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Retrovirus-mediated gene transfer is currently limited by 
random Brownian motion ofthe retrovirus. This limitation 
can be overcome by flowing the retrovirus solution 
through a porous membrane that supports the target 
cells, leading to a significant increase in the transduction 
efficiency. This procedure is termed "flow-through trans- 
duction." In this study, we characterized the effects of the 
fluid flowrate and the influence that membrane character- 
istics have on the flow-through transduction procedure. 
The transduction efficiencies increased with flowrate until 
a plateau was reached at average flow velocities exceed- 
ing 0.3 cm/h for flow times of 3 to 4 h, using a collagen- 
coated depth (COL) membrane. A correlation between 
the optimal time for maximal gene transfer using flow- 
through transductions and the optimal time for maximal 
virus activity on the membrane was found, suggesting 
that the membrane adsorption capacity for virus deter- 
mined the amount of gene transfer that could occur. 

Membrane adsorption characteristics were further in- 
vestigated using two different membrane types: a track- 
etched polyester screen (PE) membrane and the COL 
membrane. Flow-through transductions using the PE and 
COL membranes showed that a high level of gene transfer 
could be attained using the COL membrane while the PE 
membrane gave much lower transduction efficiencies. 
The addition of the polycation polybrene (PB) changed 
these results markedly, making transductions achieved 
on the PE membrane similar in number to those obtained 
on the COL membrane. Since PB is believed to influence 
the virus adsorption to PE membrane, these results fur- 
ther support the conclusion that the increase in gene 
transfer achieved by the flow-through transduction proce- 
dure is due to virus adsorption to the membrane. The 
flow-through transduction procedure thus leads to co- 
localization of the viral vector and the target cell that in 
turn leads to a high transduction efficiency. 0 1996 John 
Wiley & Sons, Inc. 
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INTRODUCTION 
Biological vectors, such as retroviruses, adenoviruses, 
and adeno-associated viruses are generally used for gene 
transfer in gene therapy, where stable and efficient gene 
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transduction must take place to specific target  cell^.'.^^^^ 
For a virus to gain entry, and thus deliver its gene into 
the cell, it must first encounter and then bind via its 
surface proteins (viral attachment proteins) to receptors 
on the target cell.'3,20328 It has been suggested that multi- 
ple receptors or attachment sites are responsible for the 
virus adsorbing onto and ultimately gaining entry into 
the cell.13 Initial binding of virions to cells is often non- 
specific, where glycoproteins on the virus surface can 
bind weakly to glycoprotein, proteoglycan, or integrin 
protein receptors commonly displayed on cell sur- 
faces.13.14,21 

Retrovirus-mediated gene transfer is typically carried 
out using static transduction protocols, in which a liquid 
layer containing the retrovirus is placed on top of a bed 
of target cells. The physics of this transduction system 
may be described by three processes occurring simulta- 
neously (Fig. 1): (1) Brownian motion of the retrovirus; 
(2) decay of the retrovirus; and (3) adsorption, or cap- 
ture, of the retrovirus by the target cell. A retrovirus is 
a colloidal particle with a density similar to that of tissue 
culture medium, 1.16 to 1.18 g/mL.18 Its root mean 
square displacement (1) by Brownian motion over time 
( t )  can be described by12: 

1 = m t  (1) 
where D is the diffusion coefficient. The numerical value 
of the diffusion constant for a retrovirus can be esti- 
mated from the Stokes-Einstein equation (e.g., ref. 9) 
to be approximately 6.5 X cm2/s using a viral diame- 
ter of 100 nm." 

Retroviral half-lives are generally s h ~ r t . ' ~ - ' ~ , * ~ * ~ ~  
We have measured the half-life for a murine ampho- 
tropic retrovirus produced by the + CRIP cell line" to be 
about 5 to 8 h at 37"C5 Using the appropriate numerical 
values for the diffusion coefficient and half-life in Eq. 
(l),  we estimate the distance that an average retroviral 
particle can travel within one half-life (&) to be 480 to 
610 pm. Since tissue culture procedures typically use 
liquid depths of 2 to 5 mm, the majority of retroviruses 
in the transduction medium above a level of 480 to 
610 pm will not be able to reach the cell bed within one 
half-life. Only those particles closest to the target cells 
will be captured efficiently and within the time span of 
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substrate and the number and type of target cells. To 
address these issues, two types of membranes were used 
as porous supports for the target cells: screen mem- 
branes and depth membranes. With screen membranes, 
particle capture takes place on the membrane surface. 
With depth membranes, particle capture occurs by ran- 
dom entrapment within the membrane's tortuous pores 
(i.e., both on the membrane surface and within the mem- 
brane's depth). The two membranes used in this work 
were the tissue-culture treated polyester screen-type 
membrane, and the collagen-coated Teflon depth-type 
membrane. 

