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DermaVir vaccine is a novel “pathogen-like” nanomedicine containing a plasmid DNA complexed with
a polyethylenimine that is mannobiosylated to target antigen-presenting cells and to induce immune
responses (pDNA/PEIm). To develop a commercially viable vaccine product we have systematically inves-
tigated the variability of raw materials and their relationship with the product’s biological activity.
We demonstrated that the cGMP quality requirements are not sufficient to reproducible formulate the
nanomedicine with optimal biological activity. Unexpectedly, we found that the high cationic concen-
ermaVir
olyethylenimine
lasmid DNA
DNA/PEIm nanoparticle
iquid formulation

tration of the pDNA favored the biological activity, but did not support the stability of the nanomedicine.
Similarly, the presence of EDTA in the pDNA increased the size of the nanoparticle to microparticles
causing the drop of its biological activity. A new parameter, the Cl/N ratio of the PEIm, also influenced
the biological activity together with the chemical properties of the solvent. Based on these findings we
have developed a pDNA/PEIm formulation capable to maintain the physical stability and the biological
activity of the nanomedicine. This work illustrates some of the key steps that must be taken for the

ity by
implementation of “Qual

. Introduction

DermaVir is a novel immunotherapeutic nanomedicine
roduct—presently under phase II clinical development for
he treatment of HIV/AIDS (Electronic Source, 2010). Its active
iologic ingredient is a single plasmid DNA (pDNA) encoding
ine HIV-1 antigens. DermaVir has been developed to stimulate
IV-specific immune responses therefore its biological activity
epends on the expression of the pDNA-encoded antigens in the
ells. To obtain potent antigen expression the pDNA is formu-
ated to a pathogen-like nanoparticle with a mannobiosylated
inear polyethylenimine (PEIm) in a glucose/dextrose solution
Lisziewicz et al., 2001, 2005a,b; Lori et al., 2005). The immu-
ization procedure is performed topically with DermaPrep device
Lisziewicz et al., 2005a). DermaPrep is the first lymph node-
argeting transdermal device, a unique alternative for syringes,
specially appropriate for topical administration of vaccines and
anomedicines.
As DermaVir and other pDNA- and polymer-based nanomedici-
al products approach a pharmaceutical reality, a number of issues
eed to be comprehensively addressed beyond their clinical effi-
iency and safety including the development of stable formulations

∗ Corresponding author at: Genetic Immunity, H-1045 Budapest, Berlini u. 47-49,
ungary. Tel.: +36 1 272 0364; fax: +36 1 272 0364.

E-mail address: lisziewj@geneticimmunity.com (J. Lisziewicz).
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oi:10.1016/j.ijpharm.2010.03.048
Design” (QbD) approach for a biotech product.
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that make them suitable for the global market (Ohana et al., 2004).
Up to date there were no studies on the formulation of pDNA/PEIm
nanomedicines. However, there are challenges using polymeric
carriers, since the nanoparticles often suffer from poor physical
stability leading to decomposition and consequently to the loss
of transfection efficiency. Preparation of nanoparticles is generally
performed shortly before their use because their tendency to aggre-
gate (Neu et al., 2005). Previous studies established lyophilized
formulations for pDNA/PEI nanoparticles formed with branched PEI
(Molina et al., 2001; Anchordoquy et al., 2005; Hobel et al., 2008),
but linear PEI based complexes could not be lyophilized (Hobel et
al., 2008). Data obtained with branched PEI is not useful for formu-
lation development with linear PEIm because branched PEI is more
toxic and has different physico-chemical properties (von Harpe et
al., 2000; Choosakoonkriang et al., 2003).

