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Abstract
Background: Blood spots collected onto filter paper are an established and convenient source of
antibodies for serological diagnosis and epidemiological surveys. Although recommendations for
the storage and analysis of small molecule analytes in blood spots exist, there are no published
systematic studies of the stability of antibodies under different storage conditions.

Methods: Blood spots, on filter paper or glass fibre mats and containing malaria-endemic plasma,
were desiccated and stored at various temperatures for different times. Eluates of these spots were
assayed for antibodies against two Plasmodium falciparum antigens, MSP-119 and MSP2, and
calculated titres used to fit an exponential (first order kinetic) decay model. The first order rate
constants (k) for each spot storage temperature were used to fit an Arrhenius equation, in order
to estimate the thermal and temporal stability of antibodies in dried blood spots. The utility of
blood spots for serological assays was confirmed by comparing antibodies eluted from blood spots
with the equivalent plasma values in a series of samples from North Eastern Tanzania and by using
blood spot-derived antibodies to estimate malaria transmission intensity in this site and for two
localities in Uganda.

Results: Antibodies in spots on filter paper and glass fibre paper had similar stabilities but blood
was more easily absorbed onto filter papers than glass fibre, spots were more regular and spot size
was more closely correlated with blood volume for filter paper spots. Desiccated spots could be
stored at or below 4°C for extended periods, but were stable for only very limited periods at
ambient temperature. When desiccated, recoveries of antibodies that are predominantly of IgG1
or IgG3 subclasses were similar. Recoveries of antibodies from paired samples of serum and of
blood spots from Tanzania which had been suitably stored showed similar recoveries of antibodies,
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but spots which had been stored for extended periods at ambient humidity and temperature
showed severe loss of recoveries. Estimates of malaria transmission intensity obtained from serum
and from blood spots were similar, and values obtained using blood spots agreed well with
entomologically determined values.

Conclusion: This study has demonstrated the suitability of filter paper blood spots paper for
collection of serum antibodies, and provided clear guidelines for the treatment and storage of filter
papers which emphasize the importance of desiccation and minimisation of time spent at ambient
temperatures. A recommended protocol for collecting, storing and assaying blood spots is
provided.

Background
When carrying out serological surveys, particularly in
remote locations, it is of great advantage to have a method
of collecting and storing blood samples which does not
require that facilities for centrifugation are accessible, and
which is relatively robust to irregular degrees of refrigera-
tion, at least for short periods. One approach that seems
to offer these advantages is to collect samples as dried
blood spots, and to recover antibodies from the dried
spots once transferred back to the laboratory. Blood spots
have the advantage that they are quick, simple and inex-
pensive to prepare and to store, require very small blood
volumes which can be obtained by finger- or heel-prick,
and are likely to be more socially acceptable in cultural
contexts in which larger volumes of blood are difficult to
collect. Blood spots have been used routinely since the
1960s [1] for neonatal screening, initially for phenylke-
tonuria, but subsequently for many other biochemical
assays, including the assay of specific enzymes, determi-
nation of metabolites by mass spectrometry and, on occa-
sion, for measuring antibody levels. More recently blood
spots have been used as a source of DNA for screening for
genetic abnormalities in newborns, for example for cystic
fibrosis and haemoglobinopathies [2,3]. Blood spots have
been used for monitoring antibodies against several viral
[4-8], bacterial [9,10] and other [11-16] pathogens, stor-
age of monoclonal antibodies[17] and, increasingly, for
screening for HIV infection [18-20], both as a source of
antibodies [9,21,22] and for virus detection by PCR.
Dried blood spots have been particularly useful for isolat-
ing parasite DNA in mapping the spread of drug resistance
in malaria parasites [23,24]

Although the stability of low molecular weight analytes in
blood spots has been extensively studied [25] and guide-
lines have been produced [26] for blood spot collection,
transport and storage together with recommendations
and structures for quality control and quality assurance,
the recovery of antibodies from dried blood spots has
been less thoroughly investigated. Although small-scale
studies of antibody stability in blood spots have been
reported [27], these studies were not designed to be of
predictive use in assessing storage conditions. In prepara-

tion for use of blood spots to derive serological measures
of malaria transmission intensity [28], a thorough analy-
sis of the stability of anti-malarial antibodies in blood
spots has been undertaken, based on the well-established
techniques used for determining the stability of biological
reference materials [29-32]. This paper presents the results
of these studies together with a validated protocol for col-
lection, storage and use of blood spots for antibody quan-
titation.

Methods
Samples
Blood spots for stability studies and protocol optimisa-
tion were artificially constituted from fresh erythrocytes
and stored heparinized plasma from hyperimmune
donors from Brefet, The Gambia [33]. To determine the
efficiency of antibody recovery from blood spots collected
in the field, paired blood spots and serum samples were
collected by finger prick from individuals attending the
dispensary at Msitu wa Tembo, Lower Moshi in Northern
Tanzania [34]. To further validate the final protocol,
blood spots were collected onto 3 MM paper from indi-
viduals presenting at health facilities in Kabale and Ruku-
ngiri district in south west Uganda [35], excluding those
with an active malaria infection. All studies were reviewed
and approved by local ethical committees and within the
London School of Hygiene and Tropical Medicine.

