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Elimination of PCR buffer components and alkali metal cations (i.e., Na�, K�) is of critical
importance to allow for accurate mass measurements of PCR products for genotyping and
sequencing applications. Ethanol precipitation followed by microdialysis has been repeatedly
shown to efficiently desalt PCR products for analysis by mass spectrometry and is considered
the gold standard. Alternative cleanup techniques that are compatible with automation are
explored here with the intent of expanding the bottleneck that exists between the production
of PCR products and analysis by electrospray ionization mass spectrometry (ESI-MS).
Numerous combinations of approaches were evaluated that included PCR purification kits
and alcohol precipitations. The data shown here support alternative approaches to an ethanol
precipitation followed by microdialysis that have comparable desalting efficiency and can be
utilized for cleanup of PCR products generated from single reactions. (J Am Soc Mass
Spectrom 2002, 13, 338–344) © 2002 American Society for Mass Spectrometry

Ahigh propensity for the adduction of cations
(i.e., Na�, K�) to the negatively charged phos-
phate backbone of nucleic acids warrants an

efficient desalting technique for their characterization
by electrospray ionization mass spectrometry (ESI-MS)
[1]. Additionally, analysis of polymerase chain reaction
(PCR) [2] products for genotyping requires efficient
removal of PCR reaction components such as DNA
polymerase, as well as excess primers and deoxynucle-
otide triphosphates (dNTPs) [3, 4]. This necessity pre-
sents a challenge to mass spectrometrists since the
cleanup approach chosen should ideally be rapid, as
well as efficient. Currently, thermal cyclers have a
capacity of four 96-well plates; thus, generation of 386
different PCR products in parallel is possible. While
mass spectrometric analysis of DNA is inherently serial
in nature, the use of flow-injection coupled with Fourier
transform ion cyclotron resonance mass spectrometry
(FT-ICR-MS) [5] has demonstrated that more than 300
samples can be analyzed per day [6] while the use of an
automated liquid handing system increases throughput
to greater than 1700 samples per day [7]! However, a
bottleneck exists between PCR and mass spectrometric
analysis because of the time currently required for
sample cleanup, greatly limiting the number of PCR

products that can be analyzed and therefore, the num-
ber of genotypes obtained per day.
Numerous techniques have been utilized for the

preparation of oligonucleotides and PCR products for
mass spectrometry including immobilization by biotin/
streptavidin chemistry [8–10], phenol/chloroform ex-
tractions [11, 12], size-exclusion filters [8, 12–14], silica
resin [10], cation-exchange resin beads [15], anion-
exchange HPLC [15], C18 purification pipet tips [15],
desalting columns [15], minidialysis [15], gel filtration
[16], magnetic particles [14], ethanol precipitation [10,
11, 14, 16–18], and microdialysis [19–21]. The coupling
of an ethanol precipitation and microdialysis, first dem-
onstrated by our group [22], has been shown to effi-
ciently desalt PCR products for analysis by mass spec-
trometry [4, 6, 22–28]. Ethanol precipitation removes
dNTPs, primers and enzyme present in the PCR reac-
tion whereas microdialysis eliminates nonvolatile cat-
ions by ion exchange (i.e., with the volatile cation NH4

�)
with an efficiency of greater than 99.9 % for Mg2� [22].
However, microdialysis is undesirable in that it is
time-consuming and not amenable to automation. The
goal of this work was to evaluate alternative techniques
that have a high desalting efficiency for purifying PCR
products, enabling their rapid characterization by ESI-
FT-ICR-MS.
The cleanup strategies examined fall into two cate-

gories: (1) PCR purification kits—the commercially
available GENECLEAN and Genopureds kits were eval-
uated, both of which immobilize DNA within a mem-
brane (GENECLEAN) or on coated magnetic beads
(Genopureds), allowing several washes to purify PCR
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products from primers and dNTPs prior to elution and
(2) alcohol precipitations—alcohol (i.e., ethanol, isopro-
panol) is widely used in biological applications to
precipitate DNA in the presence of a high concentration
of salt (ca. 1 M). Alcohol precipitations are intended to
eliminate primers, enzymes, dNTPs, and salts present
in solution while concentrating DNA [29]. Extensive
evaluation of these techniques was performed in mul-
tiple combinations to investigate an approach that will
allow efficient, rapid, and eventually automatable
cleanup of PCR products enabling their rapid charac-
terization by ESI FT-ICR mass spectrometry.

