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A B S T R A C T

P53 is implicated in various cellular functions and several studies have shown that transfection of cancer cells
with wild-type p53-expressing plasmids could directly drive cells into growth arrest and/or apoptosis. In the
present work, the 6.07 kbp pcDNA3-FLAG-p53 plasmid, which encodes the p53 tumor suppressor, was produced
and recovered from a recombinant cell culture of Escherichia coli DH5α. Following plasmid biosynthesis, the O-
phospho-L-tyrosine chromatographic matrix was explored to purify the supercoiled p53-encoding plasmid. In
order to quickly determine the optimal chromatographic performance and to obtain the required purity degree,
maximizing the recovery yield of the supercoiled plasmid DNA, the Composite Central Face design was applied.
The model revealed to be statistically significant (p-value < 0.05), with coefficient of determination of 0.9434
for the recovery yield and 0.9581 for purity and the central point was successfully validated. After the chro-
matographic process optimization by using the design of experiments tool, 49.7% of the supercoiled p53-en-
coding plasmid was recovered with 98.2% of purity, when a decreasing ammonium sulphate gradient was ap-
plied. The dynamic binding capacity of the O-phospho-L-tyrosine agarose column was 0.35 ± 0.02mg pDNA/
mL matrix at 50% of the breakthrough. Finally, the purified sample was analysed to assess the content of en-
dotoxins, proteins and genomic DNA, showing that all these impurity levels were below the recommendations of
the regulatory agencies.

1. Introduction

The TP53 gene, which encodes p53, is one of the most frequently
mutated genes in human cancers. It is reported that approximately half of
all cancers have the p53 inactivated. This tumor suppressor is implicated
in a number of known cellular functions, including the DNA damage
repair, the cell cycle arrest in G1/S and apoptosis [1]. Several studies
have shown that cells transfection with wild-type p53-expressing plas-
mids could directly drive cells into apoptosis and/or growth arrest when
p53 is overexpressed, suggesting that the gene therapy approach for
cancer treatment can re-establish the normal p53 function [2].

Recent advances have led to many different strategies to p53-tar-
geted cancer therapy, including TP53 gene therapy, p53 vaccines, and
rescue of mutant p53 function by small-molecule inhibitors. The cases
of TP53 gene therapy and p53 vaccines have been studied extensively
in patients with solid cancers [3–5]. In fact, several preclinical studies
have shown that adenoviral vectors engineered with a complementary
DNA copy of the p53 gene trigger a dramatic tumor regression response
in cancers, such as head and neck cancer [6], lung cancer [7], colorectal
cancer [8], among others [9].

For gene therapy purposes, the use of plasmids to replace or correct
a defective gene has been evaluated. Plasmid DNA (pDNA) is the non-
biologic vector mostly used in DNA-based therapies, due to its simpli-
city, low-cost manufacture, acceptable expression levels and lack of
immunogenicity [10,11]. Among the different conformations that
pDNA can acquire, it has been proved that the supercoiled isoform (sc)
is more advantageous as it is more effective for gene transfection
[12,13]. Also, in accordance with regulatory agencies, such as Food and
Drug Administration (FDA) or the European Medicines Agency (EMA),
pDNA should accomplish several specifications regarding its purity and
global quality, in order to be suitable for therapeutic applications
[14,15].

To isolate and purify the sc pDNA vector, several chromatographic
methodologies have been used, namely size exclusion, anion exchange,
hydrophobic interaction, reversed phase, thiophilic adsorption and af-
finity chromatography [14]. In particular, the affinity chromatography
has already been explored to successfully isolate the sc p53 encoding
plasmid by using matrices modified with arginine and methionine li-
gands. In these studies, the arginine support allowed the recovery of sc
pDNA with a purity higher than 95%, while 97% was obtained with the
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methionine matrix [12,16]. However, the recovery yield is usually low-
to-moderate and the methodology commonly used to optimize the ideal
elution conditions is based on trial and error approaches, which implies
a huge number of experiments until the suitable conditions for the sc
pDNA isolation are reached. Regarding this, it is still essential to de-
velop and study new matrices and methods to accomplish the sc pDNA
purification with higher specificity, recovery yield, robustness, in a
more cost-effective manner to be considered for biopharmaceutical
industry.

