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Synopsis  This study developed and optimized a methodology based on controlled centrifugation for the segmented extrac-
tion of extracellular fluid in Apis mellifera bees. Three critical variables were analyzed: relative centrifugal force, centrifugation
time, and the number of individuals processed, ensuring the reproducibility and efficiency of the procedure. The results demon-
strated significant differences in the volume of fluid recovered from different body segments, with the abdomen yielding the
highest volumes, followed by the thorax and the head. UV-Vis spectroscopic characterization revealed distinct optical fea-
tures for the samples, identifying specific absorbance peaks unique to each segment. Furthermore, biochemical analysis using
Benedict’s reagent confirmed the presence of reducing sugars, with head samples displaying the most intense coloration. These
findings underscore the importance of segment-specific analysis to gain deeper insights into the physiology and metabolism
of bees. The proposed methodology offers a novel and robust tool for physiological, metabolic, and ecotoxicological studies,

facilitating the assessment of environmental and contaminant impacts on pollinator health.

Introduction

The extracellular fluid in insects plays essential roles in
the transport of nutrients, hormones, and metabolites
(Chen et al. 2021; Strachecka et al. 2022; Elfar et al.
2023a; Tafi et al. 2024; Wang et al. 2021), as well as
in osmotic regulation (Nakamatsu and Tanaka 2004;
Cao et al. 2020; Holdbrook et al. 2024) and the re-
sponse to stress agents (Tauchman et al. 2007; Lubawy
and Slocinska 2020). In Apis mellifera bees, studying
this fluid is key to assessing their physiological and
metabolic state, especially under environmental stress
conditions and contaminant exposure (Brandt et al.
2016; Kim et al. 2022). However, existing methodolo-
gies for its extraction have significant limitations re-
garding volume control, reproducibility, and regional
resolution.

Traditional methods for fluid extraction in insects,
such as using hypodermic needles or glass capillaries,
focus on globally and uniformly extracting hemolymph
(Borsuk et al. 2017; Butolo et al. 2020). These ap-
proaches assume that the extracellular fluid is homoge-

neously distributed throughout the insect’s body, over-
looking physiological and metabolic differences among
body segments, such as the head, thorax, and ab-
domen. Previous studies have demonstrated that these
regions have specialized energy demands and func-
tions. For instance, the abdomen stores large quanti-
ties of liquid and energy reserves, whereas the tho-
rax, dominated by muscle tissue, exhibits highly active
metabolism to support flight (Blow and Douglas 2019;
Chang et al. 2023).

Recently, centrifugation-based methods have been
used as an alternative for efficient extracellular fluid
extraction in insects (Tabunoki et al. 2019; Niu et al.
2023). However, these approaches have not considered
the segmented extraction of body parts or systemat-
ically evaluated physical parameters such as angular
velocity, centrifugation time, and the number of in-
dividuals processed. The segmented extraction of
extracellular fluid by body regions is essential to obtain
detailed information on regional metabolic processes,
enabling more precise comparative analyses.

© The Author(s) 2025. Published by Oxford University Press on behalf of the Society for Integrative and Comparative Biology. This is an Open
Access article distributed under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0/), which
permits unrestricted reuse, distribution, and reproduction in any medium, provided the original work is properly cited.
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This study aimed to develop and optimize an effi-
cient method for the segmented extraction of extracel-
lular fluid in Apis mellifera bees using controlled cen-
trifugation. Additionally, the extracted samples were
optically characterized using UV-Vis spectroscopy to
detect optical absorbances (Schenk et al. 2015; Park
et al. 2017; Ushakova et al. 2019). Extractions were also
conducted to identify the presence of reducing sug-
ars using Benedict’s reagent, as previously performed
in studies with insects and food samples (Park et al.
2017; Ratanawimarnwong et al. 2022). The centrifu-
gation method provides control over the volume and
localization of the extracted fluid, offering a robust
tool for physiological (Bogaerts et al. 2009; Elfar et al.
2023a; Kannan et al. 2024; Li et al. 2024), metabolic
(Cournoyer et al. 2022; Chang et al. 2023; Wang et al.
2021), ecotoxicological (Paleolog et al. 2020; Migdatl
et al. 2021), and comparative studies in insects (Chan
et al. 2006; Elfar et al. 2023b).

Traditional hemolymph extraction techniques, such
as puncturing the cuticle with glass capillaries or
hypodermic needles, generally produce pooled fluid
from various tissues, limiting the resolution of region-
specific physiological information. The method pro-
posed here enables segment-specific sampling through
centrifugation, offering the possibility of detecting lo-
calized metabolic and physiological variations that
remain masked by conventional approaches (Borsuk
et al. 2017; Butolo et al. 2020). While previous
centrifugation-based strategies have demonstrated high
efficiency in extracting hemolymph in other insect
species, they have excluded both segmental separation
and systematic evaluation of physical variables such as
angular velocity, extraction time, and number of indi-
viduals processed (Tabunoki et al. 2019; Niu et al. 2023).

