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Abstract Recently, a variety of methods, so called
“direct buffer”, have been developed to utilize nucle-
ic acid in the blood for the measurement of infectious
bacteria and virus without any equipment in the field.
In here, we first investigated the individual and combi-
natory effects of candidate chemicals which might be
composed of the direct buffer on the PCR inhibition
reduction of main compositions in whole blood. The
long and short PEGs, Na;SO4 and GuSCN were select-
ed as representative kosmotropic and chaotropic salts,
respectively. MgCl, were chosen as divalent cation
source and NaOH was used to control blood pH. The
effect of common non-ionic biological detergent was
tested with Triton X-100 and SDS (Sodium Dodecyl
sulfate) was chosen as anionic detergent. These results
could provide a foundation for the development of
sample preparation solution in nucleic acid based diag-
nostic field. As a result, the direct buffer developed in
this study was able to detect viruses with a concentra-
tion of 10? pfu/100 pL of whole blood by a very simple
method.

Keywords: Whole blood, Adenovirus, Direct buffer,
Nucleic acid, Sample preparation

Introduction

Blood has been considered as one of the most import-
ant human samples in the clinical field because key
biomarkers directly represent various diseases such as
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infectious diseases, cancer, and so on'?. For quantita-
tive measurements of biomarker, antibody based — and
nucleic based tools have been developed®”. Nucleic
acid base diagnostic tools are known as more sensitive
and accurate tools whereas as antibody based diagnos-
tic tools are time saving due to the simple detection
process®. However, nucleic acid based sample prepa-
ration processes are required for the nucleic acid am-
plification because blood contains various enzyme in-
hibitors. Heme, hemoglobin, lactoferrin, and immuno-
globin are known as representative polymerase inhibi-
tors”1°,

To isolate target nucleic acid from whole blood, var-
ious methods have been developed''""*. Boom technol-
ogy has been play a gold standard role for several de-
cades, which uses chaotropic salt and organic solvent
like ethanol and propanol for cell lysis, protein remov-
al, and nucleic acid adsorption. Other methods such as
SPRI (Solid Phase Reverse Immobilization) and CST
(Charge Switch Technology), not using chaotropic salts
were also employed to achieve target nucleic acids by
impurity removal and target adsorption'*'®. As a result,
target nucleic acids are concentrated in small clean
solution without any impurities and their performances
could be evaluated by total recovery rate, concentra-
tion, purities against protein and solvent. To achieve
three purposes (high recovery rate, high concentration
rate, and high purity) these methods have same basic
processes (Binding step, washing step, and Elution
step) by high speed centrifuge or vacuum based solu-
tion replacement methods even though surface and
buffer are replaced from each other'’. It implies these
could not be applied on in-field test.

Simple sample pre-process methods, so called “Di-
rect buffer”, have developed to directly apply blood
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sample to PCR process without any sophisticated pro-
cesses in Figure 1. Core principle is known to desorb
nucleic acid from impurities (ions and proteins) by
chemicals'''*!'. It means direct buffer can make nu-
cleic acid to be amplified somewhat by impurities de-
tachment. Due to this simplicity, direct buffers have
been focused for the in-field diagnostic system even
though PCR sensitivity over 10-fold decreases because
impurities are not removed and sample is diluted by
adding buffer. To develop direct buffer, chemicals
composed in solution does not have any inhibition for
next process, PCR. By literature searches, various che-
micals such as PEG (PolyEthylene glycol), Kosmotro-
pic salt, Sodium Chloride, detergent, NaOH, Divalent
Cation, and Chaotropic salt have been employed to
direct buffer for reduction of PCR inhibition effect of
blood impurities®*'. However, the precise role of how
each chemical in the buffer purifies and separates nu-
cleic acids is not yet known.