Blood spot preparation and storage
For spot size measurements, fresh heparinized blood was
spotted onto sheets of Whatman no 1, Whatman 3 MM
(Whatman, Maidstone, UK) or glass fibre (Printed Filter-
mat A, Perkin Elmer, Beaconsfield, UK) filter paper in vol-
umes from 1 μl to 45 μl. For antibody stability and
recovery studies, reconstituted blood was prepared by
mixing individual African malaria-hyperimmune plasma
samples or a hyperimmune plasma pool or a European
(non-exposed) negative control pool (all containing
heparin) 1:1 by volume with washed European blood
group O erythrocytes and immediately spotting 10 μl of
this mixture onto Whatman 3 MM or glass fibre filter
paper. Spots were allowed to dry at ambient temperature
and relative humidity (RH) overnight.
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Laboratory-generated blood spots and blood spots from
Uganda were stored in individual self-sealing plastic bags
(25 cm × 25 cm approx), which were then combined into
sets and stored within three further successive plastic bags,
the innermost of which contained approximately 3 g of
self-indicating silica desiccant gel type III (Sigma). The
bags were inspected regularly to confirm that the desiccant
remained blue (RH < 20%), and the desiccant replaced if
necessary.

Fingerprick blood samples from lower Moshi were col-
lected into EDTA-coated microtainers and as blood spots
on Whatman 3 MM paper and transported daily to the
laboratory at Kilimanjaro Christian Medical College. Fil-
ter papers were refrigerated (2–8°C) in individual plastic
bags with silica gel. Plasma was separated from packed red
blood cells after centrifugation and stored at -20°C. All
samples were assayed within 8 weeks of collection.

Correlation between blood volume and spot area
Increasing volumes (1 μl – 45 μl) of fresh heparinized
blood were pipetted (five replicates per volume) onto
Whatman 3 MM, Whatman No 1 or Glass Fibre filter
paper and the paper allowed to dry overnight at ambient
temperature and RH. Next day the paper was optically
scanned at 150 dots per inch (approx 5.9 dots per mm) in
a desk-top scanner (Lexmark Model X5150, Lexmark,
Marlow, UK) as 256-level grey-scale images. The spot
areas were measured by integration using the program
ImageJ (Rasband, W.S., ImageJ, U. S. National Institutes
of Health, Bethesda, Maryland, USA, http://
rsb.info.nih.gov/ij/, 1997–2005). Pixel counts were con-
verted to mm2 and plotted against the volume of blood
applied.

Elution of antibodies from blood spots
Plastic bags containing blood spots were allowed to return
to ambient temperature before opening. Discs approxi-
mately 2.5 mm in diameter were cut from the filter papers
using a leather punch (Rolson Quality Tools, Twyford,
UK). We found that this was best done by placing the
papers on a 0.6 mm thick cardboard backing. Individual
filter paper discs were transferred to individual wells of a
96 well titreplate (Greiner PS) and antibodies eluted with
150 μl PBS/0.05% (v/v) Tween20/0.05% (w/v) NaN3 at
ambient temperature (23°C) overnight for 18 h with gen-
tle mixing (rotary shaker at 2 revs per sec), giving a con-
centration of eluted serum proteins equivalent to a 1:100
dilution of the original blood. (i.e. approximately 1:200
with respect to plasma or serum, assuming a haematocrit
of 50%).

Antibody determination by ELISA
Microtitre plates (Immulon 4HBX, Thermo) were coated
with recombinant MSP-119.GST (to which antibodies are

predominantly of the IgG1 subclass [36]) or MSP-2.GST
(to which antibodies are predominantly IgG3 [36]) and
blocked with 1% (w/v) skimmed milk powder. Samples
were assayed as described previously[36,37] except that
coating antigens, test samples and secondary antibody
conjugate were each added in a total volume of 50 μl per
well. Ten microliters of the antibody-containing eluate of
each spot were added to individual wells of the coated and
blocked microtitre plate together with 40 μl blocking
buffer to give a final concentration of 1:1,000 with respect
to the corresponding plasma sample. Each plate included
a five-fold dilution series (1:50 to 1:156,250 final dilu-
tions) of a standard African hyperimmune plasma pool.
Bound antibodies were detected with either rabbit anti-
human-IgG -HRP (Dako, Ely, UK), or sheep-anti-human
IgG1 or IgG3-HRPconjugates (The Binding Site, Bir-
migham, UK) secondary antibodies and developed with o-
phenylenediamine-H2O2.

A titration curve was fitted to the ODs obtained for the
standard plasma dilutions by least squares minimisation
using a three variable sigmoid model and the solver add-
in in Excel (Microsoft), assuming an arbitrary value of
1000 Units/ml of antibody against each antigen in the
standard pool. OD values for the spot extracts were con-
verted to units/ml using this fitted curve.

Recoveries for blood spots were estimated as follows (full
details in Additional file 1): serum or plasma ODs were
converted to concentrations as above, the concentrations
were multiplied by a recovery factor and then converted
back to 'corrected' ODs – the ODs which would have been
obtained if the serum or plasma had been more dilute.
The value of the recovery factor was then optimized by
weighted least squares minimisation comparing the
actual ODs for the blood spots and the corrected OD val-
ues for serum or plasma, using the solver add-in in Excel™.

