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ABSTRACT 
 

We use fluorescence video microscopy and single 
particle tracking to elucidate some of the fundamental 
mechanisms involved in intracellular trafficking of non-viral 
gene vectors. Transport of polymer-DNA complex, which 
are internalized via endocytosis, is almost entirely 
orchestrated by the natural endocytic mechanism of the cell. 
The perinuclear accumulation of these complexes is 
observed to follow biphasic dynamics. We reveal a 
mechanism based on single particle dynamics and endocytic 
routing which explains the observed trafficking patterns. Our 
studies, coupled with present knowledge of gene delivery, 
provide a significantly advanced and quantitative view of the 
gene delivery route. 

 
INTRODUCTION 

 
  Non-viral or synthetic gene vectors offer a way to 
tackle almost all the safety issues plaguing the development 
of viral gene therapy. The clinical realization of synthetic 
gene vectors has, however, been hindered by their extremely 
low efficiencies [1]. Designing novel materials for gene 
delivery is largely a black art due to absence of guiding 
principles. It has been increasingly emphasized in recent 
years that scientific understanding of vector-cell interactions 
is essential for development of efficient and safe synthetic 
vectors. 
 Gene delivery to cells in culture is a serial process 
[1] that initiates with binding of the vector to cell membrane, 
followed by internalization of the vector by endocytosis. 
After endocytosis, the vector is present inside cellular 
vesicles called endosomes. These endosomes carry the 
vector through the cell cytoplasm, by virtue of motor-protein 
assisted, microtubule-based transport [2]. The vector 
however, must escape from this vesicular cage in order to 
successfully deliver its genetic cargo to the nucleus, at the 
same time prevent degradation by cytoplasmic DNAses. The 
problem is further compounded by negligible mobility of 
bare DNA and bare vectors in the cell cytoplasm [3] (D ~ 
10-3 µm2/s). The vectors that escape from vesicles at a large 
distance (> 4 µm) from the nuclear membrane have a 
negligible chance of success. The distribution of vector-
carrying vesicles around the nucleus is therefore an 
important parameter that affects the delivery efficiency of a 
vector.  
 It is known that vector-carrying vesicles 
accumulate around the nucleus within 45 minutes of entry 

into the cell [4]. However, the exact mechanism responsible 
for this observation is not known. Nor is it known whether 
the vectors are present in endosomes, late endosomes or 
lysosomes. In absence of this information, it is impossible to 
understand the precise effect of natural cellular processes on 
vector transport. In the following pages, we will show that 
the intracellular transport of vectors is almost entirely 
orchestrated by the endocytic machinery of the cell. It thus 
becomes important to understand the interplay of the vector-
endocytic machinery. We use fluorescence microscopy and 
particle tracking to decipher this interplay.  
 

RESULTS 
 

Polyethylenimine (PEI)-DNA vector was used as 
the model vector. It is the most widely studied and one of 
the most efficient simple vectors [5]. Human skin fibroblasts 
were cultured using standard procedures [6] and were 
incubated with fluorescently labeled vectors for 30 minutes. 
The distribution of vectors in the cell was measured using 
fluorescence microscopy. The coordinates of the cell 
membrane, nuclear membrane and of the discrete vectors 
were acquired from fluorescent micrographs which were 
used for all subsequent calculations.  
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Figure 1 (a) A schematic of a cell in culture which exists as 
a 2-dimensional object. Hence a radial coordinate system, r 
and η [=r/(r+z)] was used to locate the vesicle. The radial 
coordinate system mimics the organization of MTOC and 
microtubules. (b) Concentration of vesicles c(r, t). i) PEI-
DNA vesicles at 12-30 min post incubation (○), 1-3 hrs (●) 
and 24 hrs (∆).  

Cells in culture possess a quasi-two dimensional 
flat structure (thickness/width ratio ≈ 0.05) and the best 
coordinate of vector location was deemed to be the distance 
of the vector from the nuclear membrane r. Using this radial 
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coordinate system we calculated the concentration c(r, t) of 
vectors as # vectors/µm2, plotted in Fig. 1(b). 