DermaVir nanomedicine clinical investigational product is
presently prepared from three components that are stored sepa-
rately at three different temperatures: pDNA at −80 ◦C, PEIm at
−20 ◦C and the glucose solution at room temperature (25 ◦C). For
phases I and II clinical trials the nanomedicine is formulated from
these components at the clinical pharmacy according to our stan-
dard operating procedures. DermaVir is needed to be administered

within 3 h because of the instability of the final nanomedicine
product in glucose solution. The presence of a clinical pharmacist
to formulate the product is not commercially favorable and per-
mits human errors. In addition, since the pDNA is stored at −80 ◦C,
immunization could be carried out only at clinical sites having low

http://www.sciencedirect.com/science/journal/03785173
http://www.elsevier.com/locate/ijpharm
mailto:lisziewj@geneticimmunity.com
dx.doi.org/10.1016/j.ijpharm.2010.03.048
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emperature freezers, not a common equipment even in leading
linical sites.

Our aim was to develop a liquid, commercially viable
DNA/PEIm formulation that is ready to use by nurses at the
octor’s office. Here we present a rational, target product profile-
riented analysis of the pDNA/PEIm nanomedicines as a platform
echnology. We introduce first the detailed physico-chemical anal-
sis of the nanomedicine components and their effect on the
roduct quality. We show that the new liquid nanomedicine formu-

ation maintains its stability and biological activity. Since DermaVir
s our lead immunotherapeutic product candidate, a “typical”
DNA/PEIm nanomedicine, the general features and conclusions
f the new nanoformulation are applicable to other pDNA/PEIm
anomedicine product candidates presently under development

or cancer, allergy and infectious disease indications.

. Materials and methods

.1. Materials

pDNA: pLWXu1 encoding HIV-1 specific antigens (12.5 kbp).
ifferent pDNA lots were contract manufactured by Althea Tech-
ologies Inc., San Diego (pDNA-A) or Aldevron LLC Fargo (pDNA-B)
nd delivered with Certificate of Analysis as 1 mg/ml solutions.

PEIm, polyethylenimine containing 3% grafted mannobiose:
2 kDa linear polyethylenimine lots (13.6 mM solution calculated
s N concentration) were either contract manufactured by PolyPlus
ransfection Illkirch, France (PEIm-A) or manufactured inhouse
PEIm-B). PEIm samples with different degree of cationic character
Cl/N ratio) were prepared starting from PEIm-A 13.6 mM solution
calculated as N concentration) and gradually deprotonated with
.1–0.6 molar equivalents of 0.1 M NaOH solution, respectively.

Triethanolamine buffer (TEA) and solutions of different pH,
ere prepared at 10 mM concentration from triethanolamine

Fluka, Ultra) and triethanolamine–hydrochloride (Fluka, Puriss).
riethanolamine buffer containing 10% mannitol pH 7.5 (TEAM)
as prepared with mannitol (M, Aldrich, Ultra).

All reagents were of Ph. Eur or USP grade, for solutions Milli-Q
ater (W, Millipore) was used.

.2. Methods

.2.1. Preparation and storage of DermaVir (pDNA/PEIm)
anomedicine

pDNA (1 mg/ml) was diluted with 6 volume equivalent solvent
nd then 13.6 mM PEIm was added at N/P ratio of 3 (except oth-
rwise indicated). Nanoparticle formation was allowed to proceed
or 20 min at room temperature (RT). The actual types of the sol-
ent used are described separately at every formulation. In one case
he solvent contained EDTA (Gibco) in 1 mM final concentration.
anoparticles were then either used directly (“fresh” or “control”
anoparticles) or stored at 4 ◦C, room temperature (RT) or 37 ◦C for
eriods of times as indicated.

.2.2. Biological activity test
293T cells were cultured in DMEM culture medium (Invitro-

en). 0.5 �g pDNA in pDNA/PEIm formulation were added to 50,000
ells per each well. After 21 h HIV-1 p24 antigen expression was
uantified from the supernatants by ELISA (Zeptometrix, USA). This
otency assay was validated according to ICH guidelines. Experi-

ents were performed with 5 parallels, at least two times.