The current methodology incorporates moderate
centrifugal forces and low temperatures to preserve tis-
sue integrity and promote the recovery of extracellular
fluid. The design avoids the use of sonication, chemical
lysis, or mechanical disruption, which helps maintain
cell structure throughout the extraction process. The
analytical scope focused on optical and chromatic char-
acterization, and the segment-dependent consistency of
the results supports the interpretation that the recov-
ered fluid predominantly reflects extracellular compo-
sition. Additional considerations regarding fluid purity
and possible intracellular contributions are addressed
in the discussion.

Materials and methods
Experimental animals

The Africanized Apis mellifera bees used in this study
were collected from the apiary at the Universidad del
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Rosario (Bogotd, Colombia). Collection was conducted
during the early morning hours to minimize ther-
mal stress and ensure that the insects were in opti-
mal physiological condition (Abou-Shaara et al. 2012;
Butolo et al. 2021; Stupski and Schilder 2021). Bees were
manually captured using plastic containers (disposable
cups) with ventilation slots to allow respiration, as rec-
ommended in various protocols (Kohler et al. 2013;
Williams et al. 2013; Huang et al. 2014). Immediately
after collection, they were transported to the labora-
tory, where they were kept under controlled tempera-
ture conditions (35 % 3°C), constant relative humidity
(60 = 5%), and specific light wavelengths (730 nm) to
avoid stress caused by the presence of the experimenter
(Dexheimer et al. 2022; Somanathan 2024; Wang et al.
2022). The bees were fed ad libitum with a 1 M su-
crose solution (31.1% w/w) provided through feeders
(Fig. 1A).

In all experiments, the bees were euthanized by ex-
posure to a temperature of —30°C in a cooling unit
(Thermo Scientific Revco Freezer UGL3020A), where
they remained for 24 h. The bees were then prepared
for the experiments, (1) body mass measurement, (2)
extracellular fluid extraction, (3) UV-Vis spectroscopic
characterization, and (4) sugar detection. All activities
involving the use and handling of bees were carried out
in compliance with ethical standards for working with
bees ensuring conditions that minimized stress to the
individuals.

Experimental setup for extracellular fluid
extraction

The experimental setup for extracting extracellular
fluid was designed using common laboratory materials,
such as pipette tips and conical centrifuge tubes. The
pipette tips used were 1000 pL tips with a 0.2 um filter
(pore size), and the tubes had a capacity of 15 mL. The
narrow ends of the tips were cut, resulting in lengths of
L1=42.0+0.1 mmand L2 =62.0 & 0.1 mm. The filter
from L1 was removed and inserted into L2, and the final
tip (L) was obtained by nesting L1 into L2 (Fig. 1B). The
bees were dissected into 3 segments (head, thorax, and
abdomen), which were placed into the final tip (L), and
this system was then inserted into the centrifuge tubes.
Each segment was supplemented with 500 pL of dis-
tilled water to preserve the extracted extracellular fluid
and facilitate sample flow (Fig. 1C). Finally, the setup
was placed in a centrifuge (Thermo Scientific ST 16R;
rot: 75003181) programmed with a constant tempera-
ture (3°C), angular velocity (relative centrifugal force
[RCF]), and time (min).
The extraction of extracellular fluid was based on the
centrifugal force applied to the body segments:
F. = MRe?, (1)
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Fig. | Experimental setup for bee maintenance and extracellular fluid extraction. (A) Bees in containers with feeders. (B) Modified pipette tips.
(C) Dissection of insects and final assembly in conical tubes. (D) Model of the extraction process.

where M is the mass of the body segment, R represents
the effective centrifugation radius, and w is the angu-
lar velocity. The volume of extracellular fluid extracted
(Vext) was estimated considering the pressure differ-
ence generated during centrifugation, following the
equation:

2
Mt, (2)

nL

where k is the system’s proportionality constant, p is the

Vewr =

fluid density, corresponding to the mass of the extracted
fluid, 7 is the fluid’s viscosity, L is the effective length of
the filter, and ¢ is the centrifugation time (Fig. 1D).
These equations provide the theoretical foundation
for the extraction system. The centrifugal force formula
illustrates how differences in segment mass and angu-
lar velocity influence the mechanical stress applied dur-
ing centrifugation. The second expression outlines how
fluid extraction depends on pressure gradients, viscos-
ity, and filter geometry. Although no direct calculations
were performed using these equations, they serve to

conceptually support the design of the extraction setup
and the interpretation of experimental trends across
segments and conditions.

At the end of the centrifugation process, the tips were
carefully removed from the conical tubes, and the re-
covered extracellular fluid was transferred to Eppendorf
tubes for storage at —20°C. The samples obtained were
subsequently used for optical analysis through UV-Vis
spectroscopy and Benedict’s reagent tests.