Three regimes of spatio-temporal evolution were 
found to exist. At very short times post incubation, the 
concentration of particles was uniform across the cell (Fig. 
1(b), ●). This originates from random formation of 
endocytic vectors on cell membrane. However, with time, 
the vector concentration around the nucleus increased and 
reached a quasi-steady state within 45 minutes. The 
evolution of vector distribution from a uniform profile to a 
steep concentration gradient appears counterintuitive at a 
first glance if the vesicular transport is indeed diffusive in 
nature. At 3-4 hrs post incubation, the quasi-steady state was 
broken, and vectors started accumulating slowly around the 
nucleus. This phase of slow accumulation lasted till the last 
observed time point of 24 hrs.  

To assess whether this monotonous perinuclear 
accumulation of vectors originates from preferential 
nucleus-directed transport of vectors on microtubules, we 
measured the transport properties of the vectors. One minute 
fluorescence time-lapse videos of the cells were used track 
the trajectories of about 400 vesicles in different cells. The 
following quantities were calculated for each trajectory: i) 
frame to frame speed |v|, ii) direction of motion (towards the 
nucleus, away from the nucleus) for each step. Based on 
these measurements events of active (directed) vesicle 
transport on the microtubules were detected. Only a fraction 
of vesicles (~20%) was found to exhibit rapid directed 
transport (0.2 µm/s < |v| < 3 µm/s) during the acquisition 
time, while others hardly moved. 
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Figure 2 Confinement of vesicle motion to 1-dimension. (a) 
Trajectories of 350 vesicles are plotted such that the centroid 
of the parent cell is shifted to the origin. The radial and 
linear nature of the trajectories is evident. Size of Fig. (a) is 
136 µm x 152 µm. (b) Probability distribution of frame to 
frame speeds p(|v|) of the measured trajectories of vectors in 
plus (▲) and minus (∆) for 1-3 hrs p.t. and in plus (●) and 
minus (○) directions for 24 hr p.t. (Inset) Autocorrelation of 
frame to frame speeds for  1-3 hrs p.t. (solid line) and 24 hrs 
p.t. (dotted line) decays to zero within 5 seconds, showing 
that MT-based transport is a random process. The dashed 
horizontal lines enclose a 95% confidence level for zero 
autocorrelation.   

All the MT-based trajectories were found to be 
linear and oriented along the MT network (Fig. 2(a)), with 
vesicles traveling in both plus (away from the nucleus) and 

minus (towards the nucleus) directions. Interestingly, the 
same number of vesicles moved in plus or minus directions, 
irrespective of the location in the cell. Further, the 
probability distribution p(|v|) of frame to frame speeds |v| 
was identical for vesicles traveling in plus or minus 
directions (Fig. 2 (b)), and the auto-correlation for frame to 
frame speeds decayed to zero within 5-10 seconds (Fig. 2 (b) 
(Inset)), proving the random nature of MT based transport. 

These findings corroborate the conclusion that 
microtubular transport of vesicles is bidirectional, symmetric 
and unbiased. Such transport of discrete particles on MTs is 
equivalent to classical diffusion in one dimension [7]. The 
effective diffusion coefficient Deff, can be estimated as Deff≈ 
2fv2/k’,  where v = speed of MT based transport, f = fraction 
of vesicles exhibiting MT-based motion during the time of 
acquisition and k’ = rate of unbinding of vesicle from the 
microtubules [7]. For the markers studied in our work, the 
effective diffusion coefficient was calculated to be >0.1 
µm2/s in all cases, about 100 times larger than the Brownian 
diffusion coefficient. Consequently, the vesicle motion 
should be confined to the microtubules. In other words, the 
vesicles can explore only 1-dimensional space even though 
the cell is quasi-2 dimensional. 