In the present work, it was explored the O-phospho-L-tyrosine
chromatographic matrix to purify the sc p53-encoding pDNA. This
affinity matrix was already studied in our research group for RNA
isolation, showing an interesting potential for the purification of
nucleic acids [17]. To accomplish this aim, the Composite Central
Face design (CCF) was applied to optimize the chromatographic
process regarding the maximization of pDNA purity and recovery
yield. The design of experiments (DoE) tool enables to systematically
and simultaneously vary several parameters in order to obtain more
information about the purification process with few experiments.
Thus, we are able to faster reach the best purification conditions, to
accomplish the final result, which allows a reduction of the costs
associated to the random experiment approach in the search for the
suitable isolation conditions.

2. Experimental section

2.1. Materials

O-phospho-L-tyrosine agarose matrix was obtained from Sigma
Aldrich (St. Louis, M.O., USA) and the NZY MaxiPrep Kit was purchased
from NZYTech (Lisbon, Portugal). All the water used to prepare solu-
tions was ultra-pure grade, purified with a Milli-Q system from
Millipore. Ammonium sulphate ((NH4)2SO4) was purchased from VWR
and tris(hydroxymethyl) aminomethane (Tris) was from Merck
(Darmstadt, Germany). Binding and elution buffers were filtered
through a 0.20 μm pore size membrane (Schleicher Schuell, Dassel
Germany) and degassed ultrasonically. The 6.07 kbp pcDNA3-FLAG-
p53 (ref. 10838) plasmid [18] was purchased from Addgene, and all the
reagents used in the bacterial growth were obtained from Sigma-Al-
drich. The DNA ladder was obtained from Bioline (London, UK).

2.2. Methods

2.2.1. Plasmid and bacterial growth conditions
The pcDNA3-FLAG-p53 plasmid was amplified in a cell culture of

Escherichia coli (E. coli DH5α). The growth was carried out at 37 °C,
250 rpm, in an Erlenmeyer with 500mL of Terrific Broth medium
(20 g/L of tryptone, 24 g/L of yeast extract, 4 mL/L of glycerol, 0.017M
KH2HPO4, 0.072M K2HPO4) supplemented with 30 μg L−1 of ampi-
cillin. The cells were grown until the log phase (O.D. 600 nm ± 9) and
then were collected by centrifugation and stored at −20 °C.

2.2.2. Lysis and plasmid isolation
In order to study a complex lysate sample, after cells recovery, they

were lysed through a modified alkaline method previously described.
Completed the lysis procedure, and expecting the elimination of some
impurities, the pDNA was first precipitated with isopropanol and then,
an ammonium sulphate precipitation step was performed to eliminate
proteins and RNA [15,19].

2.2.3. Preparative chromatography
Chromatographic assays were performed in an ÄKTA pure system

with UNICORN 6.3 software (GE Healthcare, Uppsala, Sweden). To
perform these experiments, a 16× 40mm (approximately 8mL)
column was packed with a commercial O-phospho-L-tyrosine agarose
gel (Sigma Aldrich). This matrix is characterized by the manufacturer as

a crosslinked 4% beaded agarose support with a one-atom spacer and
an extent of labelling between 5 and 15 μmol/mL. The experiments
were performed by using a circulating water bath to control the tem-
perature. After the matrix equilibration, the lysate was loaded onto the
column using a 100 μL loop, at 1mL/min. The absorbance of the eluate
was continuously monitored at 260 nm. The column was equilibrated
with different concentrations of ammonium sulphate depending on the
experiment. The elution of bound species was carried out by using a
decreasing ammonium sulphate stepwise gradient.

2.2.4. Design of experiments
To optimize the sc pDNA purity and also maximize its recovery

yield, a CCF design was applied. Concerning that, three factors (inputs)
were taken into account, namely i) the sc binding step: to efficiently
bind the sc pDNA to the column and at the same time eliminate some of
the impurities; ii) the sc elution step: to elute most of sc pDNA with the
required purity degree; iii) the Temperature. The inputs were studied at
three levels (−1; 0; +1) and the range was defined according to pre-
liminary results obtained from the random experiments approach. The
responses (outputs) evaluated were the % of purity, that should be
higher than 97% of sc pDNA and the % of recovery yield, that should be
maximized maintaining the required purity.