.2.3. Inductively coupled plasma mass spectrometry (ICP-MS)
Measurements were performed from 0.5 ml samples in tripli-

ates according to EPA 6020 standardized procedure.
harmaceutics 392 (2010) 261–267

2.2.4. Total organic carbon (TOC) assay
Measurements were performed from 0.5 ml samples in tripli-

cates according to MSZ EN 1484:1998 standardized procedure.

2.2.5. Adsorbable bonded organic halogens (AOX) assay
Measurements were performed from 0.5 ml samples in tripli-

cates according to MSZ EN ISO 9562:2005 standardized procedure,
modified accordingly.

2.2.6. UV/vis spectrophotometry
Measurements were performed from 0.5 ml samples in tripli-

cates, using quartz cuvette in Jasco V-630 instrument. Full spectra
were recorded from 190 to 1100 nm with 5 nm step width.

2.2.7. Particle size measurements
Measurements were performed from samples containing

10 �g/ml pDNA in DermaVir (in triplicates), using Brookhaven
ZetaPALSTM instrument equipped with BI-MAS OPTION software
Ver. 3.88 and quartz cuvette. Parameters: automatic mode; angle:
90.00; wavelength: 659.0 nm; 3 runs; temperature: 25 ◦C. All sam-
ples were diluted with Milli-Q water before measurement.

2.2.8. Agarose gel electrophoresis (AGE)
0.8% agarose gel (containing ethidium bromide) and 1× TAE

buffer pH 8.3 (Invitrogen) were used for all experiments. pDNA
amount loaded were 250 ng/well in triplicates. The oc/ccc ratio of
the pDNA inside the nanoparticles was determined by AGE after
decomplexation with 2% SDS (sodium dodecyl sulphate) solution
(100 V, 120 min running) (Okamoto et al., 2005). Evaluation of the
gel was performed using ImageJ software from NIH.

2.2.9. Statistical analysis
To assess the significance of the results, Student’s t-test was

performed on selected data and all P-values were calculated at a
significance level of 0.05.

3. Results

We were surprised to find different biological activities of Der-
maVir nanomedicine formulated from two lots of pDNA that were
identical according to the presently accepted cGMP quality require-
ments. Both pDNAs were manufactured from the same master cell
bank and were solved in sterile deionized water. The two pDNA
lots were equivalent based on release testing criteria of the man-
ufacturers described in the certificate of analysis (CoA): proper
identity, low or undetectable quantities of impurities (protein: <1%,
w/w; RNA: <2%), endotoxin levels (<5 EU/mg) and supercoiled form
content (ccc = 75 ± 10%). It is generally accepted that the potency
of pDNA-based products is related to the supercoiled form con-
tent (ccc %) of the pDNA (Evans et al., 2000; Cupillard et al., 2005;
Tumanova et al., 2005). Repeated testing revealed that despite of
the quality equivalency of these pDNAs the biological activity of
pDNA/PEIm nanomedicine was significantly different (p < 0.0001)
(Fig. 1a).

To find the reason we have performed a detailed elemental
analysis on the pDNA solutions and found that there are signifi-
cant differences in the ionic strength (Table 1). Specially, pDNA-A
contained over 5 molar equivalents of sodium, mostly as sodium-
chloride, calculated to the pDNA concentration. In contrast, the
pDNA-B contained only 0.3 molar equivalents of sodium-chloride.

To investigate whether the different NaCl content of pDNA solu-

tions was responsible for the different biological activities we have
supplemented the pDNA-B solution with 3 and 6 molar equiva-
lents of NaCl before formulating pDNA/PEIm nanomedicine (initial
NaCl concentration: 0.3 molar equivalents). NaCl supplementation
increased the biological activity of the nanomedicine compared
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Fig. 1. Effect of the NaCl content of pDNA solution on the biological activity of the
DermaVir nanomedicine. (a) Biological activity of DermaVir nanomedicine prepared
f
t
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Fig. 2. Effect of the Cl/N ratio of the PEIm solution on the biological activity of the
DermaVir nanomedicine. (a) Biological activity of DermaVir prepared from the two
lots of PEIm (A and B) identical based on presently accepted release testing cri-
rom the two lots of pDNA (A and B) identical based on presently accepted release
esting criteria and same PEIm. (b) NaCl content of the pDNA solution determines the
iological activity of DermaVir nanomedicine. *p < 0.0001, **p < 0.0001, ***p < 0.0003,
thers are not significant (p = 0.55).