The Success of all flow-through transductions was 
measured against static transductions (where the virus 
solution does not flow), using the Same transduction 
materials: target cell inoculum and retrovirus solution. 
Retrovirus typically contains polycations~ such 
as polybrene, because it has been observed that static 

Figure 1. Static transduction: physical processes. This schematic 
shows how a retrovirus' distance from the target cell bed affects the 
probability of it being adsorbed. The virus close to the bed, at dl,  has 
a high probability of being adsorbed, whereas the virus further away, 
at d2, decays over the same time period and thus cannot reach a target 
cell. Each retrovirus travels an average distance 1 by Brownian motion 
over the time period of interest. 

the retroviral half-life. We have shown that retroviruses 
within 500 pm of the target cell bed were able to deliver 
the gene, while viruses further away did not contribute 
to cell transd~ction.~ 

The importance of distance between the virus particle 
and target is depicted in Figure 1, which shows a retrovi- 
rus particle's Brownian motion close to the target cell 
bed ( d , )  and far from the target cell bed (d2). The retro- 
viruses close to the target bed are able to strike it many 
times, greatly increasing the chance of being captured 
by a target cell receptor. The retroviruses far away from 
the target may travel the same mean distance ( I ) ,  but 
decay before being adsorbed by the target cells. Thus, 
by relying on Brownian motion to deliver the retrovirus 
to the target cell, as in static transductions, the rate of 
virus delivery is in large part determined by the proxim- 
ity of the available viruses to the target cell, and the 
time in which the majority of viruses are still active 
(the half-life). Under these diffusional constraints, the 
number of virions reaching the cell bed can be increased 
by increasing the number of retroviruses per unit vol- 
ume in the transduction solution. However, high retrovi- 
ral titers have proven difficult to ~ b t a i n , ~ . ~ . ' ~  and short 
retroviral half-lives compound the problem of inefficient 
gene transfer to the target cell bed. This limitation can 
be overcome by flowing the retrovirus solution through 
a porous membrane that supports the target cells, lead- 
ing to significant increases in transduction efficiencies. 
This procedure was termed "flow-through transduc- 
t i ~ n . " ~  

The factors governing flow-through transduction are 
characterized here. Using this method of gene transfer, 
the frequency of viral encounter with the target cell is 
expected to depend on the flowrate of virus solution 
through the supporting membrane. Furthermore, the 
amount of virus retained on the membrane is expected 
to depend on both the capacity of the porous membrane 

retroviral transductions can take place much more effi- 
ciently in the presence of a polycat i~n.~?~ Polybrene is 
believed to act to reduce electrostatic repulsion between 
the negatively charged bilipid layers on the virus and 
the target ce11.2g6 An optimal polybrene concentration 
of 4 pg/mL has been reported for virus binding to a 
variety of cell lines6 The presence (or absence) of poly- 
brene is expected to affect the performance of the two 
types of membranes differently, since the screen mem- 
brane is negatively charged and the depth membrane 
is uncharged. 

Detailed characterization of the flow-through trans- 
duction procedure is lacking. Therefore, this study was 
undertaken to address three questions, of which the 
answers would lead to a deeper understanding of how 
the flow-through procedure works: (1) What flow veloci- 
ties are sufficient to overcome the limitations imposed 
by Brownian motion? (2) How well does the porous 
membrane retain the virus flowed? (3) What is the effect 
of different membrane substrates on number of flow- 
through transductions obtained? 

MATERIALS AND METHODS 

Cell Culture 

NIH/3T3 and CV-1 cells were used as model target 
cell lines for these experiments. NIH/3T3 is a mouse 
fibroblast cell line (ATCC CRL 1658), and CV-1 is a 
primate cell line (derived from an African green monkey 
kidney, ATCC CCL 70). Target cells were seeded at 
3000 cells/cm2 in either six-well plates (Costar, Cam- 
bridge, MA) or tissue culture membranes 1 day prior to 
transduction (unless otherwise stated). Collagen-coated 
membranes (Transwell-COLT" cell culture inserts 
from Costar) and polyester membranes (Transwell- 
clearT" cell culture inserts from Costar) were used. The 
Transwell-COLT" membranes are of the depth (filter) 
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membrane type, and the Transwell-clear TM membranes 
are of the screen membrane type. They both had a pore 
size rating of 0.4 pm and a diameter of 24.5 mm (giving 
a membrane cross-sectional area of 4.71 cm2). The esti- 
mated porosity of the Transwell-COLT" membrane was 
50% to 60%, and the pore density of the Transwell- 
clear'" membrane was 4 X lo6 pores/cm2. The Trans- 
well-COLT" was of a neutral charge, and the Transwell- 
clearTM was tissue culture treated with a negative charge. 

The morphology of the target cells depended on the 
attachment substrate: both CV-1 and NIH/3T3 target 
cells tended to grow along striations on the Transwell- 
COLT" membranes, and both were of more rounded 
shape when grown on Transwell-clear TM membranes 
compared to tissue culture plastic. The replication- 
defective retrovirus producer cell line used was 
kindly provided by Dr. James Wilson at the University 
of Michigan (construction of a similar vector is described 
in ref. 29) and was made by transfecting a pMFG vector 
containing a lucZ gene into $CRIP.1° The retroviruses 
yielded from the producer cell line belonged to the 
Murine Leukemia Virus (MuLV) family. The producer 
cells were thawed every 6 weeks and cultured in 10- 
mL tissue culture dishes (Falcon'", Becton Dickinson, 
Franklin Lakes, NJ). All cell lines were grown with 10% 
calf serum supplement (Gibco, Grand Island, NY) in 
DMEM at 37°C and 5% C02. 