To perform the chromatographic experiments, the column was
equilibrated within the binding concentration range of 2.3M to 2.6M
(NH4)2SO4 in 10mM Tris–HCl buffer pH 8, the elution step was per-
formed with lower ionic strength within the range of 1.8M to 2.1M
(NH4)2SO4 in 10mM Tris–HCl buffer pH 8. A last step consisting on the
application of 10mM of Tris–HCl buffer pH 8 was always performed to
guarantee the total elution of the remaining bound species. The
Temperature of the different chromatographic experiments was
changed in the range between 4 and 20 °C. Each peak was pooled and
concentrated to a final volume of 500 μL. Statistical analysis was per-
formed through the use of UNICORN™ 6.3 software and Design Expert
version 7.0 trial software. The generalized second-order polynomial
model equation used in the response surface analysis is presented below
(Eq. (1)):

= + + + + + +

+ + +

X X X X X

X X X X X X X X

Y 1 1 1 2 2 3 3 11 1
2

22 2
2

33

3
2

12 1 2 13 1 3 23 2 3 (1)

2.2.5. Dynamic binding capacity of plasmid DNA
A 10×7mm column (GE Healthcare Biosciences, Uppsala,

Sweden) was packed with the commercial O-phospho-L-tyrosine
agarose gel giving a total bed volume of 0.5 mL. The column was
connected to an ÄKTA Pure system (GE Healthcare Biosciences,
Uppsala, Sweden), and used for determination of the dynamic binding
capacity (DBC) of the support. The breakthrough experiments were
conducted at 1mL/min and by using a pDNA feed solution with
0.025mg/mL. The column was equilibrated with 3M (NH4)2SO4 in
10mM Tris–HCl buffer pH 8.0 and the pDNA solution was prepared in
the same buffer. The determination of DBC was carried out by recording
breakthrough curves and calculating the amount of bound pDNA per
mL support at 10 and 50% breakthrough. Thus, the DBC value was
obtained according to the following equation (Eq. (2)):

= ×
Vc

DBC (VL V0) Cp
(2)

where DBC is the dynamic binding capacity (mg/mL), VL corresponds
to the volume loaded up to the breakthrough point (mL), V0 is the void
volume of the column (mL), Cp corresponds to the pDNA concentration
(mg/mL) and Vc is the column volume (mL). The elution of the bound
pDNA was then achieved by using 10mM Tris–HCl buffer pH 8.0 in the
mobile phase.
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2.2.6. Plasmid quantification
A modified quantification method using a CIMAc™ pDNA analytical

column was applied to determine the sc pDNA purity and recovery yield
[20,21]. The calibration curve was constructed in the range of 1–25 μg/
mL, by considering the peak area corresponding to sc pDNA standards.
The recovery yield was calculated by the ratio between the obtained sc
pDNA concentration and the sc pDNA concentration present in the ly-
sate sample, while purity was calculated by the ratio between sc pDNA
peak area and total peak area present in the analytic chromatogram.

2.2.7. Protein quantification
For protein quantification, the micro-BCA (Bicinchoninic acid)

protein assay kit from Pierce (Rockford, USA) was used in accordance
to the supplier's specifications. A calibration curve with the standard
protein Bovine Serum Albumin (BSA) (0.01–0.1mg/mL) diluted in
10mM of Tris-HCl pH 8.0 was determined. Before analysis, samples
were desalted with Tris-HCl pH 8.0 to avoid salt interference.

2.2.8. Genomic DNA quantification
Real-time polymerase chain reaction (PCR) was used to evaluate the

level of genomic DNA (gDNA) in the pDNA purified samples. The
analysis was performed in an iQ5 Multicolor real-time PCR Detection
System (Bio-Rad), as previously described [19]. Sense (5′-ACACGGTC
CAGAACTCCTACG-3′) and antisense (5′-CCGGTGCTTCTTCTGCGGGT
AACGTCA-3′) primers were used to amplify a 181-bp fragment of the
16S rRNA gene. For the gDNA quantification in lysate samples, a 100-
fold dilution was prepared. PCR amplicons were quantified by fol-
lowing the change in fluorescence of the DNA binding dye Syber Green
(Bio-Rad). The concentration of gDNA was obtained through a cali-
bration curve generated by consecutive dilutions of the purified E. coli
DH5α gDNA in the 5 pg to 50 ng/μL range. Negative controls (no
template) were run at the same time of each analysis.

2.2.9. Endotoxin quantification
The ToxiSensor™ Chromogenic Limulus Amoebocyte Lysate (LAL)

endotoxin assay kit (GenScript, USA, Inc.) was used for endotoxins
measurement, considering the manufacturer's instructions. The cali-
bration curve (from 0.005 to 0.1 EU/mL) was performed using a pro-
vided stock solution of 8 EU/mL. To avoid external endotoxin inter-
ference, all samples were diluted or dissolved in non-pyrogenic water,
which was also used as the blank. All the tubes and tips used to perform
this analysis were endotoxins-free. All the procedure was performed
inside of a laminar flow cabinet to assure aseptic conditions.