o the pDNA-B having 0.3 molar equivalent salt concentrations
Fig. 1b). When the pDNA-B was complemented with the same
mount of NaCl found in pDNA-A (6 molar equivalent) the biolog-
cal activity reached the one prepared from pDNA-A. These results
uggest that the ionic strength of the pDNA solution, especially the
aCl content can influence the gene expression and consequently

he biological activity of pDNA-based nanomedicinal products.

Next we formulated pDNA/PEIm nanomedicine with two lots

f PEIm of the same quality and found significant differences in
he biological activity of the nanomedicine (p < 0.0001) (Fig. 2a).
haracterization of the two lots of PEIm demonstrated comparable

able 1
lemental analysis of two lots pDNA and PEIm solutions.

Lot Ca Nb P Na Mg Clc

mg/l (±10%)

pDNA-A 405 NR 100 403 32 521
pDNA-B 390 NR 93 25 1 3
PEIm-A 387 191 22 10 3 436
PEIm-B 389 192 41 7 2 193

R: not relevant.
a Measured by TOC.
b Calculated using the C/N molar ratio of PEIm structure as 2.36 (other organic

mpurities are excluded by NMR).
c Measured by AOX.
teria and same pDNA, formulated in TEAM pH 7.5. (b) Effect of Cl/N ratio of the
PEIm on the biological activity of DermaVir formulated in TEAM pH 7.5. *p < 0.0001,
y = −83.6x2 + 103.1x − 13.1, R2 = 0.83.

quality; the linear structures were confirmed by NMR, the molecu-
lar mass and polydispersities were similar, the grafted mannobiose
content and lack of unbounded sugars were the same. Based on the
data obtained with pDNA we suspected that the NaCl might cause
these discrepancies. However, after conducting a detailed elemen-
tal analysis we did not find considerable amount of cations in the
PEIm solutions, instead we found significant differences in the Cl
anion (Table 1). Since the chlorine content of the PEIm solution
represents the protonated N atoms in salt form (–NH2

+Cl−) we cal-
culated the Cl/N ratio. Our analysis revealed Cl/N molar ratio of 0.9
for PEIm-A and 0.6 for PEIm-B.

To understand whether the different Cl/N ratio of the PEIm
solutions was responsible for the different biological activity of
pDNA/PEIm nanomedicine, we made identical PEIm preparations
with different Cl/N ratio. To obtain these samples, PEIm-A having
Cl/N ratio of 0.9 was “neutralized” with NaOH solution. pDNA/PEIm
nanomedicine was formulated from PEIm samples (0.3–0.9 Cl/N
ratio) and their biological activities were tested (Fig. 2b). We
found that Cl/N ratio has an optimum at 0.6, neither higher nor
lower Cl/N ratio results in optimal biological activity of DermaVir
nanomedicine. We found that when decreasing the Cl/N ratio
of PEIm-A from 0.9 to 0.6, which was the Cl/N ratio of PEIm-B,

the biological activity became the same suggesting that the dif-
ferences between the two PEIm preparations were due to the
different Cl/N ratio. The relation between the biological activity
of the nanomedicines and the Cl/N ratio of PEIm can be math-
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Table 2
Effect of the N/P ratio on the biological activity of the DermaVir nanomedicine prepared freshly and after 1-week storage at 23 ± 2 ◦C (RT).