Immunoglobulin stability studies
The stability of the immunoglobulin captured on What-
man 3 MM and GF filters was assessed by accelerated sta-
bility studies. Replicate sets of spots were prepared and
triplicate spots stored at temperatures from 23°C to 65°C
for between 1 and 16 weeks, at the end of which time they
were transferred to -20°C and all samples were analysed
together at the end of the study by ELISA. OD values for
antibodies to MSP119 and MSP-2 were converted to con-
centrations from the standard curve and for each temper-
ature of storage the first-order rate constants, k, were
calculated by fitting to an exponential model (ln(fraction
of original remaining) versus time) in the statistical pack-
age Stata (Statacorp, College Station, Texas). This set of
rate constants was then used to fit an Arrhenius equation
[29] to derive the dependence of ln(k) on 1/T, the recipro-
cal of the absolute temperature. Values of ln(k) were
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weighted by the logs of the reciprocals of the variances of
the first-order fits. Best estimated values and confidence
intervals for different temperatures were calculated from
this fitting exercize. For the glass fibre spots, the values
were also fitted directly by least squares minimization
without log transformation (which gave less weight to the
most degraded samples) with essentially similar results.

Calculation of malaria transmission intensity from 
antibody prevalences
Age-specific prevalence of anti-malarial antibodies is
highly correlated with a number of measures of malaria
transmission intensity [28]. To determine whether blood
spots are a suitable source of antibodies for this purpose,
blood spot eluates were tested (as above). To generate an
OD cut-off value above which samples were deemed anti-
body positive, the distribution of OD values was fitted as
the sum of two Gaussian distributions (a narrow distribu-
tion of seronegatives and a broader distribution of serop-
ositives) using maximum likelihood methods. The mean
OD of the Gaussian corresponding to the seronegative
population plus three standard deviations was used as the
cut-off for seropositivity (Cook, Drakeley, Griffin, Ghani
and Corran; manuscript in preparation). The annual sero-
conversion rate, λ, and the annual rate of reversion to
seronegativity, ρ, were estimated by fitting a simple model
of the acquisition and loss of antibodies to the age-specific
prevalence of the antibodies using maximum likelihood
methods assuming a binomial distribution as in previous
work [28]. The equivalent annual entomological inocula-
tion rate (EIR) was then estimated using a calibration
curve derived from previously determined values, (mostly
from Tanzania but including two estimates from west
Africa) [38].

Results
Relationship of spot size to blood volume
For fresh blood, the relationship between total spot area
and volume was linear for Whatman No 1 and Whatman
3 MM (Figure 1a) with gradients of 6.4 and 3.5 mm2/μl
respectively. These correspond, for a 2.5 mm diameter
spot, to volumes of 0.77 and 1.4 μl respectively. The ratio
of these figures agrees well with the relative density of the
two papers (Whatman No 1 : 9.0 mg/cm2; Whatman 3
MM :18.2 mg/cm2).

For blood spots on glass fibre paper the relationship
between area and volume was less regular (Figure 1b). For
volumes >10 μl, the relationship was linear with an
increase in volume of 1 μl giving an increase in spot area of
2.23 mm2, however, for volumes below 10 μl the relation-
ship was not co-linear with that for volumes above 10 μl.

Blood spot quality
Both of the cellulose papers, 3 MM and No 1, wetted eas-
ily completely through the thickness of the paper, giving

clean edges to the spot (Figure 2). The glass fibre paper
was less readily wetted; blood drops did not consistently
penetrate the full thickness of the paper and wetting at the
edge of the spot was uneven (Figure 2). Spots on No 1
paper were less regular than on either of the other papers.
Both 3 MM and No 1 were more robust to handle than
glass fibre which tore easily and sometimes fragmented
when discs were punched.

Recovery of antibodies from blood spots
Eight hyperimmune African plasma samples were mixed
with an equal volume of fresh erythrocytes and duplicate
10 μl aliquots were spotted onto 3 MM paper and dried.
After 48 h at ambient temperature and RH, 2.5 mm discs

Correlation between blood volume and blood spot areaFigure 1
Correlation between blood volume and blood spot 
area. Increasing volumes (1 μl – 45 μl) of fresh heparinized 
blood were pipetted (five replicates per volume) onto What-
man 3 MM, Whatman No 1 or glass fibre filter paper, dried at 
ambient temperature and RH and optically scanned. Spot 
areas were measured by integration and plotted against the 
volume of blood applied. a) The relationship between volume 
and blood spot is linear over the entire range. A 2.5 mm 
diameter spot represents 0.77 μl and 1.4 μl of blood for No 
1 paper and 3 MM paper respectively. Whatman No 1 filter 
paper (- -�- -) and Whatman 3 MM filter paper (.....m.......). b) 
Glass fibre paper. For blood volumes above 10 μl, spot size is 
linearly related to blood volume with a 2.5 mm diameter 
spot representing a volume of 2.2 μl of blood. For blood vol-
umes below 10 μl (inset) the relationship between spot size 
and volume is unreliable.
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were cut and incubated overnight at ambient temperature
to elute the antibodies. The eluates were then assayed for
total IgG to MSP-119 and MSP-2 and, in one experiment,
for MSP-119 specific IgG1 and MSP-2-specific IgG3. The
ODs obtained for the eluates were compared with those
obtained for the corresponding plasma samples tested at
the equivalent dilution. For both antigens the correlation
between the OD values obtained for plasma and blood
spot eluates was >0.98, with a recovery of >95% for total
IgG (Figures 3a and 3c) and for IgG1 and IgG3. However,
when blood spots were kept at ambient temperature and
RH for two weeks, antibody recovery was much reduced,
to approximately 40% of original concentration for total
IgG for MSP-119 and 35% for MSP-2 (Figures 3b and 3d).
This variability in recovery prompted us to investigate the
rate at which antibodies decayed under different storage
conditions.

