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ABSTRACT 

 
Here we report on the development of a new delivery 

technology based on the in situ layer by layer synthesis of 
DNA nanoparticles within hollow yeast cell wall particles 
(YCWP). YCWP provide protection and facilitate oral and 
systemic receptor-targeted delivery of DNA payloads to 
phagocytic cells and tissues containing these cells. We have 
evaluated polymeric materials capable of forming YCWP 
encapsulated nanoparticles using DNA encoding GFP as a 
model system. Outer nanomaterial layers have been 
identified that protect the DNA payload and enhance 
endosomal DNA release. Inner nanomaterial layers have 
been synthesized with components designed to promote 
DNA decomplexation and nuclear uptake to maximize 
transfection efficiency. The YCWP DNA delivery system is 
effective at transfecting macrophages and dendritic cells in 
vitro and in vivo and is currently being evaluated for the 
oral and systemic delivery of genes for vaccines and 
transient gene therapy of a range of diseases. 
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INTRODUCTION 

 
The methods of gene delivery can be classified into 
recombinant viruses and synthetic vectors, and in-depth 
reviews have been published presenting the most significant 
results, advantages, as well as drawbacks for each approach 
[1-5]. Synthetic vectors include the use of cationic 
polymers or cationic lipids to encapsulate DNA to prevent 
degradation while it is being delivered to the cells. Once 
within the cells, the synthetic vector must be capable of 
releasing the material with high efficiency. It is also 
desirable that the released synthetic vector inside the cell be 
non-toxic.  
 
The disadvantages of synthetic vectors, particularly for in 
vivo gene delivery, are generally low transfection 
efficiency, toxicity (especially in the case of 
polyethyleneimine, PEI, the most commonly used cationic 
polymer for complex formation with DNA) and in vivo 
instability. More robust delivery systems have been studied 
and these consist of multilayer polyelectrolyte formation on 
substrates such as silica particles and also encapsulation of 
DNA inside hollow polyelectrolyte shells [6-7]. These 
delivery agents, although providing better protection of the 
genetic material, generally suffer from poor transfection 

efficiency as a result of inefficient defoliation of the 
multilayered structure within the cell.  
 
We have developed a new DNA delivery vehicle for 
transient gene expression therapy based on the formation of 
multilayer polyelectrolyte nanoparticles inside Yeast Cell 
Wall Particles (YCWP) [8]. YCWP are hollow and porous 
2-4 micron microspheres prepared from Baker’s yeast 
composed primarily of beta 1,3-D-glucan, chitin, and 
mannoproteins.  The encapsulation system incorporates 
polyelectrolyte nanoparticles containing DNA, within 
YCWP, which provides for systemic or oral administration 
[9], and efficient intracellular delivery, DNA release and 
gene expression [8]. Formation of the polyelectrolyte 
nanoparticles follows a layer-by-layer (LbL) approach, with 
the different components assembled through electrostatic 
interactions. A schematic of YCWP microspheres and the 
nanoparticulate cores is shown in Figure 1. Fluorescent 
labeling of the components making up the nanoparticulate 
cores allows the visualization of nanoparticulate core 
formation inside YCWP as shown in Figure 2. 
 

Figure 1:  
(a) Nanoparticulate cores constructed within YCWP; 
(b) Adsorption of DNA onto the nanoparticulate core 

 

 
The layered nanoparticles built within YCWP provide for 
efficient green fluorescent protein (GFP) DNA delivery and 
stimulate strong expression of GFP protein  in 3T3-D1 
fibroblast and RAW macrophage murine cell lines in vitro, 
which bear beta 1,3-D-glucan receptors necessary for 
phagocytosis of YCWP [10]. The efficiency of this delivery 
method is improved by incorporation of additional layers of 
copolymers designed to facilitate endosomal DNA release 
and nuclear uptake. 
 

MATERIALS AND METHODS 
 

1. Materials:  Ribonucleic acid from Torula yeast, Type VI, 
(t-RNA); high molecular weight (25 kDa), water-free 
polyethylenimine (PEI); deoxyribonucleic acid sodium salt 
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from Salmon testes (DNA) were purchased from Aldrich 
(Allentown, PA) and used as received. Plasmid gWizGFP 
was obtained from Genlantis (San Diego, CA) and Endo-
porter (EP) was purchased from Gene Tools (Philomath, 
OR). Penetratin (Pent) was synthesized by the UMMS 
peptide core. PEG-C was obtained from Koyama [11]. 
Solvents and buffers solutions were purchased from Sigma 
Aldrich or VWR and used without further purification.  
 
Figure 2: Images of YGMP/DTAF-RNA/Rhodamine-PEI 
cores. Images show a) brightfield, b) DTAF labeled tRNA, 
c) Rhodamine labeled PEI, and d) overlay of fluorescence 
images. 