N/P 2 3 4

Fresh 1 week, RT Fresh 1 week, RT Fresh 1 week, RT
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formulation without EDTA (Fig. 3b). The remarkable drop of biolog-
ical activity is certainly the result of the modified structure of the
pDNA/PEIm nanoparticles, which is indicated by the large particle
size with very high SD (DEff = 1208 ± 403 nm) (Fig. 3b). We hypoth-
Biol. activity (p24 ng/ml) 10.7 ± 0.1 18.8 ± 1.9
DEff (nm) 339 ± 133 280 ± 7

matically described with a polynomial second-degree equation
f y = −83.6x2 + 103.1x − 13.1 having a maximum at Cl/N = 0.61.
herefore, the Cl/N value is an important parameter for the biolog-
cal activity of pDNA-based nanomedicines prepared from cationic
olymers and the optimum Cl/N value is 0.6 representing 60% pro-
onation of the PEIm molecule.

We have observed that the biological activity of pDNA/PEIm
anomedicines sometime improves during the storage. To explain
his phenomenon we have investigated the effect of the N/P ratio
N content of PEIm and P content of pDNA) on the biological activ-
ty (Table 2). We have demonstrated that the biological activity
f the nanomedicine prepared freshly at N/P = 2 had significantly
mproved after 1 week of storage. The same improvement dur-
ng storage did not occur when the nanomedicine was formulated

ith higher N/P ratio. We hypothesized that at N/P = 2 the freshly
ormed nanoparticles have not enough stable structures and this
tructure might stabilize during storage, because the low amount
f PEIm perhaps needs more time to reach the equilibrium of the
DNA/PEIm complex. We measured the size of the particles and
ound that the freshly prepared DermaVir at N/P = 2 has an effec-
ive diameter of 400 nm with very high SD (DEff = 339 ± 133), while
fter storage the nanoparticles became more compact of 280 nm
ith very low SD (DEff = 280 ± 7) suggesting that compact nanopar-

icles are required for optimal biological activity of DermaVir. In
ontrast, nanomedicines formulated at N/P ≥ 3 were either stable or
heir stability decreased with storage. The compact size and small
D were characteristic for the other fresh or stored pDNA/PEIm
anomedicine formulations with N/P ratios of 3 and 4 (average par-
icle size is 214 ± 10 nm). The biological activity of the nanoparticles
repared freshly at N/P ratio of 3 and 4 was comparable (p = 0.059).
owever, after 1 week of storage the biological activity of both

he DermaVir formulated at N/P ratio of 3 and 4 slightly decreased
ompared to the freshly prepared samples (p = 0.111 and p = 0.262,
espectively). Interestingly, the biological activity of the stored Der-
aVir nanomedicine prepared at N/P = 4 was significantly lower

p < 0.003) than the biological activity of the one prepared at N/P = 3
Table 2). We concluded that the biological activity and stability of
he DermaVir nanomedicine is affected by the N/P ratio of the PEIm
nd pDNA components and the optimal N/P ratio is 3.

We have investigated the effect of the pH to the struc-
ure and biological activity of the pDNA/PEIm nanomedicine.
ncreasing the pH up to 9 increases the pDNA stability because
ouble stranded pDNA in aqueous solution degrades through a
epurination/�-elimination process and the first step in this pro-
ess is acid catalyzed (Evans et al., 2000). Therefore, we prepared
anomedicine in formulation solvents from pH 3.6 to pH 9.3 and
ested the effects on the biological activity. We have performed two
ets of experiments: DermaVir formulated freshly and DermaVir
tored in refrigerator for 1 week (Fig. 3a). The pH of the solvent
nfluenced the biological activity of the pDNA/PEIm nanomedicine.
he relationship between the biological activity of the freshly
repared nanomedicines and the pH of the solvent can be math-

matically described with a polynomial second-degree equation:
= −3.5x2 + 43.7x − 41.1 with a maximum at pH 6.2 of the solvent.
e found that after storage the biological activity decreased at pH

.2 (Fig. 3a). The pH of the formulation solution between 7 and 7.5
upported the highest biological activity of both the fresh and the
19.0 ± 1.8 17.0 ± 0.4 15.1 ± 1.9 13.6 ± .0.8
227 ± 14 214 ± 5 205 ± 9 213 ± 9

stored DermaVir. We concluded that the optimum value of the sol-
vent pH is at the physiological range (pH 7–7.5) and the pH of the
solvent is an important parameter for the biological activity and
stability of the pDNA-based nanomedicines.