Accelerated degradation of antibodies in blood spots
Eluates were prepared from sets of blood spots from 3 MM
and Glass Fibre paper that had been stored for differing
lengths of time at temperatures between 23°C and 65°C
and tested by ELISA for reactivity with MSP-119 and MSP-
2. Antibody concentrations were calculated by reference
to the standard curve. The rate of decay of the antibody
concentrations fitted a classical first-order kinetic plot of
ln(ct/c0) (where ct is the concentration of antibody
remaining at time t days at elevated temperature and c0 is
the original concentration) (Figure 4). When used to con-

struct an Arrhenius plot (Figure 5), the fitted values,
weighted by the log of the reciprocal of the variance of the
fit, could be used to predict rates of loss of antibody titre
at other temperatures (Table 1). From this, we extrapo-
lated the storage time and temperature at which 5, 10 or
20% (t0.95, t0.9 or t0.8 respectively) of the original antibody
activity would be lost or, conversely, the length of time for
which spots could be stored at varying temperatures in
order to recover 80, 90 or 95% of the original antibody
reactivity (Table 2). Antibodies to both MSP-119 (which
are predominantly of the IgG1 subclass[36]) and MSP-2
(predominantly IgG3[36]) decayed at the same rate (Fig-
ure 3 and Table 1).

In general, predicted stabilities for blood spots on glass
fibre paper were slightly lower than for 3 MM paper, but
for all temperatures the 95% confidence intervals for the
two formats overlapped, so these differences cannot be
considered statistically significant.

Overall, the study showed that antibodies in blood spots
should be stable for extended periods of time (years) if
kept desiccated at temperatures below 4°C (Table 2).
When kept refrigerated (4–10°C) antibodies were highly
stable for one to two months which would allow spots to
be collected under field conditions and transferred in
batches to long term storage at -20°C. However, antibod-
ies degraded rapidly when stored at ambient temperature
indicating that, ideally, blood spots need to be refriger-
ated within a week of collection.

The state of degradation of the blood spots could be
roughly assessed by visual inspection of the eluates after
overnight incubation. Since elution of haemoglobin from
the filter papers correlates with elution of plasma proteins
including immunoglobulin, filter paper discs from freshly
made spots, or from spots stored at -20°C, are very pale
(looking white against the haemoglobin-containing elu-
ate when the plates are viewed from below) (Figure 6a),
whereas discs made from heavily degraded spots remain
reddish-brown against a pale background after reconstitu-
tion (Figure 6b). Thus, visual inspection can reveal some-
thing about the likely quality of the eluate and allows
heavily degraded samples to be identified, and discarded,
prior to ELISA assay.

Comparison of serum and blood spots as sources of anti-
malarial antibodies collected under field conditions
Serum samples and eluates of contemporaneously col-
lected blood spots, from 252 individuals living in Lower
Moshi, Tanzania, were tested for anti-malarial antibodies
by ELISA. The measured concentrations of antibodies in
serum and in blood spot eluates were highly correlated for
both MSP-119 (r2 = 0.93) and MSP-2 (r2 = 0.92) (Figure 7).
For MSP-119 the straight line fit of ODs of antibody

Blood spot qualityFigure 2
Blood spot quality. Fifteen μl of fresh blood were spotted 
onto glass fibre filter paper (top), Whatman 3 MM paper 
(middle) and Whatman No 1 (bottom) and scanned on both 
sides. For each paper, the first row of images represents the 
side of the paper to which blood was applied; the lower 
image on the extreme right hand is the obverse view of the 
spot immediately above. For the glass fibre paper, a four-fold 
magnification of one of the spots is also shown.
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detected in blood spot eluates with the equivalent serum
suggested 91% recovery (Figure 7a), although the best fit
line allowing recovery to vary suggested a figure of approx-
imately 70% (r2 = 0.99). For MSP-2, however, the anti-
body recovery efficiency was noticeably lower (approx
70% based on OD or 60% based on titre; Figure 7b) sug-
gesting that data obtained from blood spots can be com-
pared qualitatively with data obtained from serum but
that caution should be used when comparing these data
quantitatively.

Analysis of field samples
Anti-malarial antibody concentrations determined from
analysis of eluates of blood spots collected from 958 indi-
viduals of different ages in the Kabale district and 1020
individuals in the Rukungiri district of Uganda were

assayed for anti-MSP-119 antibodies. The samples were
carefully desiccated and kept cool, and the appearance of
the eluates from the spots was excellent (Figure 6). The
proportion of seropositives for each age group was plotted
(Figure 8). The estimated seroconversion rate (λ) for
Rukungiri was 0.076 (SE 0.006), which corresponded to
an EIR of 6.1 ib/p/y and agreed well with a recent entomo-
logical estimate of 6.0 ib/p/y [39]. For Kabale, the esti-
mated λ was 0.009 (SE 0.002), corresponding to an EIR of
0.07 ib/p/y which is in reasonable agreement with a pre-
vious entomological estimate of 0.4 [40]. The common
value of ρ was 0.017 (SE 0.003).