Experiment 1: Distribution of body mass and water
content in Apis mellifera

The first experiment aimed to characterize the distri-
bution of body mass and water content in Apis mellif-
era, both at the whole-body level and within its main
body segments (head, thorax, and abdomen). This ex-
periment included 3 main evaluations, (1) body mass
distribution; (2) water content in the whole body;
and (3) water content in the body segments. These
evaluations sought to address questions related to the
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distribution of body mass, water content, and its alloca-
tion among body segments.

Body mass distribution

To determine the distribution of body mass, the total
mass of individual bees was measured by using an ana-
lytical balance with a precision of 0.1 mg. Subsequently,
each bee was dissected into its main body segments:
head, thorax, and abdomen. The mass of each segment
was recorded individually immediately after dissection
to prevent fluid loss due to evaporation. This data al-
lowed for the calculation of mass distribution within the
bee’s body, providing a detailed characterization of the
proportion of mass attributed to each segment.

Water content in the body of bees

The water content in the body was determined by mea-
suring the wet and dry mass. Initially, the mass of each
bee was measured immediately after capture, referred
to as the wet mass (Wet). Subsequently, the insects were
dried in an oven at 70°C for 3 days to remove all body
water. At the end of this process, the dry mass (Dry) was
measured. The body water content (Water) was calcu-
lated as the difference between the wet and dry mass
(Water = Wet — Dry). Additionally, a linear regression
analysis was performed between Water and Wet to de-
velop a model describing the relationship between wa-
ter content and total body mass. The slope of the model
was used as the body water mass factor.

Water content in body segments

The bees were dissected into their main body segments
(head, thorax, and abdomen) to evaluate the water con-
tent in each segment. The previously described protocol
for measuring wet and dry mass was applied to each seg-
ment. The data obtained provided a precise reference
for the distribution of water among the body segments,
offering essential information for interpreting the re-
sults of extracellular fluid extraction.

Experiment 2: Extracellular fluid extraction from
body segments using centrifugation

The extraction of extracellular fluid in Apis mellifera
was conducted using centrifugation methods for each
body segment. The experiment was designed to evalu-
ate the variables of angular velocity, centrifugation time,
and the number of insects. These evaluations aimed to
address questions regarding the amount of extracellu-
lar fluid that could be obtained with this method and
how centrifugation variables influence the extraction
process.

The extraction process was evaluated using 3
variables: angular speed (Speed), centrifugation time
(Time), and the number of bees (#Bees). The in-

J. Hernandez et al.

dependent variables were tested at 5 levels: Speed
(RCF) = 400,1000, 1600,2200, 2900; Time (min) = 2,
4,6, 8, 10; #Bees = 2, 4, 6, 8, 10. The extraction process
was designed to vary one of the 3 variables at a time
while keeping the other two constant. The final evalu-
ation of all variable changes was designed to converge
at the following values: Speed = 2900 RCF; Time = 10
min; #Bees = 10 bees. The quantification of the ex-
tracted extracellular fluid was performed by measuring
the mass of the samples using a precision balance (Rad-
wag AS 220.R2) before and after centrifugation. The ex-
tracted mass was determined by the difference between
the two measurements, with 5 repetitions conducted for
each evaluation.

For each condition, segments from multiple bees (2,
4, 6, 8, or 10) were pooled and centrifuged together as
a single sample. The mass of extracted fluid was cal-
culated as the difference between the total mass of the
container system before and after centrifugation, al-
lowing quantification of the fluid derived exclusively
from the insect tissue. Although 500 pL of distilled wa-
ter was added before centrifugation to preserve fluidity
and minimize sample loss, this added water was not in-
cluded in the extracted mass, as it remained in the upper
portion of the container and did not interfere with the
measurement of the recovered fluid.

Experiment 3: UV-Vis spectroscopic
characterization
of extracellular fluid from body segments

The characterization was performed on the extracel-
lular fluid extracted from the body segments of bees,
which were processed through centrifugation at 2000
RCF for 4 min; this process was repeated 10 times. The
fluid samples were analyzed using UV-Vis spectroscopy
to explore differences among the samples.

The experiment was designed to evaluate the ab-
sorbance of the segments (head, thorax, and abdomen)
across a wavelength interval of 200-590 nm, utilizing
a small-sample spectrophotometer (Thermo Scientific
NanoDrop 2000). This experiment aimed to address
questions related to the optical absorbance of extra-
cellular fluid based on body segments, as well as to
investigate differences among the segment-derived
samples.

