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ARTICLE INFO ABSTRACT

Keywords: Allergen-specific immunoglobulin E (IgE) is a gold marker for the diagnosis of food allergy. The existing
Food allergy traditional diagnostic methods not only require blood collection and separation by professionals, but also are not
Ovalbumin

friendly to pain-sensitive patients such as infants. Skin interstitial fluid (ISF) is highly similar to serum com-
ponents, but its clinical value in the diagnosis of food allergy as an excellent sample for in situ painless detection
is still unclear. To address the above issues, gel microneedles, functionalized paper-based modification and
microfluidic technology were used to create an ISF integrated collection and detection device (ISF-ICD) for
mouse ovalbumin (OVA)-sIgE. With the classical OVA-allergy model mice, the effects of ISF-ICD and traditional
blistering method on collecting ISF were compared and analyzed, and the detection accuracy was compared with
the traditional serum ELISA test results to further explore the relationship between ISF and serum OVA-sIgE
content and changes. The results showed that the minimum detection limit of OVA-sIgE in ISF detected by the
ISF-ICD was 0.064 ng/mL. The content of OVA-sIgE in ISF of OVA-allergic mice measured by ISF-ICD was similar
to blister method. At 30 min after challenge, the OVA-sIgE content in ISF of OVA-allergic mice measured by
different collection methods were 77.49 + 9.11 ng/mL (ISF-ICD method) and 89.82 + 11.26 ng/mL (blister
method), respectively, which was about 1/15 of the serum OVA-sIgE content (1551.33 + 30.51 ng/mL)
measured by ELISA. In summary, the ISF-ICD has great significance to realize the screening and diagnosis of
painless allergens for the prevention and treatment of food allergy.

Specific IgE
Interstitial skin fluid
Microneedle
Painless detection

1. Introduction

Food allergy is a major public health issue globally, affecting about 8
% of children and 10 % of adults (Sampath et al., 2021). Food allergy has
a negative impact on the lives of patients with allergy and their families,
and there is no curative treatment (Gupta et al., 2018). At present, the
most effective clinical treatment for food allergy is to avoid allergens, or
timely drug intervention in the early stage of allergy to achieve the
purpose of relieving allergic symptoms and relieving pain for patients
(Dantzer and Kim, 2024). Therefore, it is very important for the
screening of allergens and the monitoring of early markers of allergic
reactions in patients with food allergy. It also has great clinical

significance for the rescue and symptomatic treatment of patients with
food allergy.

Both new tests (eg, the basophil activation test) and improved opti-
mization of information provided by existing tests (eg, the skin prick test
and measurement of serum specific immunoglobulin E (sIgE) level) can
contribute to improving the accuracy of food allergy diagnosis (Bartha
et al., 2024). However, Fragile veins not only increase the difficulty of
blood collection, but also require qualified professional medical
personnel to operate. Blood collection is usually invasive, which can
easily lead to wound infection and cause certain physiological damage
and psychological shadow to pain-sensitive people, such as infants (Wei
et al., 2024). Although the skin prick test does not need to collect blood,
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the allergen needs to enter the subcutaneous tissue directly with the help
of a pricking needle, and skin symptoms caused by allergies will occur at
the pricking site, which may lead to serious allergic reactions, it usually
needs to be observed by qualified medical institutions and authoritative
medical personnel (Sicherer and Sampson, 2018). Therefore, it is of
great practical significance to find a sensing mechanism of allergic
markers that can replace serological detection.