3. Results and discussion

O-phospho-L-tyrosine ligand can promote a multitude of interactions
(hydrophobic, electrostatic, cation-π, van der waals forces and/or hy-
drogen bond) that can be established between the ligand and different
biomolecules [17]. Therefore, the multiple non-covalent interactions
that are established, are actually responsible for the biorecognition and
specific interaction occurring with the target molecule, namely the sc
pDNA. Also, DNA-amino acid affinity chromatography for the pur-
ification of sc pDNA, using amino acids as specific ligands are already
several times successfully applied [11,15,16]. The rationale for the
implementation of this concept was based on the analysis of the natural
occurring interactions, in cellular environment, where some target DNA
or RNA sequences are recognized by specific protein domains, enabling
the occurrence of specific cell mechanisms. Thus, the use of amino acids
as ligands can mimic this specific interaction, the recognition of the sc
pDNA based on affinity approaches [22,23]. Moreover, the authors
have already demonstrated that with these affinity ligands it is possible
to favor some particular interactions through the adjustment of the
binding and elution conditions, such as the temperature and buffer
composition (pH, ionic strength or presence of competitive agents),
giving more versatility to the method [14,24].

In this work, tyrosine amino acid was selected as specific ligand to
isolate the sc p53-encoding pDNA isoform from a complex lysate. To
accomplish this, different conditions, such as buffer composition, pH
and Temperature were tested in a random experiment approach to
define the first binding/elution settings. Thus, pDNA retention was first
evaluated in low ionic strength conditions, but the loaded sample im-
mediately eluted during the flowthrough (data not shown). Conversely,
total pDNA retention was achieved by using ammonium sulphate in the
binding buffer and its elution was verified by decreasing the salt con-
centration. This behaviour suggests that hydrophobic interactions be-
tween pDNA and O-phospho-L-tyrosine are favoured, mainly due to the
existence of a benzyl aromatic ring in the ligand [25].

Temperature was also a parameter under evaluation, being verified
that it definitely plays an important role in sc pDNA isolation in the O-
phospho-L-tyrosine agarose matrix (Fig. 1). Concerning this, a lysate
sample made of oc and sc pDNA and also RNA was injected in the
matrix and, the results have shown a decrease on pDNA binding with
the temperature increase, also indicating that the pDNA binding is not
exclusively due to hydrophobic interactions, which typically are fa-
voured by the temperature increase. In fact, the biorecognition results
from the establishment and conjugation of multiple non-covalent ele-
mentary interactions, such as hydrogen bonds, van der Waals contacts
and hydrophobic interactions [16]. The last peak of the chromatogram
is supposed to be mostly made of RNA since this specie strongly binds to
the matrix.

3.1. Design of experiments

The DoE model used in this work was the CCF, mainly because it is
more inclusive and does not consider points outside of the ranges es-
tablished for the inputs (starting points) [17]. Considering the aim of
this work and expecting a pDNA quality in accordance with the reg-
ulatory agencies criteria, the responses (outputs) chosen were the % of

Fig. 1. Chromatographic profiles of the p53 encoding plasmid lysate loaded
onto the O-phospho-L-tyrosine agarose column at 4 and 20 °C. The elution was
performed by a stepwise gradient of 2.6M of (NH4)2SO4 in 10mM Tris-HCl
pH 8.0, then 1.8M of (NH4)2SO4 in in the same buffer and finally 10mM Tris-
HCl pH 8.0, as represented by the dashed line.
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pDNA purity, that should be higher than 97%, and simultaneously, the
maximization of the % of recovery yield.

According to preliminary studies, a chromatographic method was
outlined by considering three steps. First, it was established a sc pDNA
binding step, ranging between 2.3M and 2.6M of (NH4)2SO4, that in-
tends to efficiently bind this target molecule to the column and at the
same time to eliminate some of the impurities in the flowthrough.
Secondly, a sc elution step, ranged between 1.8M and 2.1M of
(NH4)2SO4, was performed to elute most of sc pDNA with the required
purity degree. Finally, the last step at 10mM of Tris buffer pH 8 was
used as a washing step to elute the remaining bound impurities. Given
that, the outputs are the sc pDNA purity and recovery yield, the binding
step and sc elution step were chosen as inputs. In addition, it was also
included the Temperature as an input (ranging between 4 and 20 °C), as
the initial results indicated a significant influence of this parameter on
pDNA retention and selectivity. The different experiments designed by
UNICORNTM 6.3 software and the respective responses are available in
supporting information (SI). The three central points are presented in
grey (Table in SI), which were tested in the same conditions in order to
access the model reproducibility. The regression Eqs. (3) and (4) are
resultant from the Design of Expert 7.0 and provide the level of re-
sponses for recovery yield and purity as a function of the different
variables chosen (“sc binding step”, “sc elution step” and “Tempera-
ture”). The signal of each factor designates a positive or negative effect
on the response.