In this study, we first investigated the individual and
combinatory effects of chemicals which might be com-
posed of the direct buffer on the PCR inhibition re-
duction of main compositions in blood. The long and
short PEGs, Na>SO4 and GuSCN were selected as rep-
resentative kosmotropic and chaotropic salts, respec-
tively. MgCl, were chosen as divalent cation source
and NaOH was used to control blood pH. The effect
of common non-ionic biological detergent was tested
with Triton X-100 and SDS (Sodium Dodecyl sulfate)
was chosen as anionic detergent. PCR inhibition con-
centration of each chemicals was determined at first
and main effect and combinatory effect were investi-
gated by using ANOVA (Analysis of Variance) in the
PCR safe concentration ranges. 4 different whole
blood samples were used. These results could provide
a foundation for the development of sample prepara-
tion solution in nucleic acid based diagnostic field.

Results and Discussion

Inherent Effect of Individual Candidate Materials

As shown in Figure 2, Triton X-100 does not inhibit
PCR and chemicals have different concentration ef-
fects on PCR efficiency which means PCR reaction
was inhibited at some concentration respectively with
various chemicals (Minimum concentration for inhib-
itory effect on PCR: 0.05% SDS, 0.5% PEG, 50 mM
Na>S04, 100 mM GuSCN, etc.). In particular, SDS
acts as a strong inhibitor of PCR reactions at concen-
trations greater than 0.01%. This is probably due to
the fact that strong anion-like SDS is adsorbed on the
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Figure 1. Whole blood sample preparation process compari-
son of boom technology based Qiagen and direct buffer.

surface of the polymerase used in the PCR to inhibit
the enzyme reaction. This assumption can be proven in
Figure 2(a) that Triton X does not inhibit any PCR re-
actions up to 1% concentration. PEG is known to have
very different characteristics depending on its length,
and PCR inhibition results are also different accord-
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Figure 2. Inhibition effects on PCR efficiency (%) of (a) Detergents (SDS and Triton X-100), (b) PEG (200 and 8000), (c) Chao-
tropic and Kosmotropic salts (GuSCN and Na>SOy4), and (d) NaOH and MgCl,.

ing to length®. The results showed in Figure 2(b) that
short-length PEG 200 strongly inhibited PCR reaction
over longer length PEG 8000. Notable results show
that for PEG 8000, 10% PCR efficiency was achieved
even with 100% PEG 8000 sample, although the PCR
reaction was inhibited at higher concentrations. Com-
parisons of PCR inhibition of chaotropic salt and kos-
motropic salt were also very interesting. In general,
chaotropic salt, which increases the solubility of pro-
teins by changing the three-dimensional structure of
proteins, is known to be a strong inhibitor of PCR,
while Kosmotropic salt promotes the aggregation of
proteins, it is known that there is a property of low-
ering the solubility. However, according to the result
shown in Figure 2(c) of investigation of PCR efficien-
cy, sodium sulfate has higher PCR inhibition ability
than guanidium thiocyanate. NaOH is closely related
to pH. 50 mM NaOH has a pH of about 13, and when
it meets the PCR buffer, it is judged that the PCR is
possible because the pH is 9 to 10. Therefore, in the
case of NaOH, when the PCR buffer concentration is
increased, the inhibition of the PCR reaction is expect-
ed to be somewhat resolved. In the case of MgCly, the
inhibition of the polymerase reaction may be caused
by the properties of Mg”*. The inhibition of PCR by
Mg** could also be solved to some extent by changing

the composition of PCR buffer. Therefore, the proper
concentration ranges of each chemicals to get main
and combinatory effects on DNA recovery and PCR
efficiency with whole blood were obtained as repre-
sented in Figure 2(a)-(d) (0-1.25% of PEG 200, 0-20%
of PEG 8000, 0-0.01% of SDS, 0-1.0% of Triton X,
0-100 mM of GuSCN, 0-50 mM of Na>SO4, 0-50 mM
of NaOH, and 0-10 mM of MgCl,).