Retrovirus Supernatant 

Medium that was conditioned for 24 h by a conflu- 
ent monolayer of producer cells was filtered through 
0.4 pm pore-sized filters (low protein binding Sterile 
AcrodiscTM, Gelman, Ann Arbor, MI). Virus medium 
harvested from producer cell cultures was assigned a 
relative retroviral concentration value of 1.0. This rather 
arbitrary assignment was necessary due to the batch- 
to-batch variation of retroviral titer that occurs with 
producer cell where the virus productivity of 
a producer cell declines with each succeeding passage. 
Variable retroviral concentrations were made by dilut- 
ing the virus supernatant with growth medium. A rela- 
tive retroviral concentration of 0.1 was used for infecting 
cultures that would later be assayed (for lucZ expres- 
sion) by X-gal staining. Similarly, viral concentrations 
of 0.5 were used for infecting cultures that would be 
assayed by flow cytometry. Polybrene (Aldrich, Milwau- 
kee, WI) was added to 4 pg/mL (unless otherwise 
stated). Negative controls (mock infections) were pre- 
pared by adding polybrene (at the same levels as in the 
virus supernatant) to growth medium. These controls 
were carried out using both the static and flow-through 
transduction procedures. 

Static Transduction 

Static transductions were carried out on cell culture 
inserts in parallel with flow-through transductions, 

unless stated otherwise. The substrates used in this 
work (i.e., tissue culture plastic, Transwell-COLT", or 
Transwell-clearTM) did not affect either cell growth or 
(static) transduction efficiency.' Static transductions 
were carried out as follows: medium was removed from 
target cell cultures and replaced by 2 mL of virus solu- 
tion. A schematic is shown in Figure 2A. The cultures 
were then incubated for the determined transduction 
time, after which the retrovirus solution was removed 
and fresh growth medium was added. Cultures were 
assayed for lac2 gene expression 3 to 4 days later. 

Flow-Through Transductions 

Virus medium was gravity flowed through the seeded 
collagen or polyester membranes at an average flow 
velocity of -0.2 cm/h (flow velocities ranged from -0.1 
to 0.3 cm/h for the collagen membranes and -0.1 to 
0.2 mL/h for the polyester membranes) for the transduc- 
tion period (up to 10 h) at 37°C. A schematic is shown 

Static Transduction 
I I 

(A) 

Target Cell Be 

Flow-Through Transdudion 

I Virus Solution I 

Target Cell Bed 

Figure 2. Static transduction vs. flow-through transduction. In static 
transduction (A), virus solution overlays a bed of target cells for the 
transduction period. In flow-through transduction (B), virus solution 
flows through the target cell bed for the duration of the transduction 
period. Flow-through transductions were always carried out in parallel 
with static transductions, using the same preparation of virus solution 
and the same target cell density. 
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in Figure 2B. After the transduction period, the virus 
medium was removed from the reservoir above the tar- 
get cell bed and fresh growth medium was added. Cul- 
tures were left to incubate (without media flow) for 3 
to 4 days until the time of assay. 

Controlled Flowrate Transduction 

Seeded cell culture inserts were fitted into polycarbo- 
nate housings and Harvard Apparatus (South Natick, 
MA) syringe pumps were used to provide a steady and 
controlled flow of virus solution through the membranes 
for 3 to 4 h. Average flow velocities were calculated by 
dividing the volumetric flowrate by the membrane cross- 
sectional area, i.e., 4.71 cm2. A photograph of this set- 
up is shown in Figure 3A and B. After the transduction 
period, the inserts were removed from the housings, the 
remaining fluid in the inserts was washed and replaced 
with fresh growth medium, and the cultures were left 
to incubate in static mode at 37°C for 3 to 4 days until 
flow cytometry was used to measure lacZ expression. 

Virus Loading Experiments 

Virus solution was flowed through membranes without 
target cells over the designated loading times. At each 
time-point, flow was stopped in two inserts, the virus 
solution was removed, and 2 mL of target cell solution 
at 7.5 X lo3 cells/mL with polybrene (at 4.4 pg/ml) was 
added to the membrane. (Note that the target cells had 
no contact with virus until after the flow period.) The 
target cell medium was removed 12 to 24 h later and 
replaced with 2 mL of fresh medium. Viral activity on 

Figure 3. Controlled flowrate transduction setup. (A) Polycarbonate 
membrane housings for the cell culture inserts were connected to 
syringes containing transduction fluid. The fluid flowrates were con- 
trolled with Harvard Apparatus syringe pumps. (B) A photograph of a 
cell culture insert and an unassembled membrane housing. Transwell- 
COLT” inserts were used with 0.4 Fm rated pore diameter. 

the membrane was indicated by transduction efficiency, 
which was measured by flow cytometry 3 to 4 days later. 
In these virus loading experiments, the virus activities 
are measured immediately after the indicated loading 
times. The percentage of cells transduced measured here 
is different from the percentage when target cells were 
present throughout the flow period. In the first case, the 
percentage indicates the virus activity on the membrane 
just after the loading time. In the second case, the per- 
centage represents the cumulative number of cells trans- 
duced throughout the loading time (as in flow-through 
transduction). 