In disease diagnosis and detection, interstitial fluid (ISF) is regarded
as a substitute for blood (Li et al., 2024). Since the skin is relatively easy
to access and contains a large amount of ISF, ISF plays an important role
in the diagnosis of medical diseases, especially in the diagnosis of dis-
eases with skin symptoms (Friedel et al., 2023). Studies have shown that
the protein concentration in ISF is conserved relative to serum, and
almost all proteins present in serum can be detected in ISF. ISF can be
collected from the skin through blisters. This method requires the skin to
be absorbed for at least 30 min to obtain blisters full of ISF (Lundberg
et al., 2013). Time-consuming, high risk, and the need for medical
expertise and professional equipment limit the use of ISF in the field of
disease diagnosis. With the continuous development of science and
technology, the microneedle (MN) collecting ISF is considered to be a
promising ISF extraction method (Eltayib et al., 2016; Kolluru et al.,
2019; Min et al., 2021). The length of the MN is usually less than 1 mm,
and the tip is much sharper than the subcutaneous injection needle. Such
a geometric design allows the MN to effectively penetrate the stratum
corneum and form microscale ISF extraction channels without touching
blood vessels, nerve fibers, or skin or dermal endings (Zhu et al., 2020).
Due to its small size and short penetration depth, MNs are endowed with
painless, simple and minimally invasive ability to collect skin ISF. Many
studies have reported that MNs can collect ISF painlessly and show great
advantages in the field of disease diagnosis (Li et al., 2022; Takeuchi
et al., 2022). As reported, during the skin prick test, allergens are
transmitted subcutaneously using a prick needle and bind to sIgE on the
surface of subcutaneous mast cells, causing mast cells to degranulate.
Then, allergic symptoms appear at the prick site to determine the spe-
cific allergen involved in the patient (Boyd and Santos, 2025; Foong
et al., 2021; Popov et al., 2020). However, whether there is sIgE in ISF,
the concentration relationship between sIgE in ISF and sIgE in serum,
and whether sIgE in ISF has clinical significance in the field of food al-
lergy diagnosis have not been clearly reported.

In this study, ovalbumin (OVA)-induced food allergy was used as a
model system. The classic OVA food allergy mouse model was estab-
lished, and a self-designed integrated microfluidic chip for ISF collection
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and detection, combined with a negative pressure valve switch, was
employed to achieve segmented control of the entire process. It is named
interstitial fluid integrated collection and detection device (ISF-ICD).
This approach aims to enable the quantitative detection of OVA-sIgE
levels in mouse ISF. The results obtained from the chip-based detec-
tion method were compared with those from the conventional serum
ELISA assay. This comparison elucidated the relationship between the
concentration and dynamic changes of sIgE in mouse ISF and serum,
providing a theoretical foundation and data support for the development
of a painless, real-time detection method for allergen sIgE in ISF.

2. Experimental section

The details demonstrate in the supplementary material.
3. Results and discussions
3.1. Preliminary validation of OVA-sIgE in mouse ISF

The clinical use of allergen skin patch test is to cause local allergic
reaction of the patient’s skin through specific allergen preparations, and
to determine whether the patient is allergic to the allergen through
allergic symptoms. This indicates that the ISF of allergic patients is likely
to contain sIgE. Thus, as shown in Fig. 1A, the mouse OVA-sIgE was
injected into the tail vein of normal mice. Four hours later, the ISF of the
mice was collected by blister aspiration through the blistering tool
(Fig. 1B and C), and the whole blood was collected from the posterior
plexus of the mice and the serum was separated. The content of OVA-
sIgE in serum and ISF was determined using a commercial ELISA kit.
The standard working curve is shown in Fig. 1D. The ELISA results in
serum and ISF were shown in Fig. 1E. The concentration of OVA-sIgE in
mouse serum was 1892.52 + 96.48 ng/mL, while the concentration of
OVA-sIgE in ISF was 139.87 + 9.01 ng/mL.

