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ABSTRACT

Lateral flow assays (LFAs) have caught new attention in recent years due to extensive use in the containment of the COVID-19 pandemic.
Especially the protein and fluid interactions with the nitrocellulose membrane structure are yet to be fully investigated, which affect the fluid
and protein distribution of the test and control lines differently due to different adsorptive properties of fluids and proteins. Therefore, the
relationship between fluid spread and protein distribution, respectively, and structure needs systematic evaluation. Two procedures were
developed based on passive adsorption of complementary fluorescent dyes to investigate these phenomena. These procedures enabled three-
dimensional visualization of the membrane structure, fluid as well as the protein spreading, respectively. Confocal laser scanning microscopy
was applied after depositing picoliter and nanoliter volumes of the printing buffers containing fluorophore-labeled proteins (immunoglobulin G)
and Oregon Green 488 onto the membrane using a high precision micro dispenser. The resulting data were correlated with the membrane’s
tortuosity and permeability. Inverse-proportional dependencies for the lateral spread of the fluid and protein adsorption with the structural
parameters were observed. Additionally, surfactants [polysorbate 80 (PS80) and sodium dodecylbenzenesulfonate (SDBS), both at 0.1%] were
added individually to the buffers, and the spread of the liquids was evaluated. Both surfactants increase the similarities between fluid and protein
shape compared to the reference data. While SDBS increases the general lateral spread, PS80 does increase the penetration depth of the protein
into the membrane, which could lead to reduced signal in LFAs.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (https://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0257343

I. INTRODUCTION
Lateral flow assays (LFAs) are well established tools for rapid and

different antigen/antibody systems.”” Its robustness against slight var-
iations in the antigen has proven to be very valuable, for instance,
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simple point-of-care diagnostics."” Their applications reach from the
use in everyday households as pregnancy tests’ up to diagnostics in
professional medical facilities.” Due to the low cost and easy usability,”
this system became a champion of diagnostics in the COVID-19 pan-
demic.” Chemically, the formation of sandwich complexes consisting
of immobilized antibodies on the test- and control line, the respective
antigen or analyte molecule and another corresponding antibody
bound to a colored particle, the bead, is the foundation of LFAs."”
This general principle is well understood and is used for many

when one is dealing with rapidly mutating viruses.”

While most application-relevant factors are well understood,
some underlying fundamental processes are still unknown, such as
the details behind the fluid propagation and consequently protein line
formation in the porous membrane structure. Past studies often
focused on discovering new antibody-antigen-systems, ”'" establish-
ing new LFA-applications for different analytes'” '* as well as for
improved and more sensitive diagnostics.'”'” On a more fundamental
level, computational studies have been conducted'® *' and a deeper
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understanding of the protein line printing was generated.””
Experimentally, porous membranes have proven to be a challenging
material to investigate time- and space-resolved protein adsorption,””
which typically results in experimental settings in lower special resolu-
tions.”* To understand the processes happening during fluid and pro-
tein distribution inside the membrane, it is inevitable to explore
methods that can investigate at least partially the propagation of fluids
and distribution of proteins within the membrane. To achieve that, a
combined computational and confocal laser scanning microscopy
(CLSM) approach has been used. To generate the experimental data,
two new procedures were developed, which enabled imaging the mem-
brane structure, the droplets of protein, and the buffer fluid at the same
time. The first procedure was based on passive adsorption of protein-
bound fluorophores to stain the membrane thoroughly and a high
precision micro dispensing unit to apply picoliter volumes of liquid
containing a small molecule fluorescent dye or a protein-bound fluores-
cent dye, both with complementary emission wavelengths with regard
to the membrane staining. The membrane staining was used to gener-
ate structural data on a micrometer level, while the data from the drop-
lets lead to the spread. The other new procedure was used to generate
droplet data from the adsorption buffer and applied protein droplets
simultaneously by applying a mixture of a protein-bound fluorescent
dye and a complementary small molecule fluorescent dye to study dif-
ferences and similarities in protein and fluid interaction with the mem-
brane structure. The procedures are described in detail in Sec. III A.
These two methods are capable to image different states of the processes
in the membrane and to get an idea of how and when the fluid propaga-
tion of either the simple fluid or the protein correlates and what might
constitute the correlation both structurally and chemically.