Main and Combinatory Effects of Candidate
Materials on DNA Recovery and PCR Efficiency

As mentioned above, the most important goal in de-
veloping direct buffers is to obtain free nucleic acids.
The presence of free nucleic acids can be obtained by
two measurement methods. One is to measure the di-
rect sample PCR efficiency and the other is to dilute
the solution to eliminate the influence of inhibitors
and obtain PCR efficiency (so called diluted sample
PCR). The amount of nucleic acid and the amount
of impurities involved in the PCR sample can be de-
duced by comparing the direct sample PCR results
(depending on the both of nucleic acid amount and im-
purities amount) with the diluted sample PCR results
(depending on the only nucleic amount). Design of
Experiments (DOE) based on ANOVA was performed
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Figure 3. Statistical investigation of direct buffering effect of candidate materials; main effect plot for (a) direct sample PCR and
(b) diluted sample PCR; combinatory effect plot for (c) direct sample PCR and (d) diluted sample PCR (0 is O concentration and 1
indicates 1.25% in case of PEG 200, 20% of PEG 8000, 0.01% of SDS, 1.0% of Triton X, 100 mM of GuSCN, 50 mM of Na;SOy,

50 mM of NaOH, and 10 mM of MgCl,, respectively).

to identify the main effects and combinatory effects of
candidate substances on PCR efficiency using blood.
The sample used was whole blood from 4 individuals,
and the volumetric ratio of blood sample to direct buf-
fer used was 1:2. Target DNA (usually not existed in
the blood) was spiked in the samples.

Figure 3(a) and (b) represented main effect of candi-
date materials on the PCR efficiency. In case of PEG
200, the presence of PEG 200 (1.25% in the buffer sol-
ution) increase direct sample PCR efficiency (Ct was
decreased) whereas no effect of PEG 200 was found
in diluted sample PCR result. This result shows that
PEG 200 reduces the PCR inhibition of whole blood
without affecting the nucleic acid involved in the PCR.
From these results, it can be concluded that PEG 200
prevents the adsorption of various ions (heme, etc.) and
proteins (immunoglobin, etc.) to the nucleic acid.

The main effect of PEG 8000 was somewhat com-
plicated. PCR efficiency is increased when PEG 8000
is present in the buffer, but the amount of nucleic acid
is reduced (see diluted sample PCR results in Figure
3(b)). Diluted sample PCR results showed that the
amount of nucleic acid in the solution decreased, but
the impurities in the whole blood were reduced more

or the PCR inhibition of whole blood was decreased.
The effect of PEG 8000 will be described again in Fig-
ure 4.

As shown in Figure 3(a) and (b), Mg2+ does not have
a significant effect on PCR efficiency. This is interpret-
ed to mean that the concentration of Mg** used to re-
move impurities or concentrate the nucleic acid is too
low. This interpretation can be applied to the fact that
GuSCN, the representative chaotropic salt, and Na>SOs,
the kosmotropic salt, have a small effect on the PCR
efficiency. However, in the case of GuSCN, it is un-
usual to have a negative effect on PCR efficiency in
direct sample PCR. Despite the use of concentrations
(50 mM) that did not affect PCR, we can find that PCR
efficiency decreases when GuSCN is present. This sug-
gests that GuSCN, a chaotropic salt, increases the PCR
inhibition ability of whole blood (Diluted sample PCR
results, Figure 3(b), showed that the amount of nucleic
acid involved in PCR did not decrease).

Since both non-ionic detergents and ionic detergents
are commonly used in biology research, SDS and Tri-
ton-X were also used in this study. As shown in the
Figure 3, the PCR efficiency decreased with the addi-
tion of detergent, which is not due to a decrease in the
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Figure 4. The effect of PEG 8000 on DNA available for PCR
in sample (3, 5, and 10 minutes are waiting time after Buffer
adds).

amount of nucleic acid but, as in the case of GuSCN,
by reacting or binding to detergent and any substance
in whole blood.

pH-related NaOH plays a positive role in PCR. Di-
rect sample PCR results show very little PCR efficien-
cy, but diluted sample PCR results shows that PCR
efficiency is greatly increased. This result means that
NaOH does not remove whole blood impurities, but
it increases the amount of nucleic acid that can par-
ticipate in the PCR reaction. This is probably because
NaOH is added to the buffer, and the pH of the sample
is increased, and various biological substances such
as nucleic acid and protein become highly negatively
charged, thereby the adsorption between various bio-
logical substances is hindered. This result has a very
important meaning. This demonstrates that inhibition
of PCR reaction of whole blood is due not only to the
presence of inhibitors such as heme or immunoglo-
bin but also to the binding with nucleic acids. There-
fore, it is considered that the direct PCR target can be
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achieved by simply raising the pH and removing the
impurities themselves.