Discussion
Blood spots collected onto filter paper are an attractive
alternative to collection of plasma or serum for serological

Efficiency of recovery of antibodies from blood spotsFigure 3
Efficiency of recovery of antibodies from blood spots. Comparison of OD obtained from paired plasma and blood spot 
eluates (each at an equivalent of 1:000 dilution) where blood spots were stored for 2 days (a,c) or 2 weeks at ambient temper-
ature and RH (b,d). Samples were assayed for antibodies to MSP-119 (a,b) and MSP-2 (c,d). Aliquots of 8 hyperimmune plasma 
samples were mixed with equal volumes of erythrocytes, spotted on 3 MM paper and dried overnight. The lines in a,c are the 
best fit least square straight lines, calculated recovery 99%. The dashed lines in c and d represent the least-squares best fit lines 
for the recoveries shown.
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studies, particularly in remote field settings with limited
laboratory facilities. Blood spots are an even more attrac-
tive option in the context of malaria studies where they
are frequently already collected either for malaria diagno-
sis (as rapid diagnostic tests) or as a source of DNA for
PCR-based detection and genotyping of parasites. How-
ever, whereas the ability to discern simply the presence or
absence of parasites is frequently sufficient for DNA-based
assays, antibody measurements tend to be of more value
if information about the quantity of the antibodies
present can be reliably obtained. This requires implemen-
tation of carefully validated protocols, for collection and
storage of spots and elution of antibodies, designed to
maximize the recovery of intact immunoglobulins.

The utility of the procedures presented here rests on the
assumptions that the blood spot is evenly impregnated
with blood, so that a disc of a standard diameter repre-
sents a defined volume of blood, and the adsorbed pro-
teins can subsequently be eluted with high efficiency. A
number of alternative substrates have been used for col-
lecting blood spots and we have not been able to evaluate
all of these here. Some of these substrates have been opti-
mized for the recovery of DNA, but it is not clear that
treatments to reduce nuclease activity and improve
nucleic acid recovery are as beneficial for protein recovery.
Of those that have been evaluated here, glass fibre mats
and Whatman No 3 MM had high adsorption capacities

while 3 MM and Whatman no 1 were robust for handling
in a field environment. Glass fibre paper, however, was
fragile, especially when punching discs, had inferior wet-
ting characteristics and the efficiency of antibody elution
was non-linear. Although antibody recoveries from No 1
paper were not systematically compared with those from
3 MM, limited experience suggests that recoveries are sim-
ilar when the different adsorption capacities are allowed
for. On balance, Whatmann 3 MM paper appears to offer
the ideal combination of strength, wettability and adsorp-
tion. Moreover, comparison of amounts of antibodies
recovered from freshly-prepared blood spots on 3 MM
showed good correspondence with levels determined in
the equivalent plasma.

The utility of this protocol also depends on establishing
storage conditions under which immunoglobulins are sta-
ble in dried form, and can be quantitatively recovered
from the paper at a later date. To estimate the stability of
intrinsically stable preparations it is necessary to carry out
accelerated stability testing at elevated temperatures, ide-
ally under conditions where a substantial fraction of the
activity has decayed during the period of measurement
[30-32]. Stability testing is an integral part of pharmaceu-
tical development [41,42], although most regimes are
intended to address a relatively modest shelf-life. The
choice of a first-order kinetic model is an empiric one, but
a choice that appears compatible with experience of accel-

Kinetics of loss of antibodies at different storage temperaturesFigure 4
Kinetics of loss of antibodies at different storage temperatures. Blood spots were stored at + 23, 35, 47, 57 or 65°C 
for up to 130 days and then removed to -20°C until analysis. ODs were converted to antibody concentrations by reference to 
a standard curve. Lines represent the best-fit first order rate constants for each temperature.(a) MSP-119 antibodies. (b) MSP-2 
antibodies.

MSP-119

Time (days) of storage at elevated temperature

a
b
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erated stability testing of lyophilized biological reference
materials [29]. In the current case, it appears justified as a
satisfactory approximation of the kinetic behaviour
observed, though using higher temperatures than previ-
ously reported studies [25] in order to obtain adequate
losses of activity. Encouragingly, this analysis demon-
strates that, when the results are extrapolated below 23°C,
it should be possible to obtain good quality antibody
from blood spots kept for several years at -20°C and,
more importantly, from blood spots stored for a few days
at ambient temperature, and a few weeks at 4–10°C
before either assay or transfer to -20°C.

The other major factor affecting the stability of antibodies
in blood spots is the humidity at which they are stored. This
was not examined in detail, partly because of the added
experimental complexity of manipulating RH, but, more
practically, because of the impossibility of monitoring and
integrating changing levels of RH in field use. However,
storage of spots for as little as two weeks at ambient humid-
ity reduced the recovery of intact immunoglobulins by
more than 50%, a far greater decrease than would have
been expected if the spots had been scrupulously desic-
cated. Given the importance of keeping blood spots dry,
the simple visual check provided by self-indicating silica gel
appears to be the simplest if not the only practical method

of monitoring storage humidity. Silica gel containing
CoCl2 as indicator remains classified as safe for use in des-
iccation despite the recent classification of CoCl2 as being
"possibly carcinogenic to humans" by the International
Agency for Research on Cancer [43] and its classification as
a carcinogen by the European Community. However, pro-
prietary alternatives have recently been introduced (eg
Sigma, Poole, UK #136767 ; Geejay, Sandy, UK ; Silgel, Tel-
ford, UK) which appear to change colour at RH <20%, and
may therefore be equally suitable.