This result indicates that IgE is really present in ISF and derived from
serum. Our results were similar to the results obtained by Maria T.
Arévalo et al. using shotgun quantitative proteomics, which proved the
presence of IgE in ISF (Tran et al., 2018). Notably, the IgE concentration
in interstitial fluid (ISF) was significantly lower than that in serum (p <
0.05). This observed discrepancy became the focus of subsequent
mechanistic investigations.
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Fig. 1. (A) Schematic diagram of establishing a simple animal model using the tail vein standard addition method. (B) The tool for pumping blisters used in blistering
method. (C) The actual effect of suction blisters on the skin surface of mice. (D) Standard working curve of commercial mouse OVA-sIgE ELISA kits. (E) Comparison
of OVA-sIgE content in serum and ISF of mice injected with standard substances through tail vein (n = 5).
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3.2. Fabrication and morphological characterization of GelMA MNs

Subsequently, we began to prepare MNs for non-invasive collection
of ISF. The design scheme of MN and the specifications of the die are
shown in Fig. 2A-B. The cross-linking of Gelatin and MA was proved by
NMR spectroscopy (Fig. S1A-B). The ninhydrin colorimetric method
proved that GelMA with an amino substitution degree of 69.5 % was
successfully prepared (Fig. S1C), this is similar to the results of Zhu et al.,
(2020). The physical image of the PMMA microneedle mold manufac-
tured by the laser engraving machine is shown in Fig. 2C, and the
observation results under the optical microscope are shown in Fig. 2D-E.
The prepared microneedles are shown in Fig. 2F, and the results
observed under an optical microscope are shown in Fig. 2G-H. The
microstructure of the microneedles was further characterized by scan-
ning electron microscopy. It was observed that the microneedles were
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inverted conical shape, with smooth surface, uniform size, neat array
distribution, and tip length of about 600 pm and tip diameter of about
10 pm (Fig. 2I-K).

3.3. Optimization and performance characterization of GelMA MNs

In order to make GelMA have good hygroscopicity and mechanical
strength in the process of skin puncture to collect ISF, we optimized
GelMA concentration and Crosslinking time. As shown in Fig. 3A-B, the
moisture absorption rate of GelMA MN decreased with the increase of
GelMA concentration in same time, and it was 225.79 %-79.73 % in the
range of 15 %-35 % concentration. This is because after photo cross-
linking, the low concentration of MN has loose internal molecules and
weak structural strength, which is conducive to the entry of water
molecules, while the high concentration of MN has tight internal

B -

20 mm
8 mm

Fig. 2. (A) The schematic diagram of microneedle preparation steps. (B) Laser engraving design of microneedle mold. Mold physical map (C) and microscopic
observation results under different magnifications (D, E). Microneedle physical map (F) and microscopic observation results at different magnifications (G, H).

Scanning electron microscopy of microneedles at different magnifications (I-K).
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Fig. 3. Characterization of various Microneedle. The swelling rate (A) and stress-strain curve (B) of microneedles with different GelMA concentrations (n = 5). The
swelling rate (C) and stress-strain curve (D) of microneedles under different crosslinking time (n = 5). (E) H&E staining results of mouse skin after microneedle

invasion. (F) The recovery of mouse skin after microneedle invasion.

molecules and high structural strength, which is not conducive to the
entry of water molecules, which is similar to the properties of most
gelatin (Bigi et al. 2001, 2002; Cao et al., 2007). As shown in Fig. 3C-D,
the moisture absorption rate was 113.82 %-196.47 % in the concen-
tration range of photo crosslinking 50 s-500 s. The longer the photo
crosslinking time, the lower the moisture absorption rate of GelMA MN.
This is because the longer the photo crosslinking time, the closer the
connection between GelMA molecules, and the less easy for water
molecules to enter, and vice versa. And too long photo crosslinking will
lead to an increase in brittleness of GelMA MN, which is easier to break
in mechanical stress tests. Combining the two key factors of moisture
absorption rate and mechanical strength, when the concentration of
GelMA is 25 % and the photo crosslinking time is 200 s, the deformation
of the microneedles was about 0.3 mm at about 0.6 MPa (Fig. S2), which
met the strength of the penetrating skin tissue described in the literature
(Yuan et al., 2021; Zhang et al., 2024). The optimized microneedle has
good water absorption (Fig. S3A), At a stable 30 pL/200 s absorption

rate, we obtained ~135 pL ISF per 15 min collection. After freeze-drying
of the used microneedle, the SEM results show that the microneedle tip
only slightly blunted and no obvious fracture occurred (Fig. S3B-C).