The PCR efficiency of each of the selected candidate
substances is known as the main effect, but the com-
binatory effect between the candidate substances is
known by the interaction plot. Only the binary combi-
natory effect was examined here. As shown in the Fig-
ure 3(c) and (d), direct sample PCR efficiency and di-
Iuted sample PCR efficiency were investigated accord-
ing to the combination of each candidate substance. In
most cases, there is no difference from the main effect,
but some materials such as PEG 8000, detergent, and
GuSCN can be seen to change their properties depend-
ing on the material being combined. First, the effect of
NaOH seems to be negligible in the absence of PEG
200 in direct sample PCR. However, the results of the
diluted sample PCR show that the effect of NaOH is
very high regardless of the presence of PEG 200. This
suggests that PEG 200 has an impurity refining effect.
In other words, the amount of nucleic acid that can
be involved in PCR is increased by NaOH (according
to the diluted sample PCR result), but in the absence
of PEG 200, the effect is very small (according to the
direct sample PCR result). It implies PEG 200 is one
of the key materials for direct buffers like NaOH. The
presence of PEG 8000 also appears to have a positive
effect on direct sample PCR. However, the change in
PEG 8000 characteristics with pH is completely con-
trary to the results of direct sample PCR and diluted
sample PCR. According to the diluted sample PCR
result with PEG 8000 and NaOH, diluted sample PCR
efficiency by NaOH increases with or without PEG
8000. However, direct sample PCR results show that
when PEG 8000 is present, NaOH adversely affects
PCR. In the presence of PEG 8000, the efficiency of
the diluted sample PCR is lowered. Therefore, PEG
8000 is considered to have an effect of reducing the
concentration of the nucleic acid in the solution as well
as the purification effect of impurities (Nucleic acid
precipitation).

In Figure 4(a), the effect of PEG 8000 on diluted
sample PCR (recovery) was shown. In normalized
PCR results, as the concentration of PEG 8000 and
the reaction time increase, the amount of nucleic acid
remaining in the solution decreases. These results
suggest that PEG 8000 precipitates or coagulates the
nucleic acid. However, nucleic acid and impurities af-
fecting the PCR are thought to precipitate or coagulate
together. The phenomenon of impurity removal can be
confirmed by the following photograph. As the amount
of PEG 8000 increases, the longer the reaction time,
the more the color of the whole blood changes to the
color of the serum (It can be confirmed that the heme
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Figure 5. The performance comparison of direct buffer (devel-
oped here) and commercial products (Gold standards (Qiagen)
and direct buffer (Nex)).

molecules disappear). Therefore, in this study, we de-
cided not to include PEG 8000 in the direct buffer.

Nucleic Acid Based Detection of Virus in Whole Blood

The direct buffer containing PEG 200 (1.25%) and
NaOH (50 mM) was tested with whole blood in which
adenovirus was spiked. To extract DNA from adenovi-
rus, 0.4 g of microbeads of 70 um size were used. The
sample pre-treatment efficiency of the direct buffer
we developed were simply compared with commer-
cial product (Nexamp™ Direct PCR Buffer Kit, Gene
Laboratories, Gyeonggi-do, Korea) and Gold standard
method (QIAamp DNA Mini Kit, QIAGEN, Hilden,
Germany), regarding as real time PCR efficiency with
various target concentration. As shown in Figure 5,
PCR efficiency and linear range of boom technology
based Qiagen kit are better than direct buffer. This re-
sult is attributed to the impurity removal process of the
Qiagen kit. However, when comparing only the direct
buffer, the direct buffer developed in this study seems
to have superior performance in terms of PCR efficien-
cy and linear range than the commercialized product.
As a result, the direct buffer developed in this study
was able to detect viruses with a concentration of 107
pfu/100 pL of whole blood by a very simple method.