Although the rates of loss of antibodies to MSP-119 and
MSP-2 in the accelerated degradation study were similar,
recoveries from field samples suggested that antibodies to
MSP-119 (predominantly IgG1) appeared to be more sta-
ble than antibodies to MSP-2 (predominantly IgG3). IgG3
antibodies have a greatly extended and unstructured
hinge region [44,45] and it is possible that IgG3 antibod-
ies are more susceptible to degradation by endogenous
proteases when RH is not rigidly controlled. Given these
observations, prudence suggests that the results of anti-
bodies recovered from blood spots should not be com-
bined with results from serum or plasma samples.

One unexpected advantage of this method of sample col-
lection is that the quality of blood spots of questionable
provenance (in terms of their storage conditions) can be
judged visually by examining the colour of the filter
papers discs after overnight incubation in elution buffer.
Discs that have been properly stored, and from which
there is a very high recovery rate of antibodies, turn from
deep red to pale pink or white after incubation, indicating
that the adsorbed proteins (including haemoglobin) have
been eluted. By comparison, discs stored at high tempera-
tures remain dark red, indicating that the indicator pro-
tein haemoglobin can no longer be readily eluted from
the filter paper. When blood spots from different malaria
field studies, which had been collected for diagnosis or
DNA recovery and had been stored for extended periods
at ambient temperature and humidity were examined, the
eluates of spots which gave poor antibody recovery were
uniformly pale in colour. Thus, whilst visual inspection
may not be a fool-proof means of assessing blood spot
quality it will allow seriously degraded samples to be
identified and discarded prior to ELISA analysis.

Finally, the utility of blood spot collection of serum anti-
bodies has been demonstrated by showing that it is possi-
ble to derive serological estimates of malaria endemicity
from blood spot samples and that these serological esti-
mates agree well with entomological data. Close agree-
ment was observed between the serological and
entomological data for Lower Moshi and for Rukungiri;
agreement was less good for Kabale which may be due to
the longer gap between the two estimates (the only esti-

Arrhenius plot of rates of loss of antibodiesFigure 5
Arrhenius plot of rates of loss of antibodies. Rate of 
loss of antibody titre at each temperature (k days-1, the fitted 
first order rate constant) versus the reciprocal of the abso-
lute temperature in °K (1/T). • measured points; + extrapo-
lated values for 10°C, 4°C and -20°C;. The weighted best fit 
straight line is shown together with the 95% confidence lim-
its.
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mate of EIR available was from 1996/7) or the inherent
inexactitude of entomological assessments at low trans-
mission [46,47].

Conclusion
A protocol for collection of blood spots for serological use
has been developed and validated. It is recommended that
blood is spotted onto 3 MM paper and allowed to dry
overnight at ambient temperature and humidity. The
papers should then be interleaved with non-adsorbent
paper (such as that used for interleaving photographic

prints) or cardboard covers and immediately placed in a
self-sealing plastic bag which is contained within a second
bag containing desiccant. These bags should then be
placed within two further self-sealing bags. Spots can be
kept at ambient temperature for up to seven days without
serious loss of activity provided they are desiccated. They
can be kept, desiccated, for up to four weeks if refrigerated
at 4°C or below. For storage of more than four weeks, the
desiccated spots should be kept at -20°C. The desiccant
should be regularly inspected and replaced if it changes
colour. (A recommended protocol for collecting, storing
and assaying blood spots is provided in Additional file 2).
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Table 1: Measured and fitted values of first order rate constant k for (a) anti-MSP-119 and (b) anti-MSP-2 recoveries from spots on 3 
MM paper

(a) MSP119
Temp (°C) Measured k (days-1) Fitted k (days-1) (95% CI) t1/2 (95% CI) (years)

-20 0.00007 (0.00003–0.00014) 27.9 (13.1–59.4)
4 0.00058 (0.00037–0.00091) 3.3 (2.1–5.1)
10 0.00094 (0.00064–0.00138) 2.0 (1.4–2.9)
20 0.00202 (0.00153–0.00266) 0.94 (0.71–1.24)
23 0.0025789 0.00248 (0.00193–0.00319) 0.77 (0.59–0.99)
35 0.0053228 0.00564 (0.00477–0.00665) 0.34 (0.29–0.40)
47 0.0110235 0.01201 (0.01042–0.01385) 0.16 (0.14–0.18)
57 0.0281645 0.02258 (0.01882–0.02709) 0.08 (0.07–0.10)
65 0.0311997 0.03512 (0.02792–0.04417) 0.05 (0.04–0.07)

(b) MSP-2
Temp (°C) Measured k (days-1) Fitted k (days-1) (95% CI) t1/2 (95% CI) (years)

-20 0.00007 (0.00003–0.00014) 28.8 (13.8–60.2)
4 0.00059 (0.00038–0.00091) 3.2 (2.1–5.0)
10 0.00096 (0.00067–0.00139) 2.0 (1.4–2.8)
20 0.00209 (0.00159–0.00273) 0.91 (0.70–1.19)
23 0.00248 0.00260 (0.00204–0.00332) 0.73 (0.57–0.93)
35 0.00629 0.00605 (0.00516–0.00709) 0.31 (0.27–0.37)
47 0.01342 0.01319 (0.01147–0.01517) 0.14 (0.13–0.17)
57 0.03154 0.02418 (0.02020–0.02895) 0.08 (0.07–0.09)
65 0.03723 0.03828 (0.03047–0.04809) 0.05 (0.04–0.06)