Lac2 Expression Assay (X-Gal Staining) 

Gene transfer was measured by lac2 expression, or 
P-galactosidase production. P-Galactosidase reacts 
with X-gal(5-bromo-4-chloro-3-indoyl-~-~-galactoside; 
Sigma) to form a blue dye product which turns the cell 
carrying the gene blue (thus designating the cell as being 
transduced). First, each cell culture well was washed 
twice with 2 mL of Hanks buffered saline solution 
(HBSS, Gibco) and then fixed with 1.5 mL of 2% (vh) 
formaldehyde (Sigma) and 0.2% (v/v) glutaraldehyde 
(Sigma) for 5 min. Following fixation, the cells were 
washed once more in HBSS before adding 1.5 ml of 
staining solution. The staining solution consisted of 
50 p L  of [20 mg/mL X-Gal powder dissolved in N, N-  
dimethylformamide (DMF, Sigma)] per milliliter of 
[5 mM K3Fe(CN)6 (Sigma), 5 mM &Fe(CN), . 3H20 
(Sigma), and 2 mM MgC12 (Sigma) in PBS]. The samples 
were incubated 1 to 4 days at 37°C to allow any blue 
cell color to develop, and numbers of colony forming 
units (CFU, at 2 to 8 cellskolony) in each well were 
counted. 

Flow Cytometry 

The product of the transferred gene, P-galactosidase, 
reacts with fluorescein di-P-D-galactopyranoside (FDG) 
in a way similar to X-Gal, to form a product which 
is detectable using flow cytometry. To determine the 
percentage of cells transduced, the cells were prepared 
in the following manner. Each cell culture insert was 
washed three times with 2 mL of HBSS and the cells 
removed by 1 mL trypsin (Gibco) exposure. Fresh 
growth medium was then used to resuspend and wash 
the cells. Reagents from the FluoReporter lac2 gene 
detection kit from Molecular Probes (Eugene, OR) 
were used to prepare and stain the cells. The cells were 
incubated in a 37°C water bath for 5 min and then loaded 
with substrate by hypotonic shock as follows: 50 pL of 
2 mM FDG was added to each tube at 37°C and left to 
incubate for 90 s. The tubes were then immersed in ice, 
and 450 p L  of ice-cold PBS with human IgG (Sigma) 
and 1 mg/mL propidium iodide (PI) was added. 
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A Coulter Epics flow cytometer was used to measure 
percentage of cells transduced. The following three se- 
lection criteria were used to measure this percentage. 
First, single cells were gated from a 90LS-FALS 2D dot 
plot and used to create a red (PI) fluorescence histo- 
gram. Second, live cells were gated off the PI histogram 
based on their low PI signal. These live cells were used 
to create a green (fluorescein) fluorescence histogram. 
These histograms were usually bimodal, consisting of 
two peaks: one indicating cells positive for 1ucZ expres- 
sion, the other indicating cells negative for lucZ expres- 
sion. The location of the lower fluorescence peak cor- 
responded to the single peak observed with the 
autofluorescence (no FDG staining) and the mock trans- 
duction controls. The two peak locations did not vary 
significantly between the biomodal histograms. 

The third and final selection was to measure percent- 
age of cells lying above log mean fluroescence channel 
number 120. This channel number was chosen as a con- 
servative indicator of positive fluorescence from the bi- 
modal histograms. Percentage of cells transduced was 
calculated by dividing the area in the positive fluores- 
cence peak by the total log green fluorescence histogram 
area. Transduction efficiency is denoted by percentage 
of cells transduced (% Transduced). All samples were 
assayed within 6 hours after staining. Replicate samples 
were run in the latter half of this period, and early 
samples were rerun at the end. No significant difference 
in % Transduced was measured as a function of time 
of assay. 

Scanning Electron Micrograph ISEM) 

A 15- to 20-nm thickness of gold film was sputter coated 
(Model #E5100, Polaron Instruments, Hatfield, PA) 
onto bare, unused membranes, and a 10-kV accelerating 
voltage was used with a dual-stage scanning electron 
microscope (International Scientific Instruments, Top- 
con Model #DS-130) to obtain the images shown in 
Figure 8. 

RESULTS 

The three stated questions were addressed in three sepa- 
rate sets of experiments. In the first set of experiments, 
the effect of virus solution flow velocity on the number 
of cells transduced was measured. In the second set of 
experiments, the role of virus retention by the target 
cell bed was characterized. To distinguish the adsorption 
of the target cells from that of the bare membrane, 
the virus activity of flow-through effluent (where the 
membrane was seeded with target cells) was measured 
and compared with the effluent activity of flow through 
a membrane bare of target cells. Thus, the adsorption 
kinetics of the virus to the membrane substrate was 
measured. In the third set of experiments, the perfor- 
mance of different membrane substrates was compared. 