Il. MATERIALS AND METHODS

The experiments were conducted using nitrocellulose (NC) mem-
branes provided by Sartorius Stedim Biotech GmbH. The average
properties of the used membranes are given in Table L.

A. Confocal laser scanning microscopy

Small pieces of membrane were used for CLSM experiments,
which were labeled prior to the different investigations using either
IgG-bound Alexa Flour®-dyes or protein-free Oregon Green — 488.
The staining procedures varied for the different experimental
approaches and are described in Secs. IT B and IIT A. In order to image
the NC-pieces, the samples were deposited on a microscope slide
(75 x 25 x 1 mm?>) and coated with an immersion oil with a refraction
index of 1.5251, which comes close to typical cellulose materials of
1.477,” in order to achieve transparency for the sample and to enable
the acquisition of 3D image stacks through the whole membrane.
Typical pixel sizes varied. The microscope was an upright Leica TCS
SPE, equipped with a 10x air objective (Leica HC PL Fluotar 10x/0.3),

TABLE 1. Properties of the employed membrane type.

Membrane Mean Capillary
thickness without ~ Porosity pore 100 um flow
backing (um) (%) size (um) backing time/s/40 mm

120-145 840*1 44=*02 Yes 95-155
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a 40x air objective (Leica HC PL Fluotar 40%/0.8), and a 63x oil
objective (HC PL APO 63x/1.4-0.6 QOil). The samples were excited
using a solid-state laser with the excitation wavelengths 488/561/
635 nm. The detector of the microscope was a photo multiplier tube.
Z-stacks were acquired using a galvanometric stage with a precision of
250 nm.

B. Dyeing whole membranes

To visualize the porous membrane structure, depending on the
experimental requirements, two different dyeing procedures were
used. To dye small membrane pieces (up to 1.0 x 0.5cm?), a well-
established staining protocol was used. The piece of membrane was
dried at 50 °C for at least 2 h in an oven at ambient pressure and atmo-
sphere. Afterward, the IgG-bound dye of interest (Invitrogen Alexa
Fluor 555 goat anti-mouse IgG (H+ L), Thermo Fisher, A21422/
Invitrogen Alexa Fluor 647 goat anti-mouse IgG (H + L), Thermo
Fisher, A21235/Invitrogen Alexa Fluor 488 goat anti-mouse IgG
(H + L), Thermo Fisher, A11059) were diluted to a concentration of
40 ug/ml in an adsorption buffer (pH = 8.0, 50 mM borate, 150 mM
NaCl, and 1% sucrose). The membrane (approximately 0.5 cm?) was
then incubated in 1.5ml of the dye solution for about 48h at 7°C.
After that time, the membrane was removed from the solution and
again dried at 50°C in an oven for 2h. However, for dyeing larger
membrane parts (up to 7.5 x 2.1cm?), this procedure was modified.
The membrane was dried for 2h at 50 °C in an oven (under ambient
pressure and atmosphere), subsequently, the membrane was placed in
a 50-ml falcon tube. 10 ml of a solution of the IgG-bound Alexa Fluor-
dye at a concentration of 40 ig/ml was added to this tube and the tube
was rotated at 7°C for 48h. After that, the membrane piece was
removed and dried a second time for 2 h at 50 °C under ambient pres-
sure and atmosphere.

C. Spotting pico- to nanoliter droplets

For applying smallest amounts of dye liquids, a Scienion micro-
dispensing unit (Scienion Spotter sciFLEXARRAER S3), equipped
with a piezo dispense capillary (PDC 90 Piezo Dispense Capillary, S3)
was used. Volumes with fractions of 400 pl were added to the mem-
branes stepwise. A camera integrated into the spotter was used to con-
trol the shape and size of the droplets. The whole device was
positioned in a glass chamber with humidity control (50%). The mem-
branes were spotted using either a solution of IgG-bound Alexa Fluor
dyes (described in Sec. IIB) or a solution of Oregon Green 488
(Oregon Green 488 Maleimide, Thermo Fisher, 06034). The used con-
centrations were 20 uig/ml for the Alexa Fluor dyes and 100 pg/ml for
Oregon Green 488. Different patterns of droplets were spotted onto
the membranes and afterward recorded as 3D-Stacks using a confocal
microscope, as described in Sec. IT A.

