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Abstract

A detailed knowledge of the drying properties of blood is important for a more complete
understanding of the forensic information that may exist at a crime location. Although the effect
of relative humidity on the general properties of blood drying has been evaluated, relatively little
information exists regarding the alterations of blood serum distribution that may occur during the
drying process. Moreover, the influence of humidity on the ability of dried blood drops to transfer
from skin to absorbent material has never been studied. The data in the current report show
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that blood serum pattern formation is distinctly altered by increased humidity in drying drops of

blood. In addition, these data document that high humidity conditions were sufficient to remoisten
dried blood drops such that they were able to transfer to the absorbent material, with the original

bloodstain pattern maintained.

Introduction

Numerous studies exist on the drying properties of blood
and related fluids on various surfaces and the influence of
variables such as temperature and humidity on this process
[1-37]. However, relatively little information is known about
the distribution of plasma in drying blood drops under
varying conditions as its presence is typically masked by red
blood cells in solutions of whole blood. Recent studies have
demonstrated that ultraviolet-365 (UV-365) is an effective
alternative light source (ALS) for the detection of blood serum
in dried stains [38,39], which was used to monitor plasma
pattern formation in drying drops of blood on both glass and
skin [40]. These studies demonstrated that plasma migration
is an active process in the initial stages of blood drying, with
the initial and rapid formation of a central “plasma blister”,
which subsequently lessens and is accompanied by the
thickening of the plasma ring at the periphery [40].

The shape and distribution of dried bloodstains on the skin
or clothing of the victim is a function of the circumstances
under which the crime was committed. In situations where the
body may have been moved, blood transfer is possible, which
could provide valuable clues in recreating exactly what may
have happened. Typically, once blood is dried, the possibility
of transference is greatly reduced as a moist, gelatinous-
like state is necessary for blood to be effectively absorbed
[6]. Studies have shown that increased humidity resulted in
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delayed drying times of fresh blood [5]; however, little to no
information exists about the effect of humidity on the dried
state, especially the ability to confer transfer properties from
the skin. Remoistening of dried blood could provide a means
by which blood transfer may occur hours (or even days) after
the initial crime.

Here, the effect of humidity on blood plasma and serum
pattern formation in drying blood was examined at varying
temperatures. In addition, the remoistening of dried blood
and transfer ability were evaluated.

Materials and methods

Blood, murine skin, porcine skin and material

Human blood was obtained by the finger stick method
using a Health Lancing device (CVS Pharmacy, USA) fitted
with a micro lancet (CVS Pharmacy, USA). Human blood serum
was obtained from Innovative Research (Innovative Research
Company, Novi, MI), and purchased as pooled human serum
of the clot. Blood was dropped onto Parafilm® M Laboratory
Film (Bemis Company, Inc., Oshkosh, WI) and approximately
10-50 microliters were transferred to the drying substrate.
Newborn mice approximately 1-2 weeks of age were obtained
from Rodent Pro LLC (Inglefield, IN). Porcine skin (with fat
removed) was obtained from Animal Technologies (Tyler, TX),
aleading supplier of skin utilized in medical schools for human
surgery practice. For blood transfer experiments, Whatman®
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1 mm filter paper (Whatman, Maidstone, Kent, UK), cotton
(a white t-shirt), or natural linen (Rawganique, Blaine, WA)
was used. Glass microscope slides (BS-72P-100S-22) were
obtained from AmScope (Irvine, CA).

Sample preparation, humidity chambers, incubation,
and rainwater rinsing

For experiments involving both fresh and dried blood,
blood was added to glass slides or murine skin and allowed to
dry for 3-4 hours. Fresh blood was then added to glass slides
or murine skin and both sets (fresh, and dried) were placed
under the appropriate conditions. Humidity chambers were
created using a black plastic square box (21.5 cm x 21.5 cm x
4.5 cm) with a locking lid, obtained from a local restaurant. A
paper towel was folded in four, placed in the upper region of the
box, and saturated with water. All excess water was removed
before the samples were added. Humidity was measured using
an Antoki (Shanghai, China) humidity gauge placed inside the
container which gave a value of approximately 88% - 91% in
this system, referred to as high humidity. For low humidity
samples (room temperature humidity), the setup was the
same, except that the saturated paper towel was omitted,
giving a humidity value of approximately 41% - 42%, similar
to that measured in the room. Samples were placed inside a
25 L incubator (Happybuy Store, San Paulo, Brazil) set at the
desired temperature for 12-15 hours. The following settings
were used: low temperature (13 °C), room temperature (22
°C), and high temperature (33 °C). Multiple incubators were
used in these experiments and samples under different
conditions were run in parallel.