To capture the 1-dimensional nature of the 
transport process, a dimensionless coordinate η was defined 
as shown in Fig. 1(b). We calculated p(η,t), the probability 
of finding a vesicle at a distance η from the nuclear 
membrane. Since the problem of vesicle transport is now 
purely one-dimensional, #vesicles/ unit length, p(η,t) is the 
correct measure of concentration. It can be seen from Fig. 3, 
that at short times post incubation, p(η, t) increases linearly 
from the nuclear boundary (η =0) to the cell boundary (η 
=1). This is explained by transforming the quantity c(r,t) to 
p(η,t) as follows: }{),( cAtp ηη ∂

∂= , where c is the 

concentration of vesicles (constant over the cell surface, cf. 
Fig. 1(b) (●) ) and A is the area of the cell, . After 
normalizing, it is evident that p(η,t)=2η, as seen in the Fig. 
3 (●). In the η coordinate system, the vector distribution is 
flat—showing thermal equilibration of vectors over the MT 
length. Since the MTs are organized like spokes on a 
wheel, the vesicles, distributed uniformly on MTs, appear 
preferentially accumulated around the nucleus in the 
concentration profile. At longer times, the distribution is 
biased very strongly towards the nucleus. 

2πη≈A

We plotted the mean η (<η>) of all the vectors in a 
cell as a function of time (Figure 4). Mean η is a measure of 
the overall perinuclear accumulation of the vectors. The plot 
shows that during the first one hour after transfection, the 
vectors accumulate rapidly around the nucleus. This is 
followed by a quasi-steady state when the vectors are 
uniformly distributed over η = [0, 1]. These changes are 
completely described by the “motor protein facilitated one-
dimensional diffusion on the anisotropic radial microtubule 
network”. At longer times, the vectors accumulate even 
more strongly around the nucleus. Evidently, this 
phenomenon can not be explained by the facilitated 
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diffusion on MTs. The origin of strong perinuclear 
accumulation must lie in some other factor, yet uncovered. It 
is known that endocytosed matter is routed to perinuclear 
lysosomes. Furthermore, lysosomes are known to be much 
less mobile than other vesicles in the cell and that they 
persist in the perinuclear region.  
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Figure 3 Probability distribution of vectors p(η, t) at 12-30 
min p.t. (●), 1 hr (), 12 hrs (∆) and 24 hrs p.t.(○).  Slow but 
continuous accumulation of vectors around the nucleus is 
apparent. 
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Figure 4 Mean position of vectors at specific times shows 
the biphasic nature of transport. The hatched area shows the 
initial rapid phase of accumulation (0-1 hr) and the dotted 
area shows the prolonged accumulation occurring over 3-24 
hours.  

In order to find the biological location of vectors, 
we immunolabeled lysosomes using anti-LAMP-1 
(lysosomal membrane associated protein) antibodies. Using 
dual-labeled fluorescent micrographs, we quantified the 
number of vectors that colocalize with LAMP-1 at different 
times p.t. Figure 5 shows that with time, more and more 
vectors were localized in lysosomes. The remaining vectors 
must be still present in endosomes. A small fraction of 
vectors might escape the endosomes, but it has been shown 
that most of the vectors are present inside vesicles even at 24 
hrs p.t. The vectors, now divided into a intra-lysosomal and 

intra-endosomal populations showed an interesting 
dichotomy. Intra-lysosomal vectors exhibited the same 
distribution at all times (Fig 6(●)) and intra-endosomal 
vectors were always randomly distributed over η = [0, 1] 
(Fig. 6(□)). This is indeed expected as the direct effect of the 
two populations having different transport characteristics. 
The intra-endosomal vectors are extremely mobile and keep 
shuttling on MTs whereas the intra-lysosomal vectors 
remain relatively immobile, forming a band around the 
nucleus. 
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Figure 5 (a) A false color rendition of fluorescent 
micrographs of cells with PEI-DNA vectors labeled in green 
and lysosomes with a red secondary antibody. The yellow 
spots correspond to intra-lysosomal PEI-DNA vectors. (b) 
The fraction of intra-lysosomal vectors increases with time.  
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Figure 6 Distribution of intra-endosomal (□) and intra-
lysosomal (●) vectors averaged over 90 min to 11 hrs. The 
distribution did not change significantly during this time. 
Distribution of lysosomes (∆). Intra-endosomal vectors 
always remain randomly distributed on MTs, whereas intra-
lysosomal vectors are located around the nucleus.  