We prepared GelMA MN according to the optimized conditions and
used it for in vivo mouse ISF collection. The mouse skin after GelMA MN
invasion was stained with HE. The results are shown in Fig. 3E. The
microneedles successfully penetrated the stratum corneum to the ISF
aggregation layer, and the invasion depth was about 200 pm. And the
skin wound after microneedle invasion can be basically restored in
about 30 min (Fig. 3F). So far, we have successfully prepared GelMA
MNs that can be used for painless and minimally invasive collection of
ISF in mice.

3.4. Functionalization of paper-based substrates for OVA-sIgE detection

As shown in Fig. 4A, chitosan, OVA and BSA were uniformly dropped
on the surface of the paper chip in turn. After drying, a functionalized
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Fig. 4. (A) Functional modification schematic of paper-based chip. (B) Functional paper-based chip design and physical map. (C) The schematic diagram of
microneedle-paper-based chip combined collection of gel to simulate skin ISF. (D) Feasibility test of OVA-sIgE in gel-simulated skin by microneedle-paper chip. The
standard working curves of the paper-based detection chip area adapted to high OVA-sIgE levels (E) and low OVA-sIgE levels(F).

paper base capable of specifically recognizing OVA-sIgE was obtained.
The improved paper substrate is shown in Fig. 4B. The circular end is the
detection area, and the connection channel between the square end and
the middle is the transmission area of the microneedle collecting ISF. As
shown in Fig. 4C, when the ISF is collected into the microneedle, the
paper base will further transmit the ISF to the circular detection area for
the next detection of the target. Then, we established a classical paper-
based color sensing system using mouse OVA-sIgE standard, HRP-anti-
mouse OVA-sIgE, and TMB. The color value can be read by the mobile
phone RGB software to calculate the content of OVA-sIgE. The whole
process does not require the support of professional spectral equipment
such as microplate readers. As shown in Fig. 4D, by verifying on the gel
simulated skin containing mouse OVA-sIgE, the functionalized paper-
based chip can well realize the visual detection of OVA-sIgE. By
further optimizing the concentration of HRP-anti-mouse OVA-sIgE, we
established two working curves greater than 15 ng/mL (15-960 ng/mL,
Y = 12.35*X+16.72, R% = 0.9833) and less than 15 ng/mL (1-15 ng/mL,
Y = 20.31*X+10.75, R2 = 0.9421) to adapt to different OVA-sIgE levels,
as shown in Fig. 4E-F. So far, we have completed the modification of the
functionalized paper base for specific recognition of OVA-sIgE, and
successfully established a working curve that can be used for visual
quantitative analysis. By calculation, the minimum detection limits of
the two working curves were 1.71 ng/ml (high OVA-sIgE levels) and
0.064 ng/ml (low OVA-sIgE levels), respectively. The clinical diagnostic
threshold of ImmunoCAP for patients with food allergy was 0.84 ng/mL
(0.35 KUA/L) (Cao et al.,, 2021). Therefore, our functionalized
paper-based chips meet the requirements of clinical testing.

3.5. Design and fabrication of ISF-ICD

To achieve an integrated and user-friendly detection platform, a
microfluidic chip was developed incorporating three key functional

components: (1) a NP switch-controlled reagent delivery system, (2)
functionalized paper-based detection substrates, and (3) minimally
invasive microneedle ISF collectors. As illustrated in Fig. 5A and Fig. S4,
the multilayer architecture employs distinct fluidic control mechanisms:

Pressure-Regulated Fluid Dynamics. The four-layer laminate structure
(Pressure control layer — Reagent storage layer — capillarity layer —
bottom layer) creates discrete microenvironments. Thermal bonding of
polymeric layers establishes permanent fluidic channels while main-
taining reagent stability. The NP switch mechanism (Fig. S5) generates
localized negative pressure in PMMA-based reservoirs, preventing pre-
mature reagent flow through: F = AP x A. where AP represents the
pressure differential and A the cross-sectional area of fluidic channels.