For overlay experiments, an approximately 4 cm x 4 cm
piece of porcine skin was placed on a piece of parafilm, blood
added, and allowed to dry for 4-5 hours. To ensure that the
blood was sufficiently dry such that no transfer initially
occurred, a test blot (control transfer) was performed each
time with a separate piece of material. The test material was
then removed and the skin overlayed with a piece of cotton
or linen. Electrical tape was used to secure the edges of the
material to the humidity container and samples were placed
inside of the incubator. At the end of the incubation period,
the material was removed and photographed. Rainwater was
collected and added to a 50 ml fine mist mini spray bottle.
The bottle was held approximately 10 inches away from the
subject and depressed 15-20 times. Samples were allowed to
dry at room temperature and photographed.

Ultraviolet light sources and photography

An LED UV flashlight, LED-UV301-365 nm (Shenzhen
Lightfe Light Limited, Shenzhen, China), positioned at a ~ 45°
angle from the subject was used as the UV source. Photographs
were taken with either a Sony 6500 digital camera fitted to
a Unitron ZST stereomicroscope or a handheld Sony RX100
digital camera.
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Results

While substantial information exists regarding the general
drying properties of whole blood, the pattern formation of
plasma and serum has been visualized only recently [40].
In general, the initial stages involve the development of a
plasma blister in the center which subsequently diminishes
and is followed by the creation of a fluorescent serum halo at
the edges; the plasma blister and serum halo are effectively
visualized under ultraviolet light. The goal of these initial
experiments was to determine the effects of temperature and
humidity on plasma morphology in drying and dried blood
and to evaluate the effect of humidity on blood transfer. Fresh
or dried blood drops on glass slides were incubated for five
hours at low, room, or high temperatures under conditions of
low or high humidity (see Materials and Methods for specific
conditions). Samples were then removed and immediately
photographed under normal visible light (VL) or ultraviolet
light (UV). As shown in Figure 1, the appearance of fresh blood
at low temperature and low humidity was slightly different
from low humidity groups at room or high temperatures,
with a slightly less developed central portion (Figures 1A-C,
upper left), although ultraviolet light revealed that a well-
defined fluorescent serum halo had developed around the
corona in all three groups (Figures 1A-C, upper left) [40].
Similar results were seen for dried blood incubated under
low humidity at varying temperatures (Figure 1A-C, bottom
left). Neither fresh nor dried blood samples incubated under
low humidity conditions were sufficiently fluid or tacky to
transfer to filter paper (Figure 1D). The appearance of fresh
blood incubated under high humidity was markedly different
than low humidity groups, with plasma blisters visible under
ultraviolet at all three temperatures (Figures 1A-C, upper
right) [40]. Relatedly, fresh blood incubated in high-humidity
conditions was able to imprint filter paper in all three
temperature groups (Figure 1D).

Dried blood placed in high humidity had a gel-type
appearance atroom temperature and higher, and a fluorescent
serum halo was not observed in high-temperature groups
(Figures A-C, bottom right). Most notably, similarly to fresh
blood, dried blood exposed to high humidity was sufficiently
reliquefied to imprint filter paper (Figure 1D).

All the above samples were allowed to dry completely
(at room temperature and low humidity) and then
rephotographed to examine their final appearance (Figures
2A-C). Fresh blood that was exposed to high humidity showed
a more “frosted” appearance at the center after drying, which
was especially prominent at high temperatures (Figures 2A-
C, upper right, UV). Like what was observed at five hours,
serum halos were noticeably missing under conditions of high
temperature and high humidity (Figure 2C, bottom right, UV).