Since EDTA is known to increase the stability of pDNA aqueous
solutions, we investigated the effect of this excipient on the sta-
bility and biological activity of nanomedicines (Evans et al., 2000).
We found that 1 mM EDTA in DermaVir nanomedicine solution sig-
nificantly decreased the biological activity compared to the control
Fig. 3. Effect of the formulation solvent and excipient on the biological activ-
ity of DermaVir nanomedicine. (a) Effect of the formulation solvent pH on the
biological activity of the DermaVir prepared from pDNA-B and PEIm-B in TEAM
at different pH, (�) fresh, (�) 1-week 4 ◦C, ( ) polynomial curve (fresh),
y = −3.5344x2 + 43.71x − 41.146, R2 = 0.7533. (b) Effect of the EDTA on the biological
activity of DermaVir nanomedicine, *p < 0.0001.
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Fig. 4. Effect of formulation solvent on the biological activity and stability of Der-
maVir nanomedicine. (a) Effect of the formulation solvent on the biological activity.
Solvents: W (sterile water), S (150 mM NaCl solution), M (10% mannitol solution), G
(10% glucose solution), TEA (triethanolamine buffer pH 7.5), TEAM (triethanolamine
buffer pH containing 10% mannitol). (b) Effect of the formulation solvent on the
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sodium salt) and the polycationic PEIm. The loose structure of the
hemical stability. PEIm solution (�) mixture of PEIm with glucose (ϑ) and manni-
ol (�), respectively, DermaVir formulations with glucose (�) and mannitol ( ).
he solutions were stored at 23 ± 2 ◦C for 2 months and the UV spectra were recorded
ithout dilution.

sized that the EDTA competes with the pDNA to interact with the
ationic polymer (PEIm), consequently nano-sized particles can be
nly formed in the absence of EDTA (DEff = 168 ± 6 nm) (Fig. 3b).
hese results show that EDTA, used as stabilizer in the pDNA solu-
ions, disrupts the structure of pDNA/PEIm nanoparticles.

We further investigated the effect of the formulation solvents
n the biological activity of the nanomedicine. We found that com-
lementing the formulation solvent with sugar-based compounds
e.g. glucose and mannitol) improved the biological activity of the
anomedicine compared to water, physiological saline or pH buffer
Fig. 4a). Glucose is a commonly used solvent in medicinal prod-
cts and we used it in the DermaVir nanomedicine formulation
uring the phases I and II trials. However, we observed that the
olor of the clinical DermaVir formulations turns to yellow from
clear solution during storage. We have investigated the reason

f the yellow color and found that during storage the glucose
nteracts with the PEIm forming a yellow adduct which has an

bsorbance maximum at 365 nm (Fig. 4b). The yellow adduct is
robably the so called “Amadori” product (Tjan and Ouweland,
974; Bhattacharyya, 1995), however its isolation and identifi-
ation was not performed. This yellow adduct did not appear if
harmaceutics 392 (2010) 261–267 265

the nanomedicine was formulated with mannitol. The difference
between glucose and mannitol is that glucose contains a carbonylic
group that could react with the amino group of the PEIm. The same
side reactions could not take place with mannitol because it is not
a reductive sugar. Therefore, to optimize the biological activity of
DermaVir nanomedicine we decided to complement the formula-
tion solution with mannitol instead of glucose.