D. Computational membrane structure analysis

A 3D digital twin of the fully resolved membrane structure was
generated from a CLSM image stack. Prior to 3D reconstruction, the
image stack underwent pre-processing. To compensate for an observed
intensity gradient across the membrane thickness, each image was nor-
malized by its maximum gray value. Subsequently, a Gaussian filter
with a standard deviation of ¢ =450 nm was applied, following the
approach of Altschuh et al”® Image segmentation into foreground
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(structure) and background (pores) was achieved by thresholding,
with the threshold corresponding to the experimentally determined
porosity described in Sec. IT E. This segmentation method is described
in detail by Ley et al”’ The segmented images were subsequently
meshed to form a 3D voxelized digital twin (as shown in Fig. 4). The
pre-processing and thresholding were performed by using the open-
source image processing program ImageJ 1.53.”

The obtained 3D digital twin of the membrane structure was sub-
sequently utilized to determine permeability and tortuosity in lateral
directions using the simulation framework Pace3D.”’ Permeabilities
were calculated by conducting single-phase fluid flow simulations
within the pore space and applying Darcy’s Law ™’ as further described
and validated by Kunz et al’' Directional-dependent tortuosity is
determined through simulated calculations of the electric potential
within the pore space of the porous structure. The specific procedure
for calculating tortuosity and the validation of the algorithm are out-
lined by Altschuh’” and Hofrogge et al.”’

E. Porosity determination

To evaluate the porosity of the membranes, membrane pieces
(41cm x 0.5cm x individual membrane thickness) were prepared,
and the individual membrane height was measured using a thickness
gauge. Afterward, the membrane was weighed in a moisture balance
(Sartorius MA 100C) until no mass loss was observed. With the known
density (pnc) of the material of 1.82 g/ml (measured according to DIN
66137 by 3P Instruments), the volume of solid structure within the
membrane cuboid can be calculated. For membranes with backing, the
thickness of 100 um backing and the corresponding mass must be sub-
tracted in advance.

Vne = mdry/(pNC)- 1)

The calculated volume of the material structure is given by V¢, where
Mgry is the final mass of the dry membrane and pyc is the density.
With this definition and the volume of the membrane piece Vinemprane
the porosity P can be obtained by

P= (VmembranevaC)/Vmembrane~ (2)

@ 2D observation:
Superficial read-out using no or simple scanning devices

3D analysis:
Signal originates from sandwich-complexes that are distributed
in the 3D-structure of the porous membrane
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Ill. RESULTS

To evaluate the relationship between porous structure and fluid
spread, a series of picoliter droplets was applied to the membrane and
the porous structure was investigated using Pace3D, an established
software for membrane structure analysis described in Sec. IT D. This
approach enables the extraction of structural properties, such as pore
size distribution and direction dependent characteristics as tortuosity
and permeability. Since it exclusively relies on the dyed structure,
which represents the dimensions of the droplets, this structure analysis
is independent of the exact fluid properties and can, therefore, be used
for fluids with a variety of properties. Subsequently, the spread in the
lateral directions was correlated with the tortuosity and the permeabil-
ity. We hypothesized that a higher tortuosity, characterized by a more
convoluted path, limits the fluid propagation. The tortuosity is a geo-
metrical parameter that only takes the physical structure into account.
Additionally, a more pronounced fluid spread is expected for higher
permeability, which is a measure of a porous structure’s ability to allow
fluids to pass through it.