Different levels of the polycation polybrene were also 
used to examine the retrovirus interaction with the tar- 
get cell bed. At this point, it should be noted that, due 
to the batch-to-batch variation in retroviral activity, the 
percentage of cells transduced varied between identical 
experiments, such that measurements of transduction 
efficiencies could not be averaged between experiments. 
The data shown are respresentative of multiple experi- 
ments, and emphasis is placed on the observed trends 
rather than the values of transduction efficiencies ob- 
tained. 

Effect of Virus Solution Flowrates 

To determine the optimal flow velocity for the flow- 
through transductions, gene transfer was measured as 
a function of overall flow velocity over a range of 0 to 
2 cm/h (corresponding to flowrates of 0 to 8 mL/h) for 
a time period of 3 to 4 h. This range was selected so as 
not to harm the target cells and to include the rate 
observed by gravity flow (approximately 0.2 cm/h). Con- 
trolled flowrate transductions (see Fig. 3) showed an 
increase in the number of transduced cells with an in- 
crease in the flow velocity. Transwell-COLT" mem- 
branes were used. Typical results are shown in Figure 
4, in which the percentage of cells transduced increased 
with flow velocity-up to -0.3 cm/h, where an apparent 
plateau occurred. Increasing the transport rate of virus 
to the target cell bed resulted in no additional cells being 
transduced beyond the plateau point. The observance 
of a plateau rather than a peak suggested the target cell 
bed was saturated or, more generally, that the rate of 
virus adsorbance became lower than the rate of virus 

O J . . . . - .  ' ' . ' . ' . ' .  
U.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 

v (cdhour) 

Rgure 4. Flow-through transduction as a function of fluid flow veloc- 
ity. Transduction efficiency (% Transduced) as a function of average 
flow velocity (v) for CV-1 target cells. Transwell-COL'" membranes 
were used. Each datapoint represents the average of two indepen- 
dent samples. 
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delivery. Therefore, after flowing for 4 h at more than 
0.3 cm/h, the target cell bed had reached its adsorbance 
capacity. This adsorbance capacity could generally 
be reached at very slow flow velocities of less than 
0.1 cm/h, although the percentage of cells transduced 
(plateau value) depended on the concentration of the 
virus solution used. 

Virus Adsorbance to the Membrane 

To answer the question of what limited virus adsorption, 
two types of experiments were performed as a function 
of flow-through time: the first measured the amounts 
of virus removed by bare membranes compared with 
seeded membranes, and the second measured the virus 
activity on a bare membrane. 

First, the adsorption of virus by target cells was com- 
pared to adsorption of virus by the membrane. The 
membranes were either seeded or bare of target cells 
so that the effect of the two possible adsorbers (the 
membrane and the target cells) could be distinguished. 

Because the retrovirus decays with time (according 
to its half-life) regardless of whether it flows through 
a membrane, it was necessary to distinguish the virus 
activity due to removal by the membrane from the de- 
crease in activity due to time. Thus, the effluent activity 
was compared with the natural decay of the virus, which 
was measured using virus solution that had not flowed 
through the membrane. This virus solution was the same 
age (time after harvest) as the flowed virus. Transwell- 
COLT" membranes and CV-1 target cells were used 
in these experiments. Two observations were apparent 
from Figure 5. First, the rate of decline in the medium 
exiting the membrane was much faster than the natural 
decay rate-a slope of 0.60 h-' compared to the normal 
0.09 h-' (corresponding to a half-life of -7.7 h) (Fig. 
5).  The flow-through effluent points at 15 h do not fall 
on the line shown, and probably indicate that the mem- 
branes were no longer removing virus at the same initial 
rate. The second observation was that the profiles of 
the decrease in viral activity after flow through both the 
seeded and bare membranes were identical, showing 
that the presence of the target cells did not contribute 
significantly towards the removal of virus from the flow- 
ing solution (i.e., the activity of the medium exiting the 
membrane) for the low seeding density used. Thus, the 
adsorbance of virus by the target cells was insignificant 
compared to the removal, or adsorbance by the mem- 
brane. 

In the second experiment, the virus activity adsorbed 
to Transwell-COLT" membranes was measured over a 
range of flow times (Fig. 6A). Here, the viruses were 
deposited onto the membrane over the flow-through 
time, and did not come into contact with target cells 
until the end of this flow time, which was designated as 
the "loading time." In these experiments, the transduc- 
tion efficiencies of the target cells were used to indicate 