After establishing the liquid nanomedicine formulation optimal
for the biological activity we have performed stability testing at
37 ◦C and 4 ◦C. Four lots of DermaVir were manufactured using two
lots of pDNA (see Fig. 1 and Table 1) and two lots of PEIm (see
Fig. 2 and Table 1) (Fig. 5a). The biological activity of the DermaVir
product (DV-AA) prepared from the pDNA solution of high ionic
strength and the highly protonated PEIm was significantly lower
than the freshly prepared control sample (Fig. 5b). We formulated
DermaVir (DV-AB) with PEIm of low degree of cationic character.
DV-AB had more potent biological activity than DV-AA and was not
influenced by storage temperatures of 4 and 37 ◦C. However, DV-
AB biological activity after storage was significantly lower that the
fresh DermaVir formulation (Fig. 5b).

We investigated the supercoiled pDNA form content (ccc%) of
the DermaVir nanomedicine after SDS decomplexation by AGE
(Table 3) (Okamoto et al., 2005). We found partial degradation
of pDNA inside some formulations. Specifically, 14.2 and 48.4%
supercoiled pDNA form remained after 37 ◦C storage in DV-AA and
DV-AB, respectively, from the original 78%. This pDNA degrada-
tion inside the nanomedicine could be responsible for the reduced
biological activity. In both DV-AA and DV-BA formulations we
observed aggregations (DEff = 355 ± 28 nm) that reduced signifi-
cantly the biological activity of these preparations during storage
(Fig. 5b and c). Both contained the PEIm-A, which had high Cl con-
tent and 90% protonation (0.9 Cl/N ratio). However, the biological
activity after storage of the DV-BB prepared with the low ionic
strength of pDNA-B and 60% protonated PEIm-B was comparable
with the fresh one (Fig. 5c). Further testing of the DV-BB at 4 ◦C
revealed the consistent stability of the formulation for 8 weeks
without any loss of biological activity and without any aggregation
(DEff = 194 ± 12 nm) (Fig. 5d).

4. Discussion

Explicit characterization of the starting materials is one of the
key parameters of the formulation development for nanomedicines
as they have crucial effect on their biological activity and stability.
We demonstrated that the current cGMP quality requirements for
pDNA and PEIm are not sufficient for the characterization of these
materials. Chemical parameters of these biological products have
significant effect on the quality of the nanomedicine products.

We showed that the ionic strength of the pDNA solution, espe-
cially the sodium chlorine residues, increased the biological activity
of the nanomedicine. However, such positive effect diminished dur-
ing the storage of DermaVir, because the presence of high NaCl
concentration decreased its biological activity compared to the one
prepared freshly. The sodium ions influence the binding affinity of
the pDNA to the PEIm cations. If more sodium ions are present
in the pDNA solution more of the phosphate groups of pDNA
would form sodium salt, therefore the secondary amines of PEIm
could not competitively displace these sodium ions having much
lower basic properties. Consequently, the inherent structures of the
pDNA/PEIm nanoparticles are less tight (loose) than the tight par-
ticles formed between higher number of anionic phosphates (less
nanoparticles is favorable only for the biological activity, i.e. fast
release of the pDNA from the complex core, but for long-term stor-
age a more compact structure is required which protects the pDNA
from degradation (Lechardeur et al., 1999; Schaffer et al., 2000).
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ig. 5. Stability testing at 4 and 37 ◦C of the DermaVir nanomedicine liquid formula
f DermaVir formulations after 3 weeks storage. (c) Biological activity of DermaV
ermaVir nanomedicine after storage at 4 ◦C for 8 weeks. *p < 0.0001, **p < 0.001, **

Characterization of the PEIm components of the nanomedicine
e identified the Cl/N molar ratio as one of the key parameters

or the biological activity of the nanomedicine. The chlorine ion
s the negative counter ion of the cationic N of PEIm. During syn-
hesis of the PEIm the conversion of poly-(2-ethyl-2-oxazoline) is
erformed by acidic hydrolysis using HCl, consequently the chlo-
ine content is relevant in the structure of the PEIm (Jeong et al.,
001). The chlorine content, more precisely the Cl/N ratio quanti-
es the cationic degree of the PEIm. The PEIm has double role in the
iological activity of the pDNA/PEIm nanomedicines: its cationic
protonated) amino groups interact with the polyanionic pDNA and
y its “neutral” (protonable) amino groups act as a “proton-sponge”
gainst the low pH of the endosome protecting the nanomedicine
rom the degradation (Boussif et al., 1995). These two processes
equire a PEIm solution with an optimum degree of cationic char-
cter that according to our investigations is 60% protonation of its
otal N atoms.
The formulation development for pDNA/PEIm nanomedicines
ad to take into consideration the stability requirements of medic-