Similar experiments were performed with fresh blood
added to a metal knife blade, yielding comparable results
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Figure 1: Plasma/serum pattern formation and transfer ability of blood incubated under various temperature and humidity conditions. (A-C): Blood was placed on glass

slides, incubated for five hours under the indicated conditions, and immediately photographed under visible light (VL) and ultraviolet light (UV). See text for specific details.
(D) Blood was cultured as above and placed in contact with a piece of filter paper to evaluate the transfer properties under the conditions used.
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Figure 2: Serum pattern formation of dried blood incubated under various temperature and humidity conditions. The samples in Figure 1A-C were allowed to dry at room

temperature under low humidity and then rephotographed as above under visible light (VL) and ultraviolet light (UV). See text for specific details.

(Figure 3). Serum was located throughout the sample with a
frosted appearance in high humidity groups (Figure 3, right-
hand side, UV); and a distinct fluorescent serum halo was
present in samples exposed to low humidity (Figure 3, left-
hand side, UV).

Taken together, these results collectively demonstrate
plasma and serum pattern formation is altered by high
humidity in drying drops of blood. Additionally, these data
show that dried bloodstains were sufficiently moistened
under high humidity conditions to transfer onto filter paper.

Analogous experiments to those done using glass were

performed with drying or dried blood on the skin. As shown
in Figure 4A, blood dried onto human, murine, and porcine
skin had a similar appearance, with a distinct fluorescent
serum halo present on all three skin types (Figure 4A, arrow).
Isolated blood serum was visualized on all three skin types
as well (Figure 4B, arrow). Like the observations using glass
as the drying substrate, fresh blood on murine skin existed
in the plasma blister stage in high humidity groups with all
three temperatures (Figures 5A-C, upper right, UV). As with
glass, only fresh blood on skin that was incubated under high
humidity conditions was effectively transferred to filter paper
after five hours (Figure 5D). Dried blood on the skin also gave
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Figure 3: Serum pattern formation of dried blood on a metal knife blade incubated under various temperature and humidity conditions. Fresh blood was added to a metal
knife blade and incubated under the indicated temperature and humidity conditions for five hours. Samples were then allowed to dry at room temperature under low humidity
conditions and photographed under visible light (VL) and ultraviolet light (UV). Note the frosted appearance under high humidity conditions, indicative of serum spreading
throughout the bloodstain.
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Figure 4: Dried blood and blood serum on human, murine, and porcine skin. (A) Blood was added to the indicated skin type, allowed to dry, and photographed under visible
light (VL) and ultraviolet light (UV). The arrow indicates the position of the fluorescent serum halo observed for all three skin types. (B) Same as in A, except that purified
serum was used; the position of the serum is indicated by an arrow.
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Figure 5: Plasma/serum pattern formation and transfer ability of blood on mouse skin under various temperature and humidity conditions. (A-C): Blood was placed on

mouse skin, incubated for five hours, and immediately photographed under visible light (VL) and ultraviolet light (UV). See text for specific details. (D) Blood was cultured
as above and placed in contact with a piece of filter paper to evaluate the transfer properties under the conditions used.
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similar results as glass, with no fluorescent serum halo present
in high humidity groups at high temperatures (Figures 5C,
bottom right, UV). The transfer ability of dried blood in low
and high-humidity groups was also similar, except for dried
blood incubated at low temperatures under high humidity.
No blood imprinting was observed at five hours but did occur
at seven hours (Figure 5D); similar results were observed
using blood added to porcine skin (data not shown). When
all samples were allowed to dry at room temperature under
low humidity and rephotographed, fresh blood originally
under high humidity conditions showed a more “frosted”
appearance under ultraviolet as previously noted, with serum
spread throughout the center (Figures 6A-C, upper right, UV).
Relatedly, as before, a discernible fluorescent halo was absent
in previously dried groups with high temperature and high
humidity (Figures 6C, bottom right, UV).