Measured and fitted values of k together with confidence limits are shown together with extrapolated values and confidence intervals for other 
selected temperatures and calculated half-lives

Table 2: Estimates of times (in years) for recoveries of antibodies 
in desiccated blood spots

Time (years) for original value to fall to :
T (°C) 80% 90% 95%

-20°C 9.0 4.2 2.1
4°C 1.1 0.5 0.2
10°C 0.65 0.31 0.15
15°C 0.44 0.21 0.10
20°C 0.30 0.14 0.07
25°C 0.21 0.10 0.05
30°C 0.15 0.07 0.03

Extrapolated times for total anti-MSP-119 IgG to fall to a given 
percentage of initial concentration in desiccated blood spots on 3 MM 
paper at different temperatures.
Page 9 of 12
(page number not for citation purposes)



Malaria Journal 2008, 7:195 http://www.malariajournal.com/content/7/1/195
execution in Uganda. JG devized fitting algorithms, pro-
vided statistical advice. AG devised fitting algorithms, pro-
vided statistical advice. CD supervized and participated in
surveys and assays in Tanzania and analysis of data, draft-
ing paper. ER supervized work and drafted paper. All
authors read and approved the final manuscript.

Additional material Acknowledgements
The Tanzanian samples were collected under the auspices of the Joint 
Malaria Programme as part of studies funded by a Research Training fellow-
ship from the Wellcome Trust to CJD (grant ref 063516). The Ugandan 
samples were collected as part of the HIMAL project, supported by the Bill 
and Melinda Gates Foundation through the Gates Malaria Partnership, 
LSHTM and the UK Department for International Development. This work 
is currently funded by Wellcome Trust grant no.GR078925

References
1. Guthrie R: The origin of newborn screening.  Screening 1992,

1:5-15.
2. Enevold A, Vestergaard LS, Lusingu J, Drakeley CJ, Lemnge MM, The-

ander TG, Bygbjerg IC, Alifrangis M: Rapid screening for glucose-
6-phosphate dehydrogenase deficiency and haemoglobin
polymorphisms in Africa by a simple high-throughput SSOP-
ELISA method.  Malar J 2005, 4:61.

3. Enevold A, Alifrangis M, Sanchez JJ, Carneiro I, Roper C, Borsting C,
Lusingu J, Vestergaard LS, Lemnge MM, Morling N, Riley E, Drakeley
CJ: Associations between alpha+-thalassemia and Plasmo-

Additional File 1
Estimation of recoveries from ODs. Outline of methods used to calculate 
relative recoveries from two sets of ODs of same samples.
Click here for file
[http://www.biomedcentral.com/content/supplementary/1475-
2875-7-195-S1.pdf]

Additional File 2
Protocol for obtaining, storing and reconstituting blood spots for sero-
logical purposes. A full recommended protocol for Preparing, sampling 
and storing blood spots for serological use, and instructions for reconstitut-
ing and assaying antibodies by ELISA.
Click here for file
[http://www.biomedcentral.com/content/supplementary/1475-
2875-7-195-S2.pdf]

Appearance of fresh and degraded blood spotsFigure 6
Appearance of fresh and degraded blood spots. Elu-
ates from fresh blood spots (a) and spots stored for approxi-
mately 1 year at ambient temperature and humidity (b) are 
shown. In (a), complete elution of haemoglobin has resulted 
in a white filter paper disc in a red solution. In (b), little hae-
moglobin has been eluted so that the disc remains dark red 
and the solution pale.

a b

Recovery of antibodies from blood spots and plasma in field studiesFigure 7
Recovery of antibodies from blood spots and plasma 
in field studies. Paired sets of serum and blood spots col-
lected in Lower Moshi, Tanzania were collected and assayed 
for antibodies to MSP-119 (a) and MSP-2 (b). The straight 
lines represent the least squares best fit; the curved dashed 
lines represent the least squares best fit lines where the 
recovery has been allowed to vary, giving a mean recovery of 
71% for MSP-119 and 58% for MSP-2.

MSP 1

y = 0.91x - 0.051

r2= 0.93

0.0

0.5

1.0

1.5

2.0

2.5

3.0

0.0 0.5 1.0 1.5 2.0 2.5 3.0

Serum OD

B
lo

od
 s

po
t e

lu
at

e
O

D

71% recovery ( r2 = 0.99)
a

MSP 2

y = 0.71x
r2 = 0.92

0.0

0.4

0.8

1.2

1.6

2.0

0.0 0.5 1.0 1.5 2.0
Serum OD

B
lo

od
 s

po
t e

lu
at

e
O

D

58% recovery (r2 = 0.99)

b

Page 10 of 12
(page number not for citation purposes)

http://www.biomedcentral.com/content/supplementary/1475-2875-7-195-S1.pdf
http://www.biomedcentral.com/content/supplementary/1475-2875-7-195-S2.pdf
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11615143
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16356170
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16356170
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16356170
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17597460


Malaria Journal 2008, 7:195 http://www.malariajournal.com/content/7/1/195
dium falciparum malarial infection in northeastern Tanza-
nia.  J Infect Dis 2007, 196:451-459.