Experimental

PCR Amplification

The tetranucleotide repeat region within exon 1 of the
human tyrosine hydroxylase gene (HUMTH01) (Gen-
Bank accession: D00269) and exon 40 of the von Wille-
brand factor gene (vWA) (GenBank accession: M25858)
were separately amplified from K562 human genomic
DNA (Promega, Madison, WI) by PCR. Each 50 �L
reaction contained 1
 cloned Pfu buffer (20 mM Tris-
HCl (pH 8.8), 2 mM MgSO4, 10 mM KCl, 10 mM
(NH4)2SO4, 0.1 % Triton X-100, 0.1 mg/mL BSA) (Strat-
agene, La Jolla, CA), 1.25 U PfuTurbo DNA polymerase
(Stratagene), 0.2 mM dNTPs (Perkin-Elmer, Branch-
burg, NJ), 25 pmol (HUMTH01) or 12.5 pmol (vWA)
primer, and 100 ng of DNA template. All PCR products
were prepared in our laboratory with a 96-well MJ
Research PTC-200 Thermal Cycler (Watertown, MA)
using previously described PCR parameters and prim-
ers [28]. The individual from whom the genomic DNA
was obtained is homozygous for allele 9.3 at the
HUMTH01 locus and homozygous for allele 18 at the
vWA locus. The double-stranded PCR product gener-
ated from the HUMTH01 locus is 82 base-pairs with an
average molecular weight of 50,535 Da, whereas the
double-stranded PCR product generated from the vWA
locus is 116 base-pairs with an average molecular
weight of 71,533 Da.

PCR Product Purification and Desalting

Table 1 summarizes the combinations of approaches
that were evaluated, including the hands-on time for
each cleanup method. The protocol for each approach is
described in detail below.

GENECLEAN. The procedure that accompanied the
GENECLEAN kit (Q�BIOgene, Carlsbad, CA) was ad-
hered to as follows: A single 50 �L PCR reaction was
combined with 5 volumes of GENECLEAN Turbo salt
solution and mixed well. The solution was then trans-
ferred to a GENECLEAN Turbo cartridge containing
the binding matrix within a filter, and was centrifuged
for 5 s. 500 �L of ethanol (200 proof) was added to the
filter and the cartridge centrifuged for 5 s. The wash
step was repeated followed by a 4 min centrifugation
step. The cartridge was transferred to 1.5 mL GENE-
CLEAN Turbo catch tube. 30 �L of elution solution was
added and allowed to incubate for 5 min. The PCR
product was collected in the catch tube by centrifuging
for 30 s. The elution step was repeated once more to
maximize recovery.

Genopureds. The protocol included with the Geno-
pureds kit (Bruker Daltonics, Billerica, MA) was fol-
lowed as described: 40 �L of a PCR reaction was mixed
with 5 �L of magnetic beads and 50 �L of binding
buffer. The bound PCR product was washed 5 times
with an isopropanol-based buffer for highest purity of
PCR product and twice with an ethanol-based buffer.
Washing was accomplished by moving the PCR tube
back and forth in a 96-well magnetic separation device.
The PCR product was eluted in 10 �L of water. This
approach has recently been shown for PCR products
using ESI ion trap mass spectrometry [14].