 

 
 
 
2. Methods: 
2.1  Preparation of Yeast cell wall particles (YCWP): Yeast 
glucan particles (YGP): S. cerevisiae 100 g Bakers yeast 
(Fleishmans) was suspended in 1 liter 1 M NaOH and 
heated to 55 °C. Yeast glucan mannan particles (YGMP): S. 
cerevisiae 75 g SAF-Mannan (Biospringer; Juno, WI) was 
suspended in 1 liter water and adjusted to pH 12-12.5 with 
1 M NaOH and heated to 55 °C. The cell suspensions were 
mixed for 1 hour at temperature. The insoluble material 
containing the extracted cell walls was recovered by 
centrifuging at 2000 rpm for 10 minutes, suspended in 1 
liter of water and brought to pH 4-5 with HCl, and 
incubated at 55 °C for 1 hour. The insoluble residue was 
again recovered by centrifugation and washed once with 1 
L water, four times with 200 ml dehydrated isopropanol 
and twice with 200 mL acetone. The resulting slurries were 
dried at room temperature to produce 12.4 g (YGP) and 
15.6 g (YGMP) of a fine, slightly off-white powder. 
 
2.2    Preparation of DTAF-RNA and Rhodamine-PEI:   
t-RNA (10 mg) was dissolved in 10 mL of 5 mM EDTA 
and 1.2 mL of 0.1 M carbonate buffer (pH 9.2) was added. 
DTAF (1 mL at a concentration of 1 mg/mL in DMSO) was 
added to the buffered RNA solution and stirred at room 

temperature in the dark overnight. Tris buffer was added to 
a final concentration of 20 mM and the reaction mixture 
stirred for additional 15 minutes at room temperature to 
quench unreacted DTAF. The labeled tRNA was collected 
by ethanol precipitation and washed with 70% ethanol until 
the supernatant was clear, the precipitate dried, and 
dissolved in water at a concentration of 10 mg/mL. 
Rhodamine-PEI was synthesized following a similar 
procedure, with a starting concentration of PEI of 3 mg/mL 
in 5 mM EDTA and rhodamine B isothiocyanate at 1 
mg/mL in DMSO. Rhodamine-PEI was purified by dialysis 
against water and lyophilized. 
 
2.3  Preparation of YCWP tRNA cores : The primary 
absorption reaction of core anionic polymer was carried by 
adding a sufficient volume of tRNA (10 mg/ml) to 
minimally hydrate and swell the YGP or YGMP powder for 
2 hours.  Formation of tRNA-PEI nanoparticle cores within 
the YGP and YGMP was done by adding an excess volume 
of 0.02% PEI to fully swell the particles and react with the 
tRNA within the particles to form encapsulated cationic 
nanoparticles.  The YCWP encapsulated nanoparticles were 
washed with 0.9% saline to remove excess PEI, incubated 
overnight at -20°C in 70% ethanol to sterilize the particles, 
aseptically washed in 0.9% saline, diluted in 0.9% saline to 
1x108 particles/mL and stored at -20°C until use. 

   

a b 

c d 

 
2.4  Transfections: YCWP-tRNA/PEI formulations were 
used at a concentration of 1x108 particles/mL; 10 μL of the 
YCWP suspension was mixed with the indicated amount of 
gWizGFP DNA, plus the indicated amount of copolymers 
(EP, PEG-C, or Pent), and 0.9% saline solution was added 
to bring the total volume to 75 μL. The mixture was 
incubated at room temperature for 2 hours to allow for 
DNA and anionic polymer absorption to the cationic 
nanoparticle surfaces in the YCWP.  Then, 25 μL of 0.01% 
neutral PEI in 0.9% saline was added and the mixture was 
incubated at room temperature for an additional 20 minutes. 
Next, 250 μL of DMEM medium (10% fetal calf serum, 1% 
penicillin-streptomycin and glutamine) was added and the 
final mixture was transferred to 24-well plates containing 
3T3-D1 cells (1x105 cells/well). The plates were incubated 
at 37°C overnight, the DMEM medium was changed, and 
the plates incubated one more day at 37°C. Media was 
removed, cells washed once with phosphate buffer saline 
(PBS) and fixed with 250 μL of 1% formalin in PBS. The 
cells were scored for GFP expression with a fluorescence 
microscope. 

2 micron 

 
RESULTS AND DISCUSSION 

 
Formation of nanoparticulate cores within yeast particles is 
possible due to the porous hydrocolloid structure of the 
purified yeast cell wall. The nanoparticulate complexes are 
built following a layer-by-layer approach and are held 
together by electrostatic interactions between cationic and 
anionic polymers, and DNA. The efficient encapsulation of 
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DNA relies on the DNA binding to stable polyelectrolyte 
cores within YCWP. The YCWP encapsulated 
nanoparticulate cores were fabricated from tRNA and PEI 
using a tRNA/YP ratio of 0.05 and a PEI/YP ratio of 4.  
These ratios were optimized for maximal DNA binding and 
cellular delivery using fluorescent tRNA, PEI and DNA 
(Figure 2)[12]. 
 