4. Tran TN, de Vries PJ, Hoang LP, Phan GT, Le HQ, Tran BQ, Vo CM,
Nguyen NV, Kager PA, Nagelkerke N, Groen J: Enzyme-linked
immunoassay for dengue virus IgM and IgG antibodies in
serum and filter paper blood.  BMC Infect Dis 2006, 6:13.

5. El Mubarak HS, Yuksel S, Mustafa OM, Ibrahim SA, Osterhaus AD, de
Swart RL: Surveillance of measles in the Sudan using filter
paper blood samples.  J Med Virol 2004, 73:624-630.

6. Judd A, Parry J, Hickman M, McDonald T, Jordan L, Lewis K, Contre-
ras M, Dusheiko G, Foster G, Gill N, Kemp K, Main J, Murray-Lyon I,
Nelson M: Evaluation of a modified commercial assay in
detecting antibody to hepatitis C virus in oral fluids and dried
blood spots.  J Med Virol 2003, 71:49-55.

7. McDade TW, Stallings JF, Angold A, Costello EJ, Burleson M,
Cacioppo JT, Glaser R, Worthman CM: Epstein-Barr virus anti-
bodies in whole blood spots: a minimally invasive method for
assessing an aspect of cell-mediated immunity.  Psychosom Med
2000, 62:560-567.

8. Gil A, Gonzalez A, Dal-Re R, Dominguez V, Astasio P, Aguilar L:
Detection of antibodies against hepatitis A in blood spots
dried on filter paper. Is this a reliable method for epidemio-
logical studies?  Epidemiol Infect 1997, 118:189-191.

9. Boillot F, Peeters M, Kosia A, Delaporte E: Prevalence of the
human immunodeficiency virus among patients with tuber-
culosis in Sierra Leone, established from dried blood spots
on filter paper.  Int J Tuberc Lung Dis 1997, 1:493-497.

10. Torrella A, Solis RL, Rodriguez N, Medina Y, Pita M, Perez I, Licourt
N: [Ultramicro ELISA to the detection of IgM antibodies in
Mycobacterium leprae using dry blood samples].  Rev Inst Med
Trop Sao Paulo 1994, 36:131-138.

11. Duarte EC, Gyorkos TW, Pang L, Avila S, Fontes CJ: Inter-test reli-
ability of the anti-RESA indices based on ELISA tests using
eluates from whole blood spots dried on filter paper.  Epide-
miol Infect 2002, 129:139-145.

12. Habluetzel A, Esposito F, Lombardi S: Immunotechniques for epi-
demiology of malaria: appropriate tools for integration of
primary health care with malaria research and control.  Trans
R Soc Trop Med Hyg 1989, 83(Suppl):15-19.

13. Jeffery GM, McWilson W, Collins WE, Lobel H: Application of the
indirect fluorescent antibody method in a study of malaria
endemicity in Mato Grosso, Brazil.  Am J Trop Med Hyg 1975,
24:402-411.

14. Holland WG, Thanh NG, My LN, Magnus E, Verloo D, Buscher P,
Goddeeris B, Vercruysse J: Evaluation of whole fresh blood and
dried blood on filter paper discs in serological tests for
Trypanosoma evansi in experimentally infected water buffa-
loes.  Acta Trop 2002, 81:159-165.

15. Rodriguez-Perez MA, Danis-Lozano R, Rodriguez MH, Bradley JE:
Application of an enzyme-linked immunosorbent assay to
detect antibodies to Onchocerca volvulus on filter-paper
blood spots: effect of storage and temperature on antibody
decay.  Trans R Soc Trop Med Hyg 1999, 93:523-524.

16. Bruce-Chwatt LJ, Draper CC, Konfortion P: Seroepidemiological
evidence of eradication of malaria from Mauritius.  Lancet
1973, 2:547-551.

17. Ferraz AS, Belo EF, Coutinho LM, Oliveira AP, Carmo AM, Franco
DL, Ferreira T, Yto AY, Machado MS, Scola MC, De Gaspari E: Stor-
age and stability of IgG, IgM monoclonal antibodies dried on
filter paper and utility in Neisseria meningitidis serotyping
by Dot-blot ELISA.  BMC Infect Dis 2008, 8:30.

18. Solomon SS, Pulimi S, Rodriguez  II, Chaguturu SK, Satish Kumar SK,
Mayer KH, Solomon S: Dried blood spots are an acceptable and
useful HIV surveillance tool in a remote developing world
setting.  Int J STD AIDS 2004, 15:658-661.

19. Phili R, Vardas E: HIV testing using dried blood spots.  Trop Doct
2002, 32:30.

20. Solomon SS, Solomon S, Rodriguez  II, McGarvey ST, Ganesh AK,
Thyagarajan SP, Mahajan AP, Mayer KH: Dried blood spots (DBS):
a valuable tool for HIV surveillance in developing/tropical
countries.  Int J STD AIDS 2002, 13:25-28.

21. Barin F, Plantier JC, Brand D, Brunet S, Moreau A, Liandier B, Thierry
D, Cazein F, Lot F, Semaille C, Desenclos JC: Human immunode-
ficiency virus serotyping on dried serum spots as a screening
tool for the surveillance of the AIDS epidemic.  J Med Virol
2006, 78(Suppl 1):S13-18.

22. Barin F, Meyer L, Lancar R, Deveau C, Gharib M, Laporte A, Desen-
clos JC, Costagliola D: Development and validation of an immu-
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