Capillary-Driven Sample Processing. ISF collected by GelMA MNs mi-
grates vertically through the bottom layer’s square apertures, then
laterally along the paper substrate via capillary action. This two-phase
transport ensures complete saturation of detection zones before re-
agent introduction.

Sequential Reagent Activation. Removal of the seal film from the
designated NP switch initiates a controlled flow of reagent, with the
pressure differential driving fluid forward at 8 mm/s. The staggered
reservoir design enables temporally separated delivery of: i) Washing
buffer (PBST); ii) Detection antibodies (anti-mouse OVA-sIgE antibody);
iii) Chromogenic substrates. The fully assembled device (Fig. 5B)
demonstrates reliable performance in simulated control reagent intro-
duction and actual operation, with fluidic control validated by imaging
(GIF. S1). The integrated ISF-ICD system overcomes critical point-of-
care diagnostic challenges by enabling automated fluid handling to
minimize user intervention, employing physical phase separation to
prevent cross-contamination, and providing precise temporal control of
multistep reactions.
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Fig. 5. Detailed design drawing of ISF-ICD

3.6. ISF-ICD in OVA-induced food allergy mouse models

We applied ISF-ICD to OVA food allergic mice to detect the content of
OVA-sIgE in ISF of mice. However, simple tail vein injection of sIgE does
not reflect the real process of allergy in animals. Therefore, we estab-
lished a classic mouse OVA food allergy model (Fig. 6A) to more accu-
rately and truly reflect the level of OVA-sIgE in food allergy mice, and to
explore the dynamic relationship between serum OVA-sIgE and OVA-
sIgE in ISF. With the increase in the number of oral OVA in mice,
there was no significant change in the blank control group (Fig. S6A),
and the allergic symptom score of OVA food allergy mice also gradually
increased (Fig. S6C). After the fifth Intragastric, the blank control group
had no significant change (Fig. S6B), while the OVA food allergy mice
showed obvious diarrhea (Fig. S6D). This shows that we have success-
fully obtained OVA food allergy mice, which can be used for the next
actual detection. The specific operation method is shown in Fig. 6B. The
ISF-ICD is pressed onto the skin of depilated mice with a certain force,
ensuring that the ISF-ICD is tightly attached to the mouse skin. After 15
min of ISF-ICD collection, a certain volume of ISF was transported to the
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(A) and assembled prototype photo (B).

detection area. HRP-anti-mouse OVA-sIgE was first controlled to enter
the detection area for target recognition, then PBST was controlled to
enter the detection area to remove excess antibodies and residual im-
purities, and finally TMB solution was controlled to enter the detection
area for color development. The color results were taken by mobile
phone and identified by RGB software. The content of OVA-sIgE in the
ISF of the mouse was calculated to be about 294.1 ng/mL (Fig. 6C). In
order to determine whether different detection sites have interference
with the detection results, as shown in Fig. 6D, the ISF-ICD was used to
detect the left, right, and middle of the back of the body of blank control
mice (n = 3) and OVA food allergy mice (n = 7). In Fig. 6E, there was no
significant difference in OVA-sIgE levels measured in different parts. In
order to find out whether OVA-sIgE in ISF and OVA-sIgE in serum had
the same dynamic change trend in time, we measured the serum OVA-
sIgE and OVA-sIgE in ISF at 0 min to 24 h after oral administration of
OVA in mice. The serum was detected by commercial ELISA kit, and ISF
was detected by traditional blister method and ISF-ICD. As shown in
Fig. 6F, the content of OVA-sIgE in the serum of allergic mice increased
with time after oral administration of OVA, reaching the highest at 120
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Microneedle
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Fig. 6. (A) Immune process diagram of OVA food allergy mouse model. Practical application demonstration of the integrated ISF collection and detection device (B)
and the quantitative results (C) of RGB analysis software. (D) schematic diagram of the microneedle invasion at different locations (the middle, left, and right sides of
the mouse back). (E) OVA-sIgE levels in different parts of mice back. (F) Levels and dynamic changes of OVA-sIgE in serum or ISF of mice within 24 h after OVA
challenge were analyzed by ELISA, suction blisters method (SB) and integrated ISF collection and detection device. 3 mice in the negative control (NC) group and 7