A plasmid DNA concentration titration transfection 
experiment was carried out with YCWP-tRNA/PEI cores to 
determine the optimal gWizGFP DNA concentration to 
transfect the cell line 3T3-D1 in vitro (Figure 3). For both 
YGP and YGMP, the highest transfection frequencies were 
obtained at DNA levels between 125-250 ng DNA/106 
particles/105 cells. 
 
At sub-optimal DNA levels (66-125 ng) it was possible to 
test the effects of copolymer layers to enhance endosomal 
DNA release and nuclear uptake to increase transfection 
frequency.  The different copolymers evaluated were 
selected based on three possible transfection enhancing 
functions: (1) compounds that might result in the formation 
of a less tightly bound DNA/PEI complex, therefore 
facilitating DNA release from the nanoparticulate cores and  
 

Figure 3: DNA titration results for YGP and YGMP 
formulations 
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and YCWP microparticles; (2) compounds that are 
designed to enhance endosomal DNA  release and (3) 
compounds that might facilitate DNA nuclear uptake. The 
effect of these classes of copolymers on DNA transfection 
frequency is shown in Figure 4. The peptide, Endo-Porter 
facilitates macromolecular delivery through membranes 
[13] and at optimal DNA concentrations (125-250 ng), 
increases DNA transfection frequencies to greater than 50% 
(data not shown). At sub-optimal DNA concentrations EP 
enhances transfection efficiency 1.5 fold.  PEG-C is water 
soluble polyanion with a poly(ethylene glycol) (PEG) ether-
linked main chain and pendant carboxylic acid groups that 
has been shown to enhance in vitro transcriptional activity 

of DNA/PEI complexes [11].  PEG-C interacts with DNA 
and PEI to create a less tightly organized nanocomplexed 
layer and increases GFP transfection frequency 2-3 fold.  
The mechanism of PEG-C transfection enhancement might 
also result from a more rapid defoliation of the DNA/PEI 
complexes in the endosome.  The cationic peptide 
penetratin was chosen from several nuclear localization 
sequence (NLS) containing peptides to enhance nuclear 
delivery of DNA [14]. The results from Figure 4 show that 
the stimulatory effect of including an NLS peptide as part 
of the electrostatic layered complex increased transfection 
efficiency greater than 2-4 fold. Maximal transfection at 
sub-optimal DNA concentrations was observed by 
combining the copolymers shown in Figure 4 along with 
DNA into the YCWP encapsulated nanoparticles. This 
stimulatory effect is illustrated in the photomicrographs 
shown in Figure 5, one without using any additional 
copolymers and the other where DNA was combined with 
EP, PEG-C and Pent. This increase in transfection 
frequency is expected from the combined effect of having a 
less tightly bound DNA/PEI complex (PEG-C effect) that 
rapidly decomposes in the endosome, followed by 
enhanced endosomal release of DNA by Endo-porter, and 
enhanced nuclear uptake by the NLS peptide, penetratin. 
 
Figure 4: Effect of different copolymers on transfection at 

sub-optimal DNA concentration 

0

0.5

1

1.5

2

2.5

3

DNA EP PEG-C Pent EP/PEG-
C/Pent

Fo
ld

 s
tim

ul
at

io
n 

of
 tr

an
sf

ec
tio

n

0

1

2

3

4

5

6

DNA EP PEG-C Pent EP/PEG-
C/Pent

Fo
ld

 s
tim

ul
at

io
n 

of
 tr

an
sf

ec
tio

n

 

YGP 

YGMP

NSTI-Nanotech 2007, www.nsti.org, ISBN 1420061836 Vol. 2, 2007380 



 
CONCLUSIONS 

 
Yeast cell wall particles containing tRNA/PEI cores were 
shown to be an efficient in vitro delivery system for DNA. 
The use of YCWP provides a convenient method to form 
encapsulated layer-by-layer complexes that deliver genetic 
material to cells based on the effective receptor-mediated 
delivery of DNA into the cell and protection of the DNA 
until it is released in the endosome.  Small amounts DNA 
(66-250 ng) are efficiently delivered with both types of 
yeast cell wall preparations and the transfection frequencies 
are increased significantly by the incorporation of 
additional copolymers into the YCWP encapsulated 
DNA/PEI complex. Transfection frequency enhancement is 
likely the result of these compounds creating a less tightly 
compacted DNA/PEI complex (PEG-C), enhancement of 
endosomal DNA release (EP), and enhancement of nuclear 
DNA delivery (Pent).  
 
 

Figure 5: Microscope images showing transfection with 
YCWP delivered DNA alone (top) and DNA combined 

with EP, PEG-C and Pent (bottom)   
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