Experiment 4: Sugar test for extracellular fluid
using Benedict’s reagent

The reduced sugar test was conducted on extracel-
lular fluid samples extracted using the centrifugation
method (Bees = 5; w = 2000 RCF; t = 4 min); the
extractions were repeated 16 times. In test tubes, ex-
tracellular fluid samples (0.5 mL) were mixed with
Benedict’s reagent (30 mL). The tubes were placed in a
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Extraction and optical analysis of the extracellular fluid

beaker containing 300 mL of boiling water for 10 min.
After removing the boiling water, the samples were al-
lowed to cool to room temperature for 20 min, after
which photographs of the samples were taken. Six sam-
ples of Benedict’s reagent served as the control.

All photographs were taken under standardized con-
ditions to ensure consistency in red, green, and blue
(RGB) analysis. Samples were placed on a white matte
background and illuminated with uniform white LED
lighting (6000 K). Images were captured using a Xiaomi
12 Pro smartphone, mounted on a fixed support 20 cm
above the samples. The same shooting mode, focus, and
exposure settings were used for all photographs. No fil-
ters or digital enhancements were applied. RGB val-
ues were extracted using Fiji (Image]) under identical
image-processing conditions for all samples.

The evaluation of the color changes in the mix-
tures was performed using Fiji (Image]) software, which
quantified the RGB color components in the pho-
tographs. The experiment aimed to address questions
regarding the presence of reducing sugars in the sam-
ples and potential variations in coloration depend-
ing on the body segment from which the fluid was
extracted.

Results

Experiment 1: Distribution of body mass and water
content in Apis mellifera

Body mass distribution

A total of 124 bees were analyzed to determine the dis-
tribution of body mass across the whole body and its
main segments (head, thorax, and abdomen). The av-
erage total body mass was 102.07 £ 7.30 mg. Among
the body segments, the abdomen contributed the most
to the total body mass, with an average of 55.23 £ 4.53
mg, followed by the thorax (32.76 & 2.93 mg) and the
head (8.71 £ 1.03 mg). These results indicate that the
abdomen accounts for more than half of the total body
mass of Apis mellifera, while the head contributes less
than 10%. The body mass distribution provides a clear
reference for analyses related to extracellular fluid ex-
traction (Fig. 2A).

Water content in the body of bees

The estimation of body water content was performed
on 120 bees by measuring their wet mass and dry mass.
The average wet mass was 101.92 & 6.07 mg, while the
average dry mass was 20.26 & 3.54 mg. Based on these
measurements, the body water content (Water) was cal-
culated as the difference between wet and dry mass, re-
sulting in an average of 81.66 £ 6.30 mg. Furthermore,
a linear regression analysis between Water and Wet re-
vealed a significant slope (k, = 0.87 & 0.05; R*> = 0.7;

P < 0.001), indicating that 87% of the wet mass corre-
sponds to water content (Fig. 2B). These findings em-
phasize that most of the body mass in bees is composed
of water, a critical factor for extracellular fluid extrac-
tion analyses.

Water content in body segments

The analysis of water content in body segments (head,
thorax, and abdomen) was conducted on a total of 131
bees. The results indicated that the abdomen contains
the highest water content, with an average of 50.1 &= 3.6
mg, followed by the thorax (25.4 & 1.6 mg) and the head
(6.6 == 1.5 mg). The wet and dry masses of each segment
were also measured, providing a detailed reference for
relative proportions.

Regression analysis revealed a significant relation-
ship between Water and Wet for all segments, with
slopes of kg = 0.76 + 0.03 (R>=0.81) for the head,
kr= 0.80 £ 0.03 (R*=0.88) for the thorax, and
ky= 0.86 £ 0.03 (R*=0.86) for the abdomen. These
results demonstrate that water content relative to
wet mass varies slightly between segments, with the
abdomen showing the highest percentage of water
(Fig. 2C, D, and E); this distribution is crucial for in-
terpreting extracellular fluid extraction patterns in each
body segment.

Experiment 2: Extracellular fluid extraction from
body segments using centrifugation

Fluid mass extracted from the head segment

To calculate the percentage of extracted fluid, we mea-
sured the total mass of the collection system (segment
plus container) before and after centrifugation, sub-
tracting the prerecorded mass of the empty container.
The percentage of fluid recovered was then determined
as (final mass/initial mass) x 100. This approach pro-
vided a relative measure of extraction efficiency for each
condition tested.

Segmental reference masses and water content val-
ues from Experiment 1 were used to interpret these
percentages and contextualize extraction dynamics. Al-
though we referred to “proportional extraction” to in-
dicate that fluid recovery increased with centrifugation
time, force, or number of bees, the trends were not
strictly linear. Instead, extraction curves showed posi-
tive but saturating behaviors, consistent with physical
limitations on fluid displacement under centrifugation.