= + + × × × + ×
+ × × + × ×
+ ×

Recovery yield 40.53 13.63 A–4.33 B–3.4 C 0.89 AB
0.49 AC–4.04 BC 4.07 A –11.83 B
0.52 C

2 2

2 (3)

= + + × × + × × ×
+ × + × + × ×

Purity 98.58 1.96 A–1.56 B 5.68 C–0.69 AB–3.56 AC
1.59 BC 1.56 A 2.06 B –9.24 C2 2 2 (4)

In Table 1 it is possible to observe the information extracted from
the multiple regression equation, corresponding to the main effects of
the chosen parameters.

From these results, it is possible to verify that the “sc binding step”
condition is positive for both responses, which can indicate that higher
ammonium sulphate concentrations intensify the interactions estab-
lished with the sc pDNA, strengthening its retention on the matrix.
Thus, the sc pDNA recovery yield and purity could be increased in the
subsequent elution step. Concerning the “sc elution step”, it is possible
to verify negative responses either for recovery yield as well as for
purity. This mean that if low ammonium sulphate concentrations were
applied the matrix will retain not only the sc pDNA but also impurities
and the opposite could also happen (when high concentrations of am-
monium sulphate were applied the elution of the sc and impurities will
be promoted). Which means that high recovery and purity levels are
only obtained when a very specific salt concentration is applied, being
not allowed large variations.

On the other hand, the input “Temperature” presents a different
contribution for each response (negative for recovery yield and positive

for purity). Actually, in accordance with what was previously observed
in preliminary experiments, the decrease of Temperature seems to in-
tensify the interactions between the ligand and the nucleic acids, which
are only eluted in the washing step, favouring the purity but also de-
creasing the recovery yield of the sc pDNA in the elution step. These
results show the influence of the salt concentration and Temperature in
the purity and the recovery yield of sc pDNA for the elution step, being
fundamental to determine the optimal point by a combination of these
factors through an experimental design tool, aiming to maximize the
intended responses.

From the interaction of the parameters “sc binding× sc elution”, it
is possible to observe a positive effect for recovery and a negative effect
for purity which means that a decrease in the sc pDNA binding and an
increase in its elution will allow an increase in the sc pDNA recovery.
However, this behavior will be followed by the co-elution of impurities
with the sc pDNA, thereby decreasing the purity of the sample. Also,
when the “sc binding×Temperature” parameters were combined, a
positive response for recovery and a negative response for purity was
observed. This can indicate that a Temperature increase will increase
the retention of all species (sc pDNA and impurities) which could be
responsible for a decreased purity of the recovered sample. Finally, the
interaction between “sc elution×Temperature” is negative for the re-
covery and positive for the purity. This means that an increase of
Temperature in the elution step will increase sample retention, which
will decrease the recovery of the target molecule and, consequently,
increase the sample purity. Regarding the quadratic effect, it is positive
for recovery in the case of “sc binding2” or “Temperature2” and nega-
tive for “sc elution2”, while the purity effect is positive for “sc binding2”
and “sc elution2” and negative for “Temperature2”.

Table 1
Summary of the multiple regression equation (main effects of the factors).

Parameter Recovery effect Purity effect

sc binding (A) Positive Positive
sc Elution (B) Negative Negative
Temperature (C) Negative Positive
sc binding× sc elution Positive Negative
sc binding× temperature Positive Negative
sc elution× temperature Negative Positive
sc binding2 Positive Positive
sc elution2 Negative Positive
Temperature2 Positive Negative

Table 2
ANOVA table for CCF design model.

Source Sum of
squares

Degrees of
freedom

Mean
square

F-value p-Value

Recovery ANOVA analysis
Model 2724.25 9 302.69 12.95 0.0014
A - sc binding 1857.77 1 1857.77 79.5 < 0.0001
B - sc elution 187.49 1 187.49 8.02 0.0253
C - Temperature 115.6 1 115.6 4.95 0.0615
AB 6.3 1 6.3 0.27 0.6196
AC 1.9 1 1.9 0.081 0.7837
BC 130.41 1 130.41 5.58 0.0502
A2 44.34 1 44.34 1.9 0.2108
B2 375.06 1 375.06 16.05 0.0051
C2 0.72 1 0.72 0.031 0.8657
Residual 163.57 7 23.37
Lack of fit 71.86 5 14.37 0.31 0.8721
Pure error 91.71 2 45.85
Cor total 2887.82 16