Ethanol precipitation. Precipitations were performed as
outlined by Crouse and Amorese [30], which have been
previously reported for ESI-MS [17, 18]. 0.5 volumes of
7.5 M ammonium acetate were added to 1–4 PCR
reactions and mixed well. 2.5 volumes of 100% ethanol

Table 1. Summary of PCR product cleanup appoaches

Approach Technique 1 Technique 2 Technique 3 Resultsa Hands-on time (min)

Kits
1 Geneclean Ethanol precipitation ✓ 7
2 Geneclean Ethanol precipitation Microdialysis ✓ 36
3 Genopure Ethanol precipitation Microdialysis ✓ 62
4 Genopure ✘ 30

Precipitations
5 Ethanol precipitation Ethanol precipitation ✓ 6
6 Isopropanol precipitation Ethanol precipitation ✓ 6
7 Ethanol precipitation Microdialysis ✓ 32
8 Ethanol precipitation ✘ 3
9 Isopropanol precipitation ✘ 3

a✘ � mass spectra resulted in either an extremely salty PCR product or no peaks observed after numerous attempts. ✓ � mass spectra resulted in
a well-desalted PCR product.
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were added and mixed by flipping the tube end over
end. After an overnight incubation at 4 °C, the precipi-
tated product was collected by centrifuging at 16,000 

g for 30 min. The pellet was rinsed with 200 �L of cold
70% ethanol to remove excess salt and lyophilized until
dry.

Isopropanol precipitation. 0.5 volumes of 7.5 M ammo-
nium acetate were added to a single 50 �L PCR reaction
followed by 0.7 volumes of room temperature isopro-
panol [31]. After mixing well, the solution was centri-
fuged at 16,000 
 g for 15 min. After discarding the
supernatant, the precipitated DNA was washed with 1
mL of 70% ethanol to eliminate excess salt and to
replace the isopropanol with the more volatile ethanol.
The PCR product was collected by another centrifuga-
tion step for 5 min.

Microdialysis Microdialysis was performed using the
original design of Liu et al. [19] and has been previously
demonstrated for PCR products using ESI-FT-ICR mass
spectrometry [4, 6, 22, 24–28, 32].

Mass Spectrometry

All mass spectra were obtained using an IonSpec (Ir-
vine, CA, USA) 4.7 tesla Fourier transform ion cyclotron
resonance (FT-ICR) mass spectrometer, which has been
previously described elsewhere [33]. The electrospray
ionization source (Analytica of Branford, Branford, CT)
was modified to accept a heated metal capillary [34] and
a dual electrospray source [26, 35] for introduction of an
internal standard. All PCR products were electros-
prayed using a flowrate of 200 nL/min from a solution
consisting of 60% acetonitrile, 20% isopropanol, 20 mM
piperidine, 20 mM imidazole [36, 37], and 2 mM am-
monium acetate. Poly(ethylene glycol) (MW � 2000)
(Sigma) was used as an internal standard when neces-
sary. Mass spectra were generated using 32k points of
data at an ADC rate of 500 kHz and Fourier trans-
formed following 2 zero fills.

Results and Discussion

The anionic phosphate backbone of nucleic acids is
highly susceptible to the electrostatic binding of cations
in solution. The PCR product encounters cations that
are contributed by the reaction buffer (H�, K�, Mg2�,
NH4

�), the ESI solution (H�, NH4
�, piperidine

[C5H12N]
�), and the ubiquitous Na�. Although the

mechanism is not completely understood, a neutral loss
of C5H11N and NH3 in the gas phase leaves DNA
protonated [37]. Electrostatic binding of nonvolatile
cations to the phosphate backbone, specifically Na� and
K�, increases the mass of the observed product, result-
ing in additional peaks observed in the mass spectra
and an overall reduction in signal intensity. In a previ-
ous publication, we reported on the use of ICP-AES to
measure the amount of Mg2� present after microdialy-

sis. These data showed that microdialysis eliminated
99.9% of the Mg2� although adducts were still observed
in the mass spectrum [23]. We are currently developing
an approach based upon probability theory to estimate
the concentration of nonvolatile cations in solution [7].
This approach will take into account the relative bind-
ing affinities of the countercations for the phosphate
backbone and the relative peak intensities in the mass
spectra. The intent of this report is to compare the mass
spectra generated from PCR products to determine the
relative amounts of alkali metal adduction that result
from various cleanup techniques.
To date, the most effective strategy for purification