Fluid mass extracted from the head segment

The independent variables (#Bees, Speed, and Time)
significantly influenced the extraction of extracellular
fluid from the head segment (F,,;,=7.31, P < 0.001;
n°=0.169). However, under the maximum variable
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Fig. 2 Distribution of body mass and water content in Apis mellifera. (A) Body mass distribution. (B) Whole-body water content, showing the
relationship between wet mass and dry mass. (C, D, E) Water content distribution across body segments.

conditions, the differences were not significant
(F,,1,=1.58, P = 0.25). Increases in the number of
bees (Speed = 2900RCF; Time = 10 min) led to pro-
gressive increases in fluid recovery, with the percentage
of initial to final measurements exceeding 80% (me-
dian, IQR [Low; High] %): 89.9, IQR [84.1; 90.6].
Variations in Speed (#Bees = 10; Time = 10 min)
showed a trend of increasing extraction that stabilized
at higher speeds, with percentages above 56% (me-
dian %, IQR [Low; High] %): 59.9, IQR [56.8; 64.0].
Finally, changes in Time (Bees = 10; Speed = 2900
RCF) resulted in increased recovery during the first
intervals, followed by a plateau, with percentages ex-
ceeding 51% (median %, IQR [Low; High] %): 52.7,
IQR [51.7; 53.5] (Fig. 3A). These results were inter-
preted in light of the segmental mass and water content
data obtained in Experiment 1, which provided a ref-
erence for estimating the expected amount of fluid per
segment.

Fluid mass extracted from the thorax segment

The independent variables (#Bees, Speed, and Time)
significantly influenced the extraction of extracel-
lular fluid from the thorax segment (F,,7,=5.61;
P < 0.001; n°=0.135). However, under the maximum
variable conditions, the differences were not significant
(F,,12,=0.81; P = 0.47). Increases in the number of bees
(Speed =2900 RCF; Time = 10 min) produced progres-
sively higher extraction values with a trend toward sat-
uration, with the percentage of initial to final measure-
ments exceeding 84% (median, IQR [Low; High] %):
87.7,IQR [84.1; 91.3]. Variations in Speed (#Bees = 10;
Time = 10 min) yielded consistently elevated values,
with percentages above 63% (median %, IQR [Low;
High] %): 64.0, IQR [63.6; 64.2]. Finally, changes in
Time (#Bees = 10; Speed = 2900 RCF) showed in-
creased recovery during the first intervals, followed by
a plateau, with percentages exceeding 44% (median %,
IQR [Low; High] %): 46.9, IQR [44.8; 47.6] (Fig. 3B).

G20z AINf 91 U Jasn oLesoy [op pepIsiaAN JoAey 0168100 Aq G108ZL8/810KeqO0/L/./BI0NE/qOl/W0d"dNO"D1WSPED.//:SA]Y WOl PAPEOJUMOC



Extraction and optical analysis of the extracellular fluid

(A)
Head
401 F212=0.55; p=0.59
: 3
30+
E .
E
W /i
@ 20 Median [Low; Highl %
= /  i527[51.7;53.5)<
159.9 [56.8; 64.0] <
/ :
104/ i
‘ 189.9[84.1;90.6] -
1 2 3 4 5
Variable value
C
(©) Abdomen
F212=0.14; p=0.87
400 §
dian (Low; High] %
3001 4 | 28.2/[25.5;28.6] <
298[29.1;341] bl
j/__;:- 2
200 V4
f'f
1004 /
{ | 85.0[81.8;86.3] <
1 2 3 4 5
Variable value

(B)
Thorax
F212=1.37; p=0.29
200 5 <
150 -

Median [Low; High] %
/| 46.9[44.8,47.6] <
/64006366421 <

100 1

501.46 ‘
 87.7(84.1;913] <
ol——
1 2 3 4 5
Variable value
N=650

Variable values
—— #Bees
2,4,6,8,10
w=2900 RCF; t=10 min
= Speed (RCF)
400, 1000, 1600, 2200, 2900
#Bees=10; t=10 min
=== Time (min)
2,4,6,8,10
#Bees=10; w=2900 RCF

Fig. 3 Effect of independent variables on the extraction of extracellular fluid in Apis mellifera. (A) Volume of extracellular fluid extracted from
the head segment. (B) Volume extracted from the thorax segment. (C) Volume extracted from the abdomen segment.

Fluid mass extracted from the abdomen segment

The independent variables (#Bees, Speed, and Time)
significantly influenced the extraction of extracellu-
lar fluid from the abdomen segment (F,;;,=19.550;
P < 0.0001; n*=0.352). However, under the maximum
variable conditions, the differences were not signifi-
cant (F,;,=1.45; P = 0.27). Increases in the num-
ber of bees (Speed = 2900 RCF; Time = 10 min) led
to a strong increase in fluid recovery, with the per-
centage of initial to final measurements exceeding 81%
(median, IQR [Low; High] %): 85.0, IQR [81.8; 86.3].