nal products. We determined the optimal mixing ratio of the
DNA and PEIm components (N/P ratio) for the formation of the

able 3
nalysis of the pDNA forms in the DermaVir formulations by AGE after decomplexation w

Sample pDNA pDNA-SDS DV

ccc% (±2%) 78.6 80.5 14
(a) DermaVir formulations prepared at N/P ratio of 3 in TEAM. (b) Biological activity
ulations after 3 weeks storage. (d) Full conservation of the biological activity of

0003, n.s. not significant.

nanomedicine. N/P ratio of 3 was selected to be optimal for the bio-
logical activity and the stability of the nanomedicine. Higher N/P
ratio not only alters the stability of the nanomedicine but might
increase its toxicities (Bragonzi et al., 1999; Chollet et al., 2002;
Fahrmeir et al., 2007).

Investigating the formulation solvent for pDNA/PEIm
nanomedicine, we found that the optimal pH value of the solvent
is at the physiological pH range (pH 7–7.5). This pH required
for both the optimal biological activity and the stability of the
nanomedicine. Taking into consideration the pH values required
for pDNA (pH ∼ 9) and PEIm stability (pH ∼ 8 (Choosakoonkriang
et al., 2003)), we have selected pH of 7.5 for the formulation of the
DermaVir nanomedicine product. For buffering the nanomedicine
formulation we selected triethanolamine (TEA), because it is a
pharmaceutically acceptable pH buffer with maximum buffer
capacity around pH 7.5. This buffer contains non-reactive tertiary
amines and it is a weaker base than the secondary amine containing

linear PEIm, therefore suitable to exclude potential side reactions
with the acidic pDNA. For the liquid formulation, sterile water
and 10% glucose or dextrose solutions are the commonly used
and pharmaceutically acceptable solvents, but none of them were

ith SDS.

-AA-37 ◦C DV-AB-37 ◦C DV-AB-control

.2 48.4 75.8
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cceptable for formulation of pDNA/PEIm nanomedicines (Behr
t al., 2000). We have shown that reductive sugars like glucose
r mannose do not support the stability of DermaVir because
hey react with PEIm. We found that sugar-alcohols like mannitol
mprove biological activity of the nanomedicine without side
eactions with PEIm. Therefore, in the pDNA/PEIm nanomedicine
ormulation we have combined the positive effects of the TEA pH
uffer and the mannitol and selected a solvent consisting of TEA
uffer at pH 7.5 containing 10% mannitol (TEAM).

We presented here a rational product profile-oriented analy-
is of the PEIm/pDNA nanomedicines that includes the detailed
haracterization of the starting materials and takes into consid-
ration the biological activity and the stability of the medicinal
roduct. This approach of developing nanomedicine formulation

s in accordance with FDA’s (US Food and Drug Administration)
urrent “Quality by Design” program claiming that the product and
rocess knowledge base must include an understanding of the vari-
bility in raw materials and the relationship between a process
nd product’s critical quality attributes (CQA) (Rathore and Winkle,
009). The optimal pDNA/PEIm liquid formulation requires the
DNA in a low ionic strength solution and the PEIm with 60% degree
f cationic character mixed at N/P ratio of 3 and formulated in
riethanolamine buffered (pH 7.5) mannitol solution (TEAM). This
ew liquid formulation was stable, no aggregation, decomplexa-
ion and loss of biological activity was detected during storage.
ur liquid formulation did not require any additional covalently
ttached protecting groups to the PEI or surfactants to prevent the
ggregation as described previously (Ikonen et al., 2008).
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