mice in the OVA food allergy group (positive control, PC) were analyzed.
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min (2757.51 + 22.15 ng/mL), and decreased after 24 h (2327.11 +
29.58 ng/mL). It has been reported that this phenomenon is due to the
short half-life of IgE in mice, which gradually increases after allergen
stimulation, and IgE gradually decreases over time (Hirano et al., 1983;
Infuhr et al., 2005; Shen and Stavnezer, 2001). The OVA-sIgE content
measured by the blister method and the ISF-ICD at the same time after
allergen stimulation was close, and gradually increased with time, but it
was always lower than the serum OVA-sIgE concentration. At 30 min,
the content of OVA-sIgE in serum was 1551.33 + 30.51 ng/mL, but the
OVA-sIgE in ISF measured by the two methods was 89.82 + 11.26
ng/mL and 77.49 + 9.11 ng/mL, respectively. The content of OVA-sIgE
in ISF was lower than that in serum, about 1/15 of that in serum.

As the clinical use of skin patch test, skin prick test (Santos et al.,
2023), etc., allergic reactions in the skin and dermis tend to be milder
than the symptoms of oral excitation (Johansen et al., 2022; Wisgrill
et al., 2021). For food allergy, it may be due to the fact that the specific
IgE content in ISF is often low. Patients with food allergy often have
symptoms of oral and respiratory allergies first, followed by skin al-
lergies, which also gives the theoretical possibility that the content of
sIgE in skin ISF is lower than that in serum (Breiteneder et al., 2020). At
the same time, we also found that the growth trend of OVA-sIgE content
in ISF is very similar to that of OVA-sIgE content in serum, but the
half-life of sIgE in serum is shorter, while the sIgE in ISF can maintain a
stable level for a longer period of time after allergen stimulation, which
has a great advantage for allergen screening in some allergic patients
who fail to see a doctor in time. Currently, there are few reports on the
portable detection methods of OVA-sIgE or other allergen-specific an-
tibodies in interstitial fluid. Compared with traditional ELISA, Immu-
noCAP and NOVEOS systems, the ISF-ICD reported in this study
demonstrates lower detection limits, reduced time consumption, simpler
operation procedures, and minimal invasiveness (Table S2).

4. Conclusion

We integrated an ISF-ICD that can be used for painless detection of
disease markers in ISF by using three modules: microneedles, func-
tionalized paper-based, and NP switch -controlled microfluidic chips.
With the help of HRP-TMB classical color reaction, the visual and
portable detection of OVA-sIgE was realized. The ISF-ICD system
demonstrated a minimum detection limit of 0.064 ng/mL for OVA-sIgE
in ISF, with its measurements of OVA-sIgE content in OVA-allergic mice
showing strong agreement with the blister method (77.49 + 9.11 ng/mL
vs. 89.82 + 11.26 ng/mL at 30 min post-challenge). Notably, these ISF-
based values were approximately 1/15 of the serum OVA-sIgE levels
(1551.33 + 30.51 ng/mL) quantified by ELISA.

These results highlight the ISF-ICD as a non-invasive and reliable
alternative for allergen-specific IgE detection. Its capability to enable
painless, real-time monitoring of allergic biomarkers positions it as a
transformative tool for improving early diagnosis and personalized
management of food allergies. Future studies should focus on validating
its clinical applicability in human subjects.
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