Purity ANOVA analysis
Model 761.76 9 84.64 17.78 0.0005
A - sc binding 38.49 1 38.49 8.09 0.0249
B - sc elution 24.4 1 24.4 5.13 0.058
C - Temperature 322.85 1 322.85 67.83 < 0.0001
AB 3.81 1 3.81 0.8 0.4008
AC 101.39 1 101.39 21.3 0.0024
BC 20.1 1 20.1 4.22 0.079
A2 6.54 1 6.54 1.38 0.2793
B2 11.4 1 11.4 2.4 0.1656
C2 228.6 1 228.6 48.03 0.0002
Residual 33.32 7 4.76
Lack of fit 32.51 5 6.5 16.12 0.0594
Pure error 0.81 2 0.4
Cor total 795.08 16

Model summary statistics
Response R2 Adj R2 Adeq

Precision
Q2

Recovery 0.9434 0.8705 13.949 0.7837
Purity 0.9581 0.904 13.684 0.7
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To evaluate the presence of potential outliers the Cooks Distance
analysis was performed concluding their inexistence [26]. Moreover,
the evaluation of the significance of the model was based on the ana-
lysis of the variance (ANOVA), as it is presented in Table 2. Closely
looking for this analysis, it is possible to confirm that the model data are
statistically significant for both responses, since the probability value
(p-value) was always lower than 0.05 for purity and recovery yield
[27,28]. Also, for recovery yield, the “Model F-value” was 12.95, with
only 0.14% of chance of it occur due to the noise and, in case of purity,
the “Model F-value” was 17.78 having 0.05% of chance to occur due to
the noise.

The Lack of Fit is responsible to describe if the model is appro-
priate to correctly express data or if a more complex model should be
applied. To achieve this parameter, a comparison between the
variability of the current model residuals and the variability between
observations and replicative settings of the factors was used [29].
The “Lack of Fit F-value” to the output Recovery yield was 0.31,
implying that the Lack of Fit is not significant relatively to the pure
error, and there is 87.21% of chance that a “Lack of Fit F-value” this
large could occur due to noise. This Lack of fit showed to be non-
significant which is a positive result since we want that the model
fits. In case of the output Purity, the “Lack of Fit F-value” was 16.12,
which implies 5.94% of chance for this large “Lack of Fit F-Value”
occur due to the noise. Also, in this case, this parameter showed to be
non-significant.

The coefficient of determination (R2) shows if data points fit the
statistical model, indicating the high significance of the model.
Although, being acceptable a value ranging between 0 and 1, ideally it
should be closer to 1 [28]. In this case, the R2 were 0.9434 and 0.9581
for recovery yield and purity respectively, suggesting that both re-
sponses fit the models. Adjusted R2 (Adj R2) comprises the variation of
the ordinary R2 and is adjusted for the “size” of the model (the number
of the factors) [17]. The results obtained from the ANOVA analysis
present good Adj R2 for both responses.

Moreover, the usefulness of the model to predict new data is as-
sociated with positive predicted values variation (Q2), while negative
Q2 is related to models that do not have a predicted power [30]. The
Q2 data for purity (0.7) and for recovery yield (0.7837) responses
presented positive values, suggesting that the model can predict new
data. However, the value of Q2 for purity was lower than the value of
Q2 for recovery yield, indicating that the prediction will be better for
the recovery yield response. This result does not demerit the present
work, since it is intended to maximize the sc pDNA recovery yield,
maintaining the pDNA purity higher than 97%. Actually, this affinity
chromatographic methodology based on amino acids as specific li-
gands already proved to be efficient on sc pDNA purification, while
the major drawback is usually the recovery yield. For example, in a
previous purification strategy of sc p53-encoding pDNA by using the
methionine matrix, the final pDNA recovery was very low, because it
was necessary to reduce the recovery in order to guarantee the pDNA
purity [16]. So, the present results indicate that the use of DoE tool
can help in the definition of the best experimental conditions, to im-
prove the recovery yield and purification of pDNA. Finally, the
“Adequate Precision” is the parameter responsible for measuring the
signal-to-noise ratio, being desirable a value greater than 4. The re-
sults obtained in this field were 13.949 and 13.684 for the recovery
yield and purity respectively, suggesting that both models can be used
to navigate the design space.