and desalting of PCR products has been a single ethanol
precipitation followed by microdialysis [4, 6, 22, 24–28,
32]. Figure 1a shows an ESI-FT-ICR mass spectrum of
the double-stranded 82-base pair PCR product derived
from the HUMTH01 locus in which four reactions were
pooled then prepared for mass spectrometric analysis
using ethanol precipitation followed by microdialysis.
The result is a high quality mass spectrum suitable for
genotyping. The average mass for the PCR product was
determined using the most intense peak at each charge
state and calibrated using PEG (MW � 2000) as an
internal standard (internally calibrated mass spectra are
not shown to avoid confusion). The internally calibrated
experimental average mass was 50,536.61 Da � 0.96 Da
(N � 7), which corresponds to a mass accuracy of 22.6
ppm � 18.9 ppm. This accuracy implies that the most
abundant species in the gas phase is that of the PCR
product with zero alkali metal cations adducted to the
backbone. Adduction of Na�, for example, would cre-
ate mass errors that exceed 400 ppm. An expansion of
the 23� charge state is shown in Figure 1a to illustrate
the peak shape and the presence of low intensity peaks
due to Na� and K� adduction.
Clearly, an ethanol precipitation followed by micro-

dialysis is efficient for desalting; however, microdialy-
sis can be time-consuming and is not practical for high
throughput applications. For this reason, an evaluation
of alternative cleanup procedures was performed using
combinations of purification kits and alcohol precipita-
tions. The goal was to find a rapid and efficient ap-
proach that is compatible with automation, thus elimi-
nating most of the hands-on time for sample
preparation. Table 1 shows the various combinations of
PCR product cleanup techniques examined in this
study with each approach utilizing from one to three
steps. An x indicates that the mass spectrum of the PCR
product resulted in either an extremely salty PCR
product or no peaks observed after numerous attempts.
A check signifies those techniques that resulted in a
well-desalted PCR product that is suitable for genotyp-
ing. Recall that Approach 7 is considered the gold
standard and the data were shown in Figure 1a.
The PCR purification kit Genopureds proved unsuc-

cessful in multiple attempts and variations. Figure 2a
shows a mass spectrum of the 116 base pair PCR
product derived from the vWA locus after purification
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using the magnetic beads. Only polymer was observed
in this spectrum with units differing by 44 Da, which is
attributed to detergent such as Triton X-100 that is used
in PCR. Figure 2b shows a mass spectrum in which the
same double-stranded PCR product was further puri-
fied using an ethanol precipitation and microdialysis. A
good quality spectrum was obtained for the double-
stranded product including a small amount of the
coding strand; the noncoding strand was not observed
in the mass spectrum. This result indicates that the PCR
product is not being lost during cleanup, but that the
magnetic beads are not efficient enough to observe a
PCR product in the mass spectrum. This result is
inconsistent with a previous report using Genopureds
[14].
Figure 1b shows a single-acquisition ESI-FT-ICR

mass spectrum of the single-reaction, double-stranded

PCR product derived from the HUMTH01 locus using
GENECLEAN followed by an ethanol precipitation.
The expansion spectrum indicates that Na� and K�

adducts are observed. Based on internally calibrated
mass measurements, the experimental average mass is
50,533.66 Da � 0.89 Da reported as the 95% confidence
interval of the mean (N � 21), which corresponds to a
mass error of �35.0 ppm � 18.5 ppm. Clearly, the most
abundant species in the mass spectrum is that of the
PCR product with only H� as a countercation. As
shown in Table 1, GENECLEAN requires only 4 min of
hands-on time and can be completed without an over-
night incubation step. The eluent from the GENE-
CLEAN step is immediately ethanol precipitated, which
requires 3 min of hands-on time followed by an over-
night incubation step to maximize yield.
Another successful approach elucidated in this study