43421 - 0.088130~ R2 = 0.976 I 

- 1  \ T I 

-31 f 
.030595 - 0.59685~ R2 = 0.991 

-5 
0 5 10 15 20 

Incubation Time (hours) 
Figure 5. Membrane adsorption of virus during flow-through. Virus 
activity in the effluent was measured over flow-through time (Incuba- 
tion Time) at 37°C using either bare (0) or seeded (e) Transwell- 
COLT" membranes. The seeded membranes were inoculated 24 h 
prior to flow-through with 3000 CV-1 target cells/cm2. Effluent was 
collected from nine membranes of either type approximately every 
2.5 h, and the activity (V) was measured in triplicate using X-Gal 
staining and CV-1 target cells seeded onto tissue culture plates. The 
initial virus activity is designated VO. The normal decay rate of virus 
that was not flowed through any membrane is also shown (0). Each 
datapoint represents the average of three independent measurements, 
and the standard deviation is represented by the length of the er- 
ror bars. 

the virus activity at the time of loading. In this way, the 
virus concentration on the membrane as a function of 
flow time could be distinguished from virus transduction 
occurring during the flow time (where target cells are 
present throughout the flow time). This distinction was 
necessary to determine the significance of the optimal 
time for the membrane to adsorb virus as compared 
with that for the target cells to adsorb virus, as in a 
flow-through transduction. Given the short half-life of 
retroviruses, the latter option would yield more trans- 
ductions within the same flow time. 

The amount of active virus deposited on the mem- 
brane peaked between 2 and 4 h (Fig. 6A). Characteris- 
tic of retroviruses, the viral activity decays within the 
flow time period also. Before the plateau of 2 to 4 h, 
the virus activity on the membrane continued to increase 
due to a higher rate of virus deposition than decay; 
during this time period, the rate of virus deposition 
onto the membrane was equal to what decayed on the 
membrane; after this time period, the virus on the mem- 
brane decayed at a faster rate than what was deposited. 
The decline of virus activity during this third time period 
corresponded to the natural decay of the virus (Fig. 6B, 
half-life of -4.2 to 4.5 hours), so the membrane was 
not adsorbing any more virus after the second period. 
The membrane had reached its adsorption capacity 
after 4 h. 
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shows the percentage of cells transduced as a function 
of transduction time. "Transduction time" is the total 
virus exposure time for the static method, and is the 
virus solution flow-through time for the flow-through 
method. The optimal time for transductions using flow- 
through typically occurred within 3 to 4 hours of virus 
solution flow, with the number of transductions remain- 
ing constant thereafter (Fig. 7A). This optimal time was 
shorter than in static transductions, where peak numbers 
of gene transfer occurred consistently between 7 and 
10 h. The optimal time for static transductions has been 
shown to be approximately equal to the half-life of 
the virus.5 

0 1 2 3 4 5 The effect of polybrene on flow-through transduc- 
tions was examined using a range of concentration that 
was not toxic to the target cells (as measured by trypan 
blue exclusion and number of cells recovered at time 
of lucZ expression assay). The level of polybrene may 
affect the interaction between the virus and target cell, 

y=o.32479-o.,5457x R z = 0 w 8  but it is not expected to affect the fluid flow behavior 
through a given membrane. The effect of the membrane 
type, screen membrane versus depth membrane, was 
examined using the Transwell-clear '" and Transwell- 
COL'" cell culture inserts, respectively. The two mem- 
branes' microscopic structures are shown in Figure 8. 
Transduction by flow through the Transwell-COL'" 
membrane could yield a significant percentage of cells 
transduced (-35%) even in the absence of polybrene 
(Fig. 7B). Flow through the Transclear'" membranes 
in the absence of polybrene resulted in no transductions, 

0 2 4 6 8 similar to the static method of delivery (Fig. 7B). In the 
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y = 0.26627-0.16329~ R 2  = 0.992 

- 
-1.5' . . I . 1 1 . 

Loading Time (hours) 
Figure 6. Virus activity on membrane after flow-through loading. 
(A) Viral activity is indicated by the scale of percentage of cells 
transduced (% Transduced). Virus activity was measured by flow 
cytometry after flow through bare Transwell-COLT" membranes for 
the time period shown (= Loading time). Each datapoint represents 
the average of two independent measurements. (B) Viral decay rate 
on bare Transwell-COLT" membranes after flowing through the mem- 
brane for an extended loading period of 2 to 9 h (0). This decay rate 
is compared with the decay of a static loading (0), in which the same 
types of bare membranes were exposed to the same batch of virus 
solution for the same period of time, but in the static overlay method. 
V = virus activity at the loading time and Vo = initial virus activity 
just before loading. NIH13T3 cells seeded onto tissue culture plates 
were used to measure virus activity. Each data-point represents the 
average of two independent samples. The half-life can be calculated 
from the slopes shown, -4.2 and -4.5 h (ln210.16329 = 4.2 and 11121 
0.15457 = 4 3 ,  for the flow-through and static-loaded viruses, respec- 
tively. 

presence of high concentrations of polybrene (13.2 pgl 
ml), the number of transductions for flow through the 
Transwell-clear TM membrane continued to increase over 
9 h, and approached the plateau of the Transwell-COL'" 
membrane (Fig. 7C). Thus, the Transwell-clear'" mem- 
brane may reach saturation much later than the Trans- 
well-COLT" membrane, although the flowrates, retrovi- 
rus solutions, and target cell densities were similar in 
both cases. 