3.2. Three-dimensional response surface plots

The surface and contour plots show the three-dimensional re-
presentation of the multiple regression equations [29]. By the analysis
of the plots illustrated in Fig. 2, it is easily observed the relation be-
tween the chosen parameters (sc binding step, sc elution step and
Temperature) and the outputs (recovery yield and purity). The different

colours intensity represents the range for optimal points. Thus, blue
represents the lowest response followed by green, yellow and finally
red, which represents the largest interaction. At the same time, the el-
lipticity obtained in the plots is indicative of the interaction order that
occurs between the chosen variables. In general, by analysing the
colour and ellipticity, it is visible that Temperature has more influence
in the purity response (Fig. 3) than in the recovery yield response
(Fig. 2). Also, through the ellipticity and colour of the recovery yield
contour plots, it is possible to verify that the interaction between sc
elution step versus sc binding step (Fig. 2A) or Temperature versus sc
binding step (Fig. 2B) is more pronounced than in the case of Tem-
perature versus sc elution step (Fig. 2C). These results indicate that
Temperature has a less pronounced effect on the sc elution and may
influence in a more effective way its binding to the matrix. In purity
plots (Fig. 3), it is depicted that all the variables chosen for the design
have a crucial role, being red the most observed colour, indicating a
very expressive interaction between sc binding step versus sc elution
step (Fig. 3A). In fact, to maximize the sc pDNA purity it should be
found a compromise between the salt concentration of the sc binding
step and the sc elution step.

3.3. Model validation

After the analysis of the responses given by the experiments
provided by DoE, it was predicted the optimal point, consisting in the
best conditions to achieve the global aim of this study, which is the sc
p53-encoding pDNA preparation with a purity degree higher than
97% and maximizing the recovery yield. So, the best conditions, as
well as the obtained responses, are presented in Table 3. Therefore,
the optimal conditions suggested by the software (2.58 M (NH4)2SO4

in 10 mM Tris-HCl buffer pH 8, for the sc binding step, 1.92 M of
(NH4)2SO4 in 10 mM Tris-HCl buffer pH 8 for the sc elution step and
9.5 °C for the Temperature) were used to perform the experiment in
triplicate. All chromatograms revealed the same profile, suggesting
that the method was suitable and reproducible. Fig. 4 shows one
representative chromatogram from the triplicate assays that illus-
trate the total retention of the target molecule in the binding step,
the selective isolation of sc p53-encoding plasmid in the second step
(peak 2, lane 2) and finally the elution of impurities such as RNA
(peak 3, lane 3) in the washing step at 10 mM Tris-HCl buffer pH 8. It
is important to notice that the purification of sc pDNA was achieved
from a complex lysate containing gDNA, oc isoform, sc isoform, RNA
and also proteins and endotoxins. From the analysis of the electro-
phoretic profile of Fig. 4 it is also visible that the sc pDNA is re-
covered in peak 2 with high purity level, but a small amount is also
eluting in the final step, which justifies the obtained recovery yield.
Triplicates samples of peak 2 were analysed by the CIMac pDNA
analytic column and the mean value for purity was 98.2% with a
standard deviation of 1.3% and for recover was 49.7% with a stan-
dard deviation of 1.9%.

In Table 4 is represented the confidence intervals (CI) for both re-
sponses analysed. The 95% CI represent the range in which responses
should lie 95% of the time. Regarding this information and considering
the obtained results, the 95% CI for the recovery yield ranged from 49.6
to 63.3% and for purity ranged from 97.4 to 103.6%. Comparing these
intervals with the obtained values for the recovery yield and also purity
it is possible to conclude that they are between the predicted CI. The
purity values obtained are in accordance with the recommendations of
regulatory agencies and, comparing the recovery yield of sc p53-en-
coding pDNA with the values obtained with other matrices, like L-
methionine that presented 8% of sc pDNA recovery yield, it is possible
to conclude that the O-phospho-L-tyrosine matrix was significantly
more efficient [16]. These results suggest a huge potential of this matrix
to be integrated into a downstream platform in order to obtain this
biopharmaceutical product for further application in gene therapy
studies.
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3.4. Dynamic binding capacity

Determining the DBC of a stationary phase is an important step for a
complete characterization of the support. Regarding this, breakthrough
experiments were performed at 1mL/min, with 0.025mg/mL pDNA so-
lution containing 90% of sc conformation, pre-purified with NZYtech kit.
The obtained results showed that the DBC of the O-phospho-L-tyrosine
agarose column was 0.35 ± 0.02mg/mL of the matrix at 50% of the
breakthrough. In fact, comparing these results with previous studies of
conventional amino acids-agarose matrices, where ammonium sulphate
was applied to perform the sc pDNA isolation, it is possible to verify that
this O-phospho-L-tyrosine matrix presents a similar binding capacity. For
example, Sousa and co-workers (2007) characterized the capacity of the
histidine-agarose matrix at 50% of breakthrough, using similar chroma-
tographic conditions to the ones applied in this research work, obtaining a
DBC near to 0.22mg pDNA/mL of matrix [33]. The higher DBC of O-
phospho-L-tyrosine matrix can be seen as an advantage if a scale-up of the
pDNA purification process is intended, as an increased capacity could
reduce the production runs and costs, increasing the amount of pDNA
recovered per experiment and the feasibility of the downstream process.