Variations in Speed (#Bees = 10; Time = 10 min) re-
sulted in nonlinear recovery trends, with the highest
yields at lower speeds, and the percentage of initial to
final measurements exceeding 25% (median %, IQR
[Low; High] %): 28.2, IQR [25.5; 28.6]. Finally, changes
in Time (#Bees = 10; Speed = 2900 RCF) mirrored the
speed condition trend, with percentages exceeding 29%
(median %, IQR [Low; High] %): 29.8, IQR [29.1; 34.1]
(Fig. 3C). As with the other segments, interpretation
was supported by segmental mass data obtained from
Experiment 1.
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Under optimized conditions (2900 RCF, 10 min, 10
bees), the average fluid mass extracted per segment
was approximately 1.3 mg for the head, 3.2 mg for the
thorax, and 7.5 mg for the abdomen. Assuming a fluid
density close to that of water (1 g/mL), these values cor-
respond to volumes of approximately 1.3 pL, 3.2 pL,
and 7.5 pL, respectively, for each 10-bee sample. On
a per-bee basis, this represents an average recovery of
~0.13 uL for the head, ~0.32 pL for the thorax, and
~0.75 pL for the abdomen.

Experiment 3: UV-Vis spectroscopic
characterization of extracellular fluid from body
segments

The absorbance of the extracellular fluid showed maxi-
mum values between 220 and 260 nm, which were high-
est for the abdomen, intermediate for the thorax, and
lowest for the head (Abs = mean 4 SD): 0.189 4 0.002
(Head); 0.540 + 0.042 (Thorax); 1.671 =+ 0.032
(Abdomen). These results indicate that absorbance val-
ues depend on the body segment. Relative to the ab-
domen, the absorbance percentage for the thorax and
head was below 32% (mean & SD %): 32.3 4 2.6 (Tho-
rax/Abdomen); 11.3 & 0.3 (Head/Abdomen); this sug-
gests that absorbance varied according to the amount
of extracellular fluid extracted, with the abdomen hav-
ing the highest values, the thorax intermediate, and the
head the lowest (Fig. 4A).

Normalized absorbance trends showed significant
differences (F.114n = 28.71, P < 0.0001) across
the 210-590 nm wavelength range. Significant dif-
ferences (P < 0.001) were also observed between
pairs of segments (Diff; CI [low; high]): —0.092;
CI [—0.144, —0.041] (Abdomen-Head); —0.167; CI
[—0.219, —0.115] (Abdomen-Thorax); —0.075; CI
[—0.126, —0.023] (Head-Thorax) (Fig. 4B). The wave-
lengths corresponding to the maximum normalized
absorbance values occurred in different regions of
the spectrum depending on the body segment: 224
nm (Head); 248 nm (Abdomen); 255 nm (Thorax)
(Fig. 4C). Additionally, despite significant differences
between the segments, the 348 nm wavelength defined
3 local maxima within the 340-370 nm range (Fig. 4D).
These findings demonstrate that the extracellular fluid
varies according to the body segment it originates from;
however, some regions of the spectrum exhibit similar-
ities.

Experiment 4: Sugar test for extracellular fluid
using Benedict’s reagent

The RGB colors exhibited by the samples demonstrated
the presence of traces of reducing sugars, as the col-
oration deviated from the blue of the reagent. Samples
from the segments reacted with the reagent, displaying
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Fig. 4 Optical spectroscopy curves for extracellular fluid samples by
body segment. (A) Absorbance curves for the head, thorax, and ab-
domen segments. The curve maxima are in the 220-260 nm range.
The absorbance values for the head and thorax are below the curve
of the abdomen, with percentages of |1.3% and 32.3%, respec-
tively. (B) Normalized absorbance curves for the body segments.
(C) Wavelengths defining the maximum of normalized absorbance.
(D) Wavelength defining local maxima of normalized absorbance in
the 340-370 nm range.

reddish coloration (mean & SD) [mode]: 193.8 &+ 18.2
[180] (Head); 156.9 & 20.4 [162] (Thorax); 157.0 & 23.5
[149] (Abdomen). Samples from the thorax and ab-
domen were characterized by low levels of green col-
oration compared to the head (mean £ SD) [mode]:
75.0 & 37.3 [50] (Thorax); 75.1 = 43.8 [44] (Abdomen);
158.0 £ 23.1 [154] (Head). The blue levels for all seg-
ments were the lowest (mean == SD) [mode]: 65.0 = 45.5
[45] (Head); 13.7 % 34.6 [0] (Thorax); 17.9 %+ 50.5 [0]
(Abdomen) (Fig. 5A).

The coloration of the samples showed significant
differences (P < 0.0001), indicating that the charac-
teristics of the extracellular fluid depend on the body
segment (F3;13774 = 472.5). Each RGB component
exhibited significant differences (P < 0.0001) across all
samples: F3.5,6,=788.3 (Blue); F;.5,,33=707.6 (Green);
F5,3668=724.4 (Red). However, the green coloration
for head samples showed no significant differences
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Fig. 5 Coloration of body segment samples mixed with Benedict’s reagent for sugar detection. (A) Distribution of sample coloration in RGB
(0-255). (B) Average combination of RGB colors to produce the coloration of the samples with the reagent.

compared to Benedict’s reagent (Diff; CI [Low; High];
P):=—1.38; CI[—7.01;4.31]; 0.925. On the other hand,
although the thorax and abdomen samples appeared vi-
sually similar, their defining RGB components showed
significant differences (Fig. 5B). These results demon-
strate that the coloration of the samples depended on
the body segment from which they were extracted.