A comparison of the transductions yielded by flow 
through the different membrane types and the static 
method is shown as a function of polybrene concentra- 
tions in Figure 9, where an 8-h transduction time was 
used. Gene transfer by flow through the Transwell- 
COL'" membrane was much less sensitive to the pres- 
ence of polybrene than by either the static method or 
flow through the Transwell-clear '" membranes (Fig. 9). 
This figure also shows that flow through the Transwell- 
clearTM membranes could perform as well as flow 
through the Transwell-COL" membranes at high poly- 
brene levels. 

The percentage of transduced cells yielded from flow 
Kinetics of Flow-Through Transductions Using 
Different Membrane Substrates 

The optimal flowrate shown in Figure 4 was for short 
transduction times of 3 to 4 hours. The efficacy of the 
time of flow was compared with the total time of virus 
exposure in static overlay transductions. Figure 7A 

through the Transwell-clear'" membranes continued to 
increase with polybrene levels up to 22 pgL,  whereas 
the percentage from flow through the Transwell-COLT" 
increased up to only 2.2 pg/ml and plateaued thereafter. 
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Figure 8. Membrane structure. SEM's of screen type membrane 
(polyester, Transwell-clear'") and depth type (collagen-coated Teflon 
mesh, Transwell-COL"). Both membranes have a pore size rating 
of 0.4 pm. The size bars indicate a length of 3.92 pm. 

0 2 4 6 8 10 

Transduction Time (hours) 
Flow-throueh vs. static transduction kinetics: effect of ., 

membrane type and polybrene level. Transduction efficiency (% 
Transduced) as a function of transduction time. Transwell-COLT" (0) 
and Transwell-clear'" (A) membranes were used for the flow-through 
and compared with static transductions (0). NIW3T3 cells were used 
as the target. Each datapoint represents the average of two indepen- 
dent samples. (A) 4.4 pg/mL polybrene was used in the virus solution 
(no Transwell-clear" membrane data shown). (B) Absence of poly- 
brene. ( C )  High level of polybrene (13.2 pg/mL). 

The maximal level of transduction was the same for 
both membranes. Thus, the sensitivity of flow-through 
transductions to polybrene was determined by the type 
of membrane used. Transwell-COLT" and Transwell- 
clearTM membranes could perform equivalently in the 
presence of polybrene; in polybrene's absence, trans- 
ductions did not occur with flow through the negatively 
charged (tissue culture treated) screen membrane 
(Transwell-clearTM ). The success of the static overlay 
transductions depended on the presence of polybrene. 

DISCUSSION 

The limitations imposed by Brownian motion on 
retrovirus-mediated gene transfer can be overcome by 
implementing the flow-through transduction procedure. 
The kinetics of the flow-through procedure were inves- 
tigated in the present study. The results show that: 
(1) the limitation of Brownian motion can be over- 
come using flowrates on the order of 0.1 cm/h or greater; 
(2) the time profile of virus adsorption to the membrane 
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Figure 9. Flow-through vs. static transductions: effect of membrane 
type and polybrene level. Transduction efficiency (% Transduced) as 
a function of polybrene level. Transwell-COLT” membranes (0) and 
Transwell-clear’” membranes (A) were used for the flow-through and 
compared against static transductions on Transwell-COL’“ mem- 
branes (0). NIH/3T3 cells were used as the target. An 8 h transduction 
period was used. Each datapoint represents the average of two inde- 
pendent samples. 

shows a peak in the number of active viruses adsorbed 
after about 2 to 4 h, and this maximum is consistent 
with the cumulative number of cell transductions ob- 
tained over time; and (3) the adsorption characteristics 
of the membrane play a key role in determining the 
transduction efficiencies achieved by the flow-through 
procedure. 

To overcome the limitations imposed by Brownian 
motion, a sufficiently high fluid flow velocity must be 
attained so that the number of viruses encountering the 
membrane and the cell bed is controlled by fluid flow; 
for instance, the diffusional (Brownian) velocity must 
be exceeded by the net fluid flowrate. The data obtained 
suggests that fluid flowrates above approximately 
0.1 cm/h are sufficient to overcome Brownian motion. 
A priori one would estimate that the Brownian motion 
penetration distance of -500 pm5 needs to be traveled 
by fluid flow minimally over about one half-life (on the 
order of 3.5 to 6.5 h), yielding an estimate of about 
0.01 c d h .  The flowrates at which the plateau was 
reached in the present study exceed, but are consistent 
with, this estimate. The extremely low flowrates of 
0.01 cm/h were not reached with the apparatus used in 
this study and the precise flowrate at which the transi- 
tion from Brownian motion dominated delivery to con- 
vective dominated delivery could not be determined. 
In practice, however, all one needs is to exceed the 
effective diffusional velocities to obtain the potential 
benefits of the flow-through procedure without damag- 
ing the target cells. 