3.5. p53-encoding plasmid quality assessment

Based on the fact that sc pDNA preparations have proved to be more
efficient for cells transfection than other isoforms and, considering that
the efficient access of pDNA to the cell nucleus improves gene expres-
sion in eukaryotic cells, it is extremely important to guarantee that the
final sample is enriched in sc pDNA [13].

However, besides the requirement of 97% of sc homogeneity, the
regulatory agencies also indicate other specifications that must be ac-
complished by pDNA to be suitable for therapeutic applications. In
particular, pDNA solution must be clear and colorless, the RNA and
proteins content should not be detectable, the amount of gDNA needs to
stay below 2 μg gDNA/mg of pDNA and also the level of endotoxins
should not exceed the 10 EU/mg of pDNA [31]. In this way, the second
peak of the replicate chromatograms containing sc pDNA was analysed
regarding these impurities. The results (Table 5) indicated that this new
chromatographic method enables the recovery of sc pDNA free from
proteins. Moreover, real-rime PCR was performed in order to quantify
the gDNA present in these samples. This assessment is extremely im-
portant because some studies demonstrated that the existence of gDNA

Fig. 2. Contour and three-dimensional response surface plot of the interaction of the different variables (binding sc; elution sc; Temperature) and its effect on % of
recovery yield.
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in a purified plasmid sample for clinical application was directly related
with necrosis of the muscle cells [32]. The gDNA quantification de-
monstrated that the amount of gDNA in the sc peak was below the limit
given by the regulations (Table 5). Finally, the endotoxins content in
the sc pDNA preparations was assessed through an LAL endotoxin kit,
and once again the values were below the recommended limit given by
the regulatory agencies.

4. Conclusions

This research work used O-phospho-L-tyrosine combined with
CCF design in order to achieve the optimal conditions for the isola-
tion of the sc p53-encoding plasmid. To perform that, three para-
meters were used and combined (“binding sc”, “elution sc” and
“Temperature”) and finally the percentage of recovery yield and also
purity was evaluated as responses. It was possible to see during the
experiments the interactions of all inputs and their influence on the
final outputs. The model revealed to be statistically significant (p-
value < 0.05), with coefficient of determination of 0.9434 for re-
covery yield and 0.9581 for purity and the central point was suc-
cessful validated. The central point was repeated three times being
achieved 49.7% of recovery yield and 98.2% of purity. Moreover, the
DBC achieved for this matrix was 0.35 ± 0.02 mg pDNA/mL matrix
at 50% of the breakthrough. Finally, the quality of the resulting sc
pDNA was assessed, being confirmed that the levels of impurities are
in agreement with all the parameters required by the regulatory
agencies such as EMA and FDA.

Fig. 3. Contour and three-dimensional response surface plot of the interaction of the different variables (binding sc; elution sc; Temperature) and its effect on % of
purity.

Table 3
Optimal conditions selected by DoE to recover and purify sc p53-pDNA.

Predicted inputs Value

Sc binding ([(NH4)2SO4] in 10mM Tris-HCl buffer, pH 8) 2.58M
Sc elution ([(NH4)2SO4] in 10mM Tris-HCl buffer, pH 8) 1.92M
Temperature 9.5 °C
Predicted output Value
Recovery 56.5%
Purity 100%
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Overall, DoE demonstrated to be a very powerful and quick tool for
the establishment of the optimal conditions for the sc p53-encoding
plasmid purification. In addition, it was established a purification
methodology based on the O-phospho-L-tyrosine matrix that allows an
improvement of the recovery yield of this plasmid, being a promising
tool for the downstream process of this biopharmaceutical product.
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Table 4
Confidence intervals for the two responses.

Response 95% CI low 95% CI high

Recovery 49.6 63.3
Purity 97.4 103.6

Table 5
Quantitative analysis of proteins, endotoxins, and gDNA in the purified sc
fractions.

Proteins (μg/mL) Endotoxins (EU/mg
pDNA)

gDNA (μg gDNA/
mg DNA)

sc elution peak Undetectable 8.5 1.1
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