Discussion

This study developed and validated a methodology
based on segmented centrifugation for the extraction
of extracellular fluid in Apis mellifera bees. The results
demonstrated that the technique allows for the recovery
of significant and reproducible volumes of extracellular
fluid, highlighting important differences among body
segments (head, thorax, and abdomen). The proposed
methodology constitutes a robust and innovative tool
for physiological, metabolic, and ecotoxicological stud-
ies in insects, addressing the limitations of traditional
hemolymph extraction methods.

Importance and relevance of the methodology

The implementation of the dual-filter system and the
optimization of centrifugation variables allowed for the
standardization of extracellular fluid extraction. Unlike
conventional methods that often rely on hypodermic
needles or glass capillaries (Borsuk et al. 2017; Butolo
et al. 2020), this technique ensures cleaner sample han-

dling, reduces the risk of tissue contamination, and
facilitates the simultaneous processing of multiple in-
dividuals. Moreover, the use of modified pipette tips
ensures efficient retention of body segments, enabling
rapid and controlled separation of extracellular fluid.

The results showed that the abdomen releases larger
volumes of extracellular fluid, consistent with its role
as the main region for hemolymph storage (Blow and
Douglas 2019). In contrast, the head and thorax exhib-
ited lower volumes, likely due to dense tissue compo-
sition and a relatively smaller amount of extracellular
fluid; these findings underscore the necessity of analyz-
ing each segment separately, as global methods may ob-
scure critical physiological differences.

These segmental fluid volumes are comparable to
or greater than those obtained through traditional
hemolymph collection methods, which typically yield
1-5 pL per bee using glass capillaries or hypodermic
needles (Borsuk et al. 2017; Butolo et al. 2020). In
contrast, our centrifugation-based approach enables si-
multaneous extraction from multiple individuals while
providing segment-specific resolution and minimizing
tissue damage or contamination.

Another consideration relates to the possible con-
tamination of abdominal fluid with gastrointestinal
contents. Although the dissection was performed
without direct manipulation of the digestive tract,
the anatomical proximity of digestive tissues in the
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abdomen may lead to the presence of nonhemolymph
components in the extracted fluid. In this study, we use
the term “extracellular fluid” in an operational sense,
referring to the liquid recovered by passive centrifu-
gation from intact body segments, without asserting
biochemical exclusivity. Future versions of this method
may include improved segmental dissection, targeted
exclusion of digestive tissues, or biochemical markers to
verify fluid origin.

Practical applications

The methodology presented has direct applications in
ecotoxicology, enabling the evaluation of contaminants,
such as neonicotinoids (Brandt et al. 2016; Williamson
et al. 2014; Tosi et al. 2017; Odemer et al. 2023) differ-
entially affect the body regions of bees. Previous stud-
ies have shown that the accumulation of pesticides and
their metabolic impact are not homogeneous in insects
(Gonzalez et al. 2022). The segmented extraction of ex-
tracellular fluid proposed here provides a more precise
approach to identifying patterns of accumulation and
regional physiological effects.

Additionally, the optical characterization via UV-Vis
spectroscopy demonstrates its utility as a noninvasive
method for detecting biochemical differences in extra-
cellular fluid. The presence of specific absorbance max-
ima in each segment suggests variability in the concen-
tration of proteins and other metabolites (Chen et al.
2021; Chang et al. 2023; Wang et al. 2021), which could
serve as biomarkers of physiological stress in response
to environmental factors (Chang et al. 2023).

The absorbance spectra obtained from each segment
suggest qualitative and quantitative differences in the
composition of the extracellular fluid. The higher ab-
sorbance values observed in the abdominal samples
may reflect a greater concentration of solutes, such as
proteins, metabolic byproducts, or nitrogenous waste,
which are more likely to accumulate in the storage and
excretory regions of the insect. In contrast, the tho-
racic and head segments—dominated by muscle and
neural tissue, respectively—may contain lower solute
concentrations and different biochemical profiles. The
segment-specific spectral peaks and differences in over-
all absorbance intensities support the presence of lo-
calized biochemical variation, which could be explored
in future studies using targeted molecular or proteomic
analyses.