The optimal time of transduction through the 
collagen-coated depth type membrane occurred at 3 to 

4 h after the inception of fluid flow with a (gravity) 
flowrate of approximately 0.2 cm/h. This optimal time 
also corresponded with the time (4 h) after which ad- 
ditional virus could no longer be deposited onto the 
membrane (Fig. 6A), and further measurements of 
membrane-associated virus activity showed that the vi- 
rus was merely decaying with time (Fig. 6B). The corre- 
spondence in optimal times suggests the capacity of 
the membrane for adsorbing virus may determine the 
optimal time of flow-through transduction. It is likely 
that nonviral factors, such as serum components, were 
responsible for the membrane filling to capacity. Each 
membrane has available only a limited number of sites, 
and given the large number of proteins in the medium 
(10% serum was used as the basal medium for the virus 
solution, as described in Material and Methods), many 
of the potential binding sites were almost certainly occu- 
pied by proteins. 

If the serum, or nonviral protein concentration is de- 
creased, then there should be an increase in the number 
of binding sites available to vir~ses,2~,*’ assuming the 
viral half-life remains the same and the target cell’s 
susceptibility to transduction is unchanged. The period 
of maximal virus adsorption is consistent with the per- 
iod of increasing transduction efficiency and suggests 
that at least a portion of the benefits of flow-through 
come by adsorbing the virus to the membrane, thus co- 
localizing the target cell and gene carrier such that their 
effective contact is significantly increased. The enhance- 
ment achieved by co-localization supports the hypothe- 
sis that the encounter between virus and target cell limits 
the efficiency of the gene transfer p ro~ess .~  The benefits 
of the flow-through procedure can thus be obtained by 
selecting the appropriate flow velocities and membrane 
adsorption characteristics. For different applications us- 
ing other gene carriers, the membranes should be se- 
lected or “tailor-made” for the viral vector to be ad- 
sorbed. 

The adsorption characteristics of the membrane for 
a given viral vector will vary with membrane type and 
membrane treatment. Different membrane character- 
istics were found to influence the flow-through trans- 
duction efficiency. The total amounts of viral vector 
adsorbed by the depth membrane and the screen mem- 
brane after flow-through were expected to be different: 
the porosity and thickness of track-etched membranes 
are generally smaller than those of depth membranes, 
and the area available for particle capture on screen 
membranes is also less than that for depth membranes. 
However, it is the number of viral vectors captured on 
the surface of the membrane, where the target cells are 
found, that should contribute to the number of transduc- 
tions gained by flow-through. In addition to serum level, 
retrovirus adsorption onto the membrane can be modu- 
lated by polybrene. Transduction conditions may be 
designed such that the numbers of gene transfer events 
using either the depth or screen membrane are equiva- 
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lent. These experimental conditions may be indepen- 
dent of fluid flow behavior (e.g., transduction time and 
polybrene levels, as demonstrated by the trends shown 
in Fig. 7C and 9, respectively). 

This equivalence in percentage of targets expressing 
the transferred gene suggests that, under the right cir- 
cumstances, the number of viral vectors reaching the 
membrane surfaces can be the same, further supporting 
the conclusion that virus adsorption by the membrane 
is the key event leading to enhancements. 

A model of the number of target cells transduced 
using the flow-through method can subsequently be 
formulated, once a membrane's adsorption kinetics 
and the virus uptake rate (by a given target cell 
type) have been defined. Using the Transwell-COLT" 
membrane, the rate of virus removal from solution 
by flow-through was measured to be exponential (Fig. 
5). The surface viral concentration can thus be approxi- 
mated with an exponential function during the adsorp- 
tion period (approximately 4 h here), although only 
the viruses deposited onto the membrane surface are 
likely candidates for successful transduction. In addi- 
tion to the membrane type, the rate of virus removal 
will likely depend on the virus solution polybrene 
level, the flow-through time, the virus solution flow 
velocity, and the serum (or nonviral protein) concen- 
tration. The effect of these factors on membrane 
adsorption and surface viral concentration should be 
further investigated. The rate of viral uptake can, to 
a first approximation, be described as being first order 
in the local (surface) viral concentration. However, 
the mechanism of retroviral internalization needs to 
also be defined with respect to virus concentration 
and surface receptor occupancy, before a model of 
virus uptake can be reasonably predictive. 

Taken together, the results of the present study and 
our previous study5 show that Brownian motion limits 
the efficiency of retrovirus-mediated gene transfer and 
that this limitation can be overcome by using net 
convective flow through the target cell bed. Once a 
sufficient flow velocity to overcome random Brownian 
motion is implemented, the virus adsorption character- 
istics of the membrane are key in determining the 
number of increased gene transfer events. The charac- 
teristics of the membrane, therefore, become a key 
design consideration for the optimization of the flow- 
through transduction procedure. Optimal virus adsorp- 
tion characteristics, as well as the cell attachment and 
growth characteristics on the membrane, may have to 
be determined on a case-by-case basis, given specific 
viral vectors and target cell populations. The increase 
in gene transfer events by flow-through is not expected 
to be limited to retroviral gene carriers. Properly 
designed and operated flow-though transduction proce- 
dures are likely to lead to significantly enhanced gene 
transfer rates for both research and clinical applica- 
tions. 
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