transfer (15).
Analysis of the in vitro culture data does not indicate advantage
to the static environment silicon-glass microdevice, compared
with the microdrop culture, for the production of blastocysts
since both of these treatment groups produced similar propor-
tions of blastocysts. There may be an advantage to the static en-
vironment microdevice treatment group in development to the
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Figure 2. Odds ratios for (A) blastocysts, (B) morulas, (C) eight-cell embryos, (D) and abnormal embryos, relative to control values by individual
treatments. Error bars indicate standard error for odds ratio. Different letters denote significant differences (P < 0.05).

Figure 3. Time-treatment interactions for (A) eight cell embryos and (B) morulas. Different letters denote significant differences (P < 0.05).
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morula stage.
It also is clear that the specific dynamic medium environ-

ments selected for these experiments are not conducive to de-
velopment of mouse pre-implantation embryos. This conclusion
is supported by the observation that use of both selected dy-

namic environment microdevice treatment groups resulted in
significantly lower proportions of embryos of the blastocyst and
morula developmental stages. However, this does not mean that
all dynamic flow rates in microdevices are contraindicated and
inhibit embryo development. On the contrary, the present re-
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Figure 4. Raw data percentage of morulas at given times for each
treatment group.

sults suggest that investigation into additional and possibly
slower flow rates is definitely warranted and is currently being
investigated in the laboratory.

Although an examination of time and treatment interactions
revealed significant interactions at the eight-cell and morula
stages of development, there were not consistent advantages in
one treatment over another. The proportion of eight-cell em-
bryos in the static environment microdevice treatment group
was not significantly different from the proportion for the con-
trol group, as indicated by the time and treatment interactions.
The proportion of morulas for the static environment microde-
vice treatment group was significantly higher than that for the
control group. The development in the specific dynamic medium
conditions described was not better, and often was worse, than
that seen for the static environment microdevice and the control
treatment groups. A potential exception to this was the observa-
tion in the raw data that the embryos of the 5.0 µl/h dynamic
environment microdevice treatment group had an extremely
high proportion of morulas at the 24-h time point, compared
with that for the other treatment groups. It has been suggested
that the metabolic requirements of the early pre-implantation
embryo are increased (e.g., 3, 9-12), suggesting that an initial
rapid supply of nutrients and removal of waste products could
facilitate development. This potential early beneficial effect re-
quires further exploration.

There are multiple reasons why the dynamic environment
microdevice groups may have behaved as poorly as they did,
compared with the control and static environment microdevice
groups. It is possible that these rates of flow were still too high
for mouse pre-implantation embryos, washing away necessary
compounds in addition to waste products. This effect could be
corrected through use of slower or pulsatile flow rates. It is also
possible that the incubator had a negative effect on culturing of
the embryos (16). Although it was assumed that the pH of the
medium introduced into the microdevice was constant (diffusion
through the polyvinyl chloride tubing maintained in the incuba-
tor), it is possible that this was not the case. It may be valuable
to analyze the pH of medium within the tubing. One factor that
has reportedly caused problems for dynamic in vitro culture of
pre-implantation embryos that can be confidently dismissed is
turbulence caused by the medium flow since the microdevice sys-

tem produces laminar flow (14).
In conclusion, the static environment in the silicon-glass

microdevice system was significantly (P < 0.05) different from
the control environment for the production of morulas, but was
not significantly different for the production of blastocysts from
two-cell embryos. Both of these treatment groups performed sig-
nificantly better in the percentage of embryos that developed
into blastocysts than did the selected dynamic medium environ-
ment groups. However, the suggestive benefit of a rapid dy-
namic medium environment in the first 24 h, illustrated by the
5.0-µl/h treatment group, warrants additional study. Further
studies exploring slower or pulsatile rates of media delivery in a
dynamic medium environment are indicated.

References
1. Chatot, D. L., C. A. Ziomek, B. D. Bavister, J. L. Lewis, and

I. Torres. 1989. An improved culture medium supports develop-
ment of random-bred 1-cell mouse embryos in vitro. J. Reprod.
Fertil. 86:679-688.

2. Lawitts, J. A., and J. D. Biggers. 1991. Optimization of mouse
embryo culture using simplex methods. J. Reprod. Fertil. 91:543-
556.

3. Bavister, B. D. 1995. Culture of preimplantation embryos: facts
and artifacts. Hum. Reprod. Update 1:91-148.

4. Rousseau, J.- P., and Y. Menzo. 1993. Role of the female geni-
tal tract in the transport and survival of gametes and the fertil-
ized egg, p. 369-386. In C. Thibault, M. C. Levasseur, and R. H. F.
Hunter (ed.), Reproduction in mammals and man. Ellipses, Paris.

5. Takeshita, K., W. C. Bowen, and G. K. Michalopoulus. 1998.
Three-dimensional culture of hepatocytes in a continuously flow-
ing medium. In Vitro Cell Dev. Biol. 34:482-485.

6. Zhang, J., A. Collins, M. Chen, I. Knyazev, and R. Genta.
1998. High-density perfusion culture of insect cells with a BioSep
ultrasonic filter. Biotech Bioeng. 59:351-359.

7. Schumacher, K., R. Strehl, S. Kloth, M. Tacu, and W. W.
Minuth. 1999. The influence of culture media on embryonic re-
nal collecting duct cell differentiation. In Vitro Cell Dev. Biol.
35:465-471.

8. Wilson, J. M., D. D. Zalesky, C. R. Looney, K. R. Bondioli,
and R. R. Magness. 1992. Hormone secretion by preimplanta-
tion embryos in a dynamic in vitro culture system. Biol. Reprod.
46:295-300.

9. Lim, J. M., B. C. Reggio, R. A. Godke, and W. Hansel. 1996. A
continuous flow, perfusion culture system for 8- to 16-cell bovine
embryos derived from in vitro culture. Theriogenology 46:1441-1450.

10. Thompson, J. G. 1996. Defining the requirements for bovine
embryo culture. Theriogenology 45:27-40.

11. Pruitt, J. A., D. W. Forrest, R. C. Burghardt, J. W. Evans,
and D. C. Kraemer. 1991. Viability and ultrastructure of equine
embryos following culture in a static or dynamic system. J. Reprod.
Fertil. 44S:405-410.

12. Goverde, J. M. H., P. H. G. M. Willems, and R. H. C. M.
Peeters. 1994. The development of a superperfusion system for
studying intracellular and secretory processes in embryos. In
Vitro Cell Dev. Biol. 30A:819-821.

13. Keefer, C. L., C. L. Stice, A. M. Paprocki, and P. Goluke. 1994.
In vitro culture of bovine IVM-IVF embryos: cooperative interac-
tion among embryos and the role of growth factors. Theriogenology
41:1323-1331.

14. Glasgow, I. K., H. C. Zeringue, D. J. Beebe, S. J. Choi, J.
Lyman, N. G. Chan, and M. B. Wheeler. 2001. Handling indi-
vidual mammalian embryos using microfluidics. IEEE Trans.
Biomed. Eng. 48:570-578.

15. Hogan, B., R. Beddington, F. Constantini, and E. Lacy. 1994.
Manipulating the mouse embryo, a laboratory manual, 2nd ed.
Cold Spring Harbor Laboratory Press, Plainville, New York.

16. Avery, B., and T. Greve. 1992. Impact of incubator type on the
yield of in vitro produced bovine blastocysts. Acta Vet. Scand.
33:341-348.

http://prime-pdf-watermark.prime-prod.pubfactory.com/ | 2025-02-25