This study also introduces a quantitative methodol-
ogy for analyzing color changes in Benedict’s reagent
tests, a technique traditionally limited to qualitative as-
sessments. The use of Fiji (Image]) software (Schindelin
et al. 2012) enabled the extraction of RGB values from
digital images, allowing for precise quantification of
color differences among samples. This approach re-
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vealed that while thorax and abdomen samples ap-
peared visually similar, significant differences were
observed in their chromatic component values; this
methodology not only enhances the sensitivity of the
test, but also provides a reproducible and objective anal-
ysis, which is valuable for biochemical studies requiring
the evaluation of subtle variations in sugar concentra-
tions or other metabolic compounds.

The differences in coloration observed in the Bene-
dict’s reagent test likely reflect variations in the presence
and concentration of reducing sugars among body seg-
ments. The more intense reddish hues in the head sam-
ples suggest a higher content of glucose or other reac-
tive sugars, possibly related to neural tissue metabolism
or localized storage. Thorax and abdomen samples dis-
played lower intensities, which may correspond to re-
duced sugar content or the presence of less reactive
compounds. While this experiment did not determine
the exact identity of the sugars involved, the RGB quan-
tification supports segment-specific biochemical varia-
tion. Future work could integrate chromatographic or
enzymatic techniques to more precisely characterize the
carbohydrate profile of each segment.

The quantification of colors using digital tools rep-
resents a methodological advancement that can be ap-
plied to other traditional colorimetric tests, enabling the
detection of subtle differences that might be overlooked
in purely visual analyses. This precision is particularly
relevant in comparative physiology studies and ecotox-
icological research, where small changes in metabolites
could be linked to environmental stress factors.

Study limitations

Despite its advantages, the technique has certain limi-
tations. The use of distilled water as a flow-facilitating
agent may dilute specific metabolites present in the ex-
tracellular fluid, which should be considered when in-
terpreting biochemical results. Additionally, the small
size of samples obtained from smaller segments, such
as the head, can pose challenges for studies requiring
larger sample volumes.

Another consideration relates to the use of a fixed
number of bees rather than a standardized segment
mass during centrifugation. To address this, Experi-
ment 1 provided a detailed characterization of body seg-
ment mass and water content, establishing a solid refer-
ence framework. This dataset enabled estimation of the
mass applied in each extraction procedure, allowing for
the inference of centrifugal forces applied to each seg-
ment type (see Fig. 2). By incorporating this informa-
tion into the design and interpretation of Experiments
2-4, we ensured that differences in mechanical forces
across segments were taken into account, thereby rein-
forcing the validity of comparative analyses.
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In Experiments 3 and 4, the segment-specific sam-
ples were obtained using a fixed number of bees, as in
previous steps. Although this approach introduced vari-
ations in total segment mass and, consequently, in the
absolute centrifugal force, Experiment 1 provided ref-
erence values for segment masses and water content,
which allowed contextual interpretation of the results.

In the case of UV-Vis spectroscopy, the absorbance
values are indeed influenced by the concentration of so-
lutes, which in turn can be affected by the volume of
fluid extracted. We acknowledge that differences in seg-
ment mass and fluid yield may have contributed to the
intensity of absorbance peaks. However, the segment-
specific absorbance patterns, such as the position of
maxima and the relative spectral profiles, reflect com-
positional differences that are independent of total fluid
volume.

Similarly, RGB analysis from Benedict’s reagent re-
actions focused on relative chromatic patterns rather
than absolute color intensity. The consistency of these
patterns across replicates supports their physiological
relevance. Overall, the use of moderate centrifugation
(2000 RCF for 4 min) and standardized imaging con-
ditions helped minimize technical variability, allowing
us to compare segmental biochemical signatures with
confidence.

Future perspectives

The findings of this study contribute to future research
focusing on the molecular composition of segmented
extracellular fluid using advanced techniques such as
mass spectrometry or liquid chromatography. Addi-
tionally, the relationship between the composition of
extracellular fluid and the physiological performance of
bees under stress conditions, such as exposure to con-
taminants or environmental changes, represents a pri-
ority area of interest.

Finally, the proposed approach could be adapted
to other animal models, enabling comparisons across
different insect species and their responses to specific
environmental factors; this regional analysis capability
provides a powerful tool for studies in comparative
physiology and pollinator conservation.

Conclusion

This study developed and validated an efficient and
reproducible methodology for the segmented extrac-
tion of extracellular fluid in Apis mellifera bees by using
controlled centrifugation. The results demonstrated
significant differences in the volume of fluid recovered,
its optical properties, and the presence of reducing
sugars among body segments, with the abdomen being
the region with the highest extraction capacity. The
spectroscopic and biochemical characterization of the

samples highlighted the importance of analyzing each
segment independently to obtain more precise infor-
mation about the physiology and metabolism of bees.

This methodology represents a robust tool for phys-
iological, metabolic, and ecotoxicological studies, with
applications in assessing environmental impacts and
pollinator health. In the future, optimizing the method
and integrating it with advanced analytical techniques
will allow for a deeper exploration of the molecular
composition of extracellular fluid and its relationship
with environmental and stress-related factors.
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