To expand on the observation that previously dried blood
could become remoistened under high humidity conditions
with restored transfer capability, studies were performed
using two absorbent textiles (cotton and linen) that were
overlaid onto skin to simulate clothing. A schematic of the
experimental design is presented in Figure 7. As shown in
Figure 8, blood imprinting was specific for high humidity
conditions and occurred with both cotton and linen (Figure
8A); blood was absorbed sufficiently to soak through to
the reverse side of both fabrics (Figure 8B). The general
appearance of blood imprints was similar to the original blood
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After drying

Cc
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Dried

Hi temp, low humidity

5,

pattern present on the skin (Figure 9A) and was noticeably
different than what was observed using rainwater to gently
moisten the outer portion of the fabric (Figure 9B). When
a simulated rainwater rinsing was performed on blood-
dried glass or skin, the fluorescent serum halo was clearly
disturbed (Figure 10A). Similarly, exposure of isolated serum
to rainwater abolished its detection (Figure 10B). In contrast
to these findings, samples of whole blood or serum that had
dried onto the skin and were incubated under high humidity
with prolonged exposure (15 hours), fluorescent serum
was still detectable (Figure 10C). These results suggest that,
unlike exposure to rainwater, immersion in a high-humidity
environment results in a more gradual exposure to moisture
over time, allowing blood serum to persist. Additionally, these
data demonstrate that high-humidity imprints provided a
relatively accurate representation of the original bloodstain.

Finally, it was of interest to determine if older dried blood
was able to be sufficiently moistened for transfer. For these
experiments, blood was added to parafilm and allowed to
dry at room temperature (low humidity) for 3 days and 3
weeks. Samples were then exposed to low or high humidity
conditions for five hours as before and touched to filter
paper. As demonstrated, blood transfer was observed with
high humidity, but not low humidity, groups for both 3-day
and 3-week-old blood (Figure 11), supporting the idea that
rewetting of dried blood is not limited to samples that are just
a few hours old.
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Figure 6: Serum pattern formation of blood on mouse skin under various temperature and humidity conditions. The samples in Figure 5A-C were allowed to dry at room

temperature under low humidity and then rephotographed as above under visible light (VL) and ultraviolet light (UV). See text for specific details.
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Figure 7: Schematic drawing showing the experimental setup for cloth overlay experiments. See the Material and Methods section for additional details.
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Figure 8: Humidity imprinting of bloodstains onto absorbent textiles (A) Samples were overlaid with material as shown in Figure 7 and incubated for 12-15 hours under the
indicated conditions. Material was removed, and the contact side was photographed. (B) Similar to (A), except that both contact and reverse sides are shown.
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Figure 9: Humidity imprinting and the effect of rainwater exposure. (A) Samples were overlaid with material as presented in Figure 7 and incubated for 12-15 hours under
high humidity at room temperature. The blood imprint is shown (right-hand side), together with the original bloodstain (left-hand side). A control transfer imprint is also
included (middle) to demonstrate that the sample was completely dry prior to overlaying with the material. Note the congruence between the original bloodstain and the
humidity imprint. (B) Dried blood samples were either imprinted under high humidity conditions at room temperature as in (A) or gently misted with rainwater on the overlaid
cloth. The contact side of each imprint is shown.
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Figure 10: The effect of rainwater exposure and high humidity on dried blood and blood serum. (A) Fresh blood was added to glass or skin, allowed to dry, and then gently
misted with rainwater. Photographs were taken under visible light (VL) and ultraviolet light (UV) before and after rainwater exposure. The arrow indicates the position of the
fluorescent serum halo, which is absent in rinsed samples. (B) Similar to (A), except that purified serum was used. (C) Blood or isolated serum was added to murine skin,
allowed to dry, and then incubated under high humidity at room temperature for 15 hours. The position of the serum is indicated by an arrow.
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Figure 11: High humidity imprinting of 3-day and 3-weeks-old blood. Blood was
added to parafilm and allowed to dry for the indicated period. Samples were then

incubated under low or high humidity conditions for five hours and placed in contact
with a piece of filter paper.