Conclusion

Sample pre-treatment are one of the most important
step to measure infectious diseases in whole blood.
For past decades, chaotropic salt based boom technol-
ogy has played a role as “gold standard” because cha-
otropic salt could minimize whole sample preparation
processes due to its multi-functional properties (surface
drying effect and protein solubility increment). How-
ever, it has also severe drawback because it is strong
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PCR inhibitor itself. To remove chaotropic salt in mix-
ture, centrifugal force is usually utilized. However, in
real clinical field, this simple equipment can’t be used.
Therefore, direct buffer is quite important even though
PCR efficiency is lower than normal sample prepara-
tion method. Especially, the PCR technique has been
developing very fast (the total reaction time is short-
ened to within 30 minutes and the size of the equip-
ment becomes palm-size). Therefore, if it is combined
with the direct buffer, it can be competitive with the
strip type immune-diagnosis.

Materials and Methods

Virus Culture

Human adenovirus 5 and HEK 293 cells provided by
Professor Dai-wu Seol (College of Pharmacy, Chung-
Ang University, Korea) were cultivated using Dulbec-
co’s Modified Eagle’s Medium containing 10% Fetal
Bovine Serum (Gibco, Grand Island, NY, USA). The
viruses were infected to HEK 293 cells for 2 days, and
viruses were obtained by freeze-thaw cycling. Other
chemicals were purchased from Sigma-Aldrich (St.
Louis, MO, USA).

Direct Sample PCR and Diluted Sample PCR

The DNA spiked to whole blood was genomic DNA of
Salmonella typhimurium (ATCC 14028), which were
cultivated at 37°C under 3% Tryptic soy broth (TSB,
Becton, France) in shaking incubator (Biofree, Seoul,
Korea) at 150 rpm. Various direct buffer was mixed
with whole blood (2 : 1 volume ratio). Direct sample
PCR used mixtures (spiked whole blood and direct
buffer) as sample directly. Diluted sample PCR used
1000 times diluted mixtures (with TE buffers) as sam-
ple. Forward primer of Salmonella DNA is 5'-CTCAC
GGGACGCGAAAAGACGA-3' and the reverse prim-
er is 5'-CGACGCCGGATTCCCCTACCAG-3'. To
quantify the recovery and purification rate of DNA in
supernatant of blood, real time PCR was performed
using LightCycler® 480 System (Roche, Basel, Swit-
zerland).

Comparison of PCR Efficiency and Commercialized
Kit

Lysis efficiency was confirmed by comparing amount
of extracted Adenovirus DNA using QIAamp DNA
mini-kit as positive control of experiments. Nexamp™
Direct PCR Buffer Kit (Genes Laboratories, Gyeonggi-

do, Korea) was also used for control group of com-
mercialized direct PCR buffer. Microbeads (70 pm
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diameter, DATHAN Scientific, Kangwon-do, Korea)
was cleaned with piranha solution composed of 35%
hydrogen peroxide and 98% sulphuric acid for 30 min-
utes. 0.4 g of microbeads were served for one sample
with buffer to lyse the adenovirus. Buffer contains
1.25% PEG 200 and 50 mM NaOH. After Adenovirus
spiked blood was mixed with twice volume of buffer
and microbeads, bead-beating method was performed.
Frequency was 30 Hz for 1 minutes and kept it for 4
minutes in room temperature. Real time PCR was also
used with sample directly.

Determination of Main and Combinatory Effects

Minitab™ 16 program was utilized to select the most
important factors in blood direct PCR. Almost of fac-
tors such as PEG 200, PEG 8000, GuSCN, Na;SOq4
and MgCl> were purchased from Sigma-Aldrich (St.
Louis, Mo, USA) except for NaOH (Junsei-Chemical,
Tokyo, Japan). One-half factorial experiments were
designed with 2 replicates and 4 blocks. Experiments
were carried out sequentially by run order of design of
experiments (DOE).
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