Figure 1. Single-acquisition ESI-FT-ICR mass spectra of double-stranded PCR products that were
prepared by various cleanup approaches and expansion spectra of single charge states to demonstrate
the desalting efficiency. (a) A PCR product derived from the HUMTH01 locus prepared by ethanol
precipitation followed by microdialysis. (b) A PCR product generated from a single 50 �L PCR
reaction and derived from the HUMTH01 locus following GENECLEAN purification and an ethanol
precipitation. (c) Four pooled 50 �L reactions of PCR products derived from the HUMTH01 locus after
two consecutive ethanol precipitations. (d) A PCR product generated from a single 50 �L reaction, and
derived from the vWA locus, after sequential isopropanol and ethanol precipitations.
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was the use of a double ethanol precipitation. Figure 1c
shows a single-acquisition ESI-FT-ICR mass spectrum
of four pooled reactions derived from the HUMTH01
locus after a double ethanol precipitation. The experi-
mental average mass was 50,535.59 Da � 0.89 Da
reported as the 95 % confidence interval of the mean
(N � 35), which corresponds to a mass error of 2.3 ppm
� 17.6 ppm. Although the most intense peaks in the
spectrum represent the species of PCR product that do
not have alkali metal countercations, the expansion of
the 24� charge state reveals that there are multiple
species with Na� and K� adducts. Since the peaks due
to alkali metal adduction were resolved, the average
molecular mass was not affected; however, the distri-
bution of ion intensity over multiple peaks does reduce
the overall signal-to-noise. Double ethanol precipita-
tions require only 6 min of hands-on time (see Table 1);
however, they require two consecutive overnight incu-
bations.
A double alcohol precipitation using isopropanol

followed by ethanol also proved to be an effective
approach to purification and desalting. Figure 1d shows
a single acquisition ESI-FT-ICR mass spectrum of the
double-stranded, single-reaction PCR product derived
from the vWA locus after the isopropanol and ethanol

double precipitations. An internal standard was not
included for this single reaction PCR product; however,
internally calibrated mass measurements obtained for
the HUMTH01 locus (data not shown) resulted in an
average mass of 50,535.88 Da � 1.79 Da reported as the
95 % confidence interval of the mean (N � 28), which
corresponds to a mass error of 8.1 ppm � 35.5 ppm.
This confirms that the most intense peaks are that of the
PCR product where the phosphate groups are neutral-
ized by protons. A typical peak is shown in the expan-
sion plot of the 33� charge state for the vWA locus
illustrating some Na� and K� adduction. Like the
double ethanol precipitation, the double precipitation
with isopropanol followed by ethanol requires only 6
min of hands-on time (see Table 1) with the added
advantage of requiring only a single overnight incuba-
tion.
As a result of these data, three alternatives to ethanol

precipitation followed by microdialysis were elucidat-
ed; namely, GENECLEAN followed by an ethanol pre-
cipitation, tandem ethanol precipitations, and an iso-
propanol followed by an ethanol precipitation. Each
was found to be reproducible after numerous trials with
only slight variations in desalting efficiency. Further-
more, we have shown that good quality mass spectra
are obtained from purification of single PCR reactions,
which allows for purification and analysis using a
96-well format. The techniques described here require a
shorter hands-on time (Table 1) than ethanol precipita-
tion followed by microdialysis, and with automation,
the hands-on time will be greatly reduced (i.e., robot-
ics). Overnight incubations are required for ethanol
precipitations; however, overnight time constraints are
meaningless when numerous samples are analyzed in a
high-throughput laboratory.

Conclusions

It is important that a desalting approach for PCR
products be rapid as well as efficient to allow high
throughput analysis by mass spectrometry. The three
approaches elucidated in this study offer the best alter-
natives to an ethanol precipitation followed by micro-
dialysis since they reduce alkali metal concentrations to
comparable levels for characterization of PCR products
by ESI mass spectrometry. We are currently developing
an approach for measuring the concentration of nonvol-
atile countercations to compare the relative efficiency of
desalting for various techniques. Since each approach
described here is amenable to automation in a 96-well
format, they will likely expand the bottleneck existing
because of sample cleanup in ESI mass spectrometric
analysis of PCR products with potential for maximizing
throughput.
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