 
DISCUSSION 

 
The results presented above allow us to describe the 

intracellular transport of PEI-DNA vectors in mechanistic 
terms. At the time of entry into cells, the vectors are 
distributed uniformly over the entire cell surface (Fig. 1 (b) 
(●)). After entry, the vectors, present inside endosomes, are 
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confined to motion on a one-dimensional grid provided by 
the MTs. Due to symmetric and unbiased motion, the 
vectors distribute uniformly over this grid (Fig. 3()). Since 
the MTs are organized like spokes on a wheel, the vectors 
appear to be accumulated around the nucleus. According to 
the maturation model of endocytic trafficking [8], 
endosomes mature into a mutually non-fusogenic state. The 
endosomes then deliver their contents to lysosomes via 
vesicle fusion. We argue that a similar mechanism is 
observed here. With time, more and more vectors are 
delivered to lysosomes. Since the lysosomes are relatively 
immobile and located around the nucleus, PEI-DNA vectors 
get accumulated around the nucleus. The rate of this 
accumulation is a manifestation of the rate of delivery to 
lysosomes via vesicle fusion. Thus the whole itinerary of a 
PEI-DNA vector is orchestrated by the endocytic machinery 
of the cell. 

The implications of these findings to understanding 
of gene delivery are many. It is widely believed in literature, 
that a synthetic vector should avoid degradation in 
lysosomes [9]. One reason cited for high efficiency of PEI is 
that it is believed to escape from endosomes via the widely 
discussed proton sponge hypothesis, before delivery and 
degradation in lysosomes [10]. Our work clearly shows 
otherwise. Even at 4 hrs p.t. as many as 40% vectors are 
present in lysosomes. It has been shown that PEI is capable 
to protecting DNA from lysosomal enzymes [10]. Further, 
exposure to acidic environment (pH ~ 4.5) of lysosomes has 
been shown to be essential for efficient action of PEI-DNA 
[11]. Clearly, these ideas are mutually contradictory. 

Our work puts these ideas in perspective. We show 
that majority of perinuclear PEI-DNA vectors are intra-
lysosomal, and majority of intra-endosomal vectors are 
located away from the nucleus. The negligible cytoplasmic 
mobility and low chemical stability of bare vectors implies 
that the vectors which escape from endosomes have a much 
smaller chance of reaching the nucleus than those which 
escape from the perinuclear lysosomes. It has not been 
established whether vectors escape preferentially from 
endosomes or from lysosomes, but our work indicates 
strongly that for a vector to be efficient, escape should occur 
from lysosomes. Indeed, delivery to lysosomes may be a 
necessary step in efficient transfection using PEI-DNA 
vectors. Based on the ideas presented in this paper, future 
research should be directed at deciphering whether vectors 
escape preferentially from endosomes or from lysosomes. It 
is difficult to design good vectors without first 
understanding the role of biology in the transfection process. 
 

METHODS 
 

Chemicals: Polyethylenimine (25 kDa) was acquired 
from Sigma (St. Louis, MI), Oregon green 488 from 
Molecular Probes (Eugene, OR) and anti-Lamp1 from BD 
Biosciences (San Jose, CA). 
 
Gene vectors, Microscopy and Analysis: PEI was 
labeled with Oregon green as per the vendor’s instructions. 

PEI-DNA vectors were formulated using the protocol first 
given by Boussif et al [5] at a N/P ratio of 9. The cells were 
seeded on a Bioptech (Butler, PA) Delta T dish 24 hr before 
transfection. At t=0, cells were incubated with PEI-DNA 
vectors at a final concentration of 2 µg DNA/ml. At 
specified times, the dishes were observed on a Zeiss 
Axiovert microscope with 100x oil objective. Appropriate 
standard filters corresponding to FITC and Rhodamine dyes 
were used for green and red channels respectively. The cells 
were maintained at 37oC using Bioptech Delta T temperature 
controller. Cells were imaged using a cooled CCD camera 
(CoolSnapHQ, Roper Scientific, Tuscon, AZ). Image 
acquisition and processing was performed in Metamorph 
(Universal Imaging Corporation, Downingtown, PA). All 
calculations were done with Matlab (Mathworks, Matick, 
MA). 
 
The authors are grateful to the University of Calfiornia 
Biotechnology program for financial support.  
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