Discussion

The current study provides evidence that serum pattern
formation in drying and dried drops of blood are altered
under conditions of high humidity. Additionally, these data
show that dried blood may be rewetted sufficiently under
these conditions such that blood transfer may occur.

Previous studies have established the distinct stages of
blood drying on various surfaces, with monitoring of whole
blood during the process [1-37]. Until recently, little was
known regarding the migration and pattern formation of
plasma in whole blood as its appearance is typically masked
by red blood cells. Ultraviolet photography was used to
provide the first documentation of plasma and serum pattern
formation in drying blood drops on glass and skin, showing
that distinct stages were present [40]. The data in the current
study importantly extends these initial findings by showing
that high humidity disrupts this process, with prolonged
wetness and distinct, identifying features present in the dried

bloodstain. These results suggest that ultraviolet examination
of a victim’s bloodstains on a metal knife, a piece of glass, or
their skin could indicate that the object/body had been stored
under high humidity conditions while drying, e.g., inside
of a refrigerator, a cave, a trunk with a damp interior, or a
greenhouse. Identifying features for whole blood included a
frosted appearance with no defined serum halo edge/ring at
the periphery. Dried blood exposed to high humidity did not
exhibit any abnormal morphological characteristics, except
for bloodstains that were also exposed to high-temperature
conditions; it was noted in this case that a distinct, fluorescent
serum halo was absent at the periphery.

Although dried blood exposed to either low or high humidity
was morphologically similar with the exception noted above,
distinct differences existed in their transfer ability. The current
study documents that blood exposed to high humidity became
remoistened enough such that imprinting occurred on contact
material. This observation occurred for all temperature
ranges examined. Such findings could be relevant in cases
where a victim was shot/stabbed at one location and hours/
days later (after the blood had dried), moved to a different site
with more humid conditions. Transfer of remoistened blood
could explain discrepancies in the timeline and presence of
(transferred) blood at the new location. Interestingly, it was
found that 3-week-old blood dried onto parafilm could be
sufficiently remoistened to acquire transfer ability, after just
a short exposure to high humidity. It would be interesting to
determine in future studies if blood and blood serum dried on
a variety of materials exhibited the same property.

https://doi.org/10.29328/journal.jfsr.1001048
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The effect of humidity exposure was markedly different
than what was seen with other moisture exposure conditions,
e.g., contact with rainwater. Even relatively small volumes of
rainwater gently added (misted) to overlaying fabric resulted
in more diffuse, smeared imprints than was observed with high
humidity. It was also noted that serum stains dried on glass
or skin were effectively removed with temperate rainwater
exposure, which is not that surprising as blood plasma/serum
is approximately 90 percent water in the liquid state. Thus,
it is likely that dried, separated serum would be removed by
even a gentle washing. A more gradual exposure to moisture,
like a high-humidity environment, however, allows for serum
stains to persist under these conditions.

Transfer of remoistened dried blood to the material under
high humidity conditions provides an additional consideration
for bloodstain analysis at a crime scene. As detailed above,
blood or serum stains could imprint onto material significantly
later than when the crime was initially committed, long after
the blood had dried. For dried blood imprinting, the current
studies focused on three different surface formats: murine
skin, porcine skin, and parafilm. As extended incubation was
not possible for the first two systems due to decomposition, the
initial experiments utilized parafilm. Currently, no distinctions
exist between fresh or dried blood that is imprinted; if specific
features could be identified for each, this would allow further
discrimination in classifying certain bloodstains that were
rewetted and transferred after drying. Future efforts will
include a more detailed, microscopic evaluation to determine
if differences in warp and weft transfer patterns might exist.
Additionally, it would be interesting to determine if high
humidity imprinting is functional on blood that is years or
even decades old; this might allow aged blood to be effectively
solubilized from certain materials that have previously proven
difficult to study.

Conclusion

In conclusion, this study shows that blood serum pattern
formation was distinctly altered by increased humidity in
drying drops of blood on glass or skin. In addition, these data
document that high humidity conditions were sufficient to
confer transfer ability on previously dried blood, maintaining
the original bloodstain pattern.
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