Furthermore, larger volumes containing both a small fluorescent
molecule as a dye, Oregon Green 488, as well as protein bound dye,
IgG-Alexa647, were spotted at volumes of 400, 2000, and 20000 pl.
The two different dyes resulted in two signals (depending on the wave-
length of the respective dye) and were recorded separately. Unlike pro-
teins, protein-free Oregon Green does not adsorb as fast to the NC
membrane. Therefore, it can be assumed that the molecules will stay
mostly at the edge of the fluid front. The IgG-Alexa647 signal was
attributed to the protein distribution of the antibody. By doing so, dif-
ferent spreads and signal distributions can be seen from the final pro-
tein droplet compared to the fluid droplet (Fig. 1). In order to see the
influence of surfactants, which are known to change protein-surface-
interactions’**” on protein and fluid distribution in the membrane,
sodium dodecylbenzene sulfonate (SDBS) and polysorbate 80 (PS80)
were added to the printing buffer. Surfactants are commonly used in
LFAs;’ therefore, they have been chosen as additives in this study. For
easier readability, the Oregon Green 488-data will, from now on, be
referred to as OG488-data and the IgG-Alexa-data will be referred to
as Ax-data with the emission maxima added as number.

Antibody distribution within the membrane
potentially resulting in signal

Fluid spread within the membrane

FIG. 1. Fluid and protein distribution in the membranes. (a) shows the signal determination in LFAs. While the typical readout of a lateral flow assay happens either via eye or
using a custom-made scanner that typically provides top down 2D information, the reality of the binding conjugate is a 3D distribution corresponding to the antibody distribution
within the membrane. (b) explains the differences between fluid and protein spread in the depth of the membrane. The spread of the antibody-line that is printed is not neces-
sarily equivalent to the fluid spread that is observed using the bare eye. This discrepancy can lead to misinterpretations during printing and standard quality control procedures,

such as printing non-protein dye lines onto the membrane.
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A. Investigating fluid propagation and protein
distribution

In the past, many studies focused on the analysis of the porous
structure. While the structural analysis of various porous materials,

37 . 38 e . 39,40
such as sandstone,”” calcium carbonate,”® and similar materials,””"

has been achieved using methods such as x-ray tomography’”***" or
high-speed imaging,"” a comparatively simple, quantitative method for
diagnostic membranes with high spatial resolution was established by
Ley et al. in 2018.”” This approach was very successful in achieving
highly resolved membranes and structure parameters. However, the
analysis was limited to the membrane itself and due to the necessity of
applying immersion oil to the substrate to enable the imaging process,
the imaging of any fluid movement in the membrane was disabled.
Another drawback of the method described by Ley et al. is that the
dyeing process in their study was based on covalent functionalization,
which typically results in a more consistent and reliable signal, is more
time consuming and takes more effort than a simple passive adsorp-
tion process. Moreover, it cannot be used to mimic the propagation of
a fluid. However, the fluid movement can be approximated using the
remains of a fluid droplet in the membrane, which can mark the bor-
ders of a spread fluid. It is important to consider the following limiting
factors when planning for experimental investigation of fluid propaga-
tion in a porous diagnostic membrane: first, the applied volumes must

ARTICLE pubs.aip.org/aip/pof

be small to guarantee a realistic time of calculation for the structural
parameters. This limits the size of the droplet to a cube with an edge
size of approximately 200 um. Second, there is a practical limitation
when it comes to applying the droplets to the membrane. Since the
process that dyes the membrane structure includes a 48 h incubation
time in an aqueous solution, previously applied dyes which do not
adsorb strongly to the membrane, such as Oregon Green are washed
off. Therefore, the membrane must be dyed first.

However, the procedure developed by Ley et al focusses on
membrane pieces with a diameter of 10 mm (79 mm?), which are typi-
cally too small to be properly placed to create spots of the size neces-
sary for this experiment, since the machines require ideally pieces of a
size of 75 mm x 25 mm (1875 mm?). These larger pieces use is due to
their larger area almost 24 times the amount of dye using the current
procedure. Even cutting the pieces in half results in 12 times the
amount of dye. Trials of placing the membrane in a small petri dish
(d=5cm) and adding 5-10 ml of dying solution ended up with a very
heterogeneous staining of the membrane, as shown in Fig. 2(a). To
ensure a homogenous staining while maintaining a reasonable con-
sumption of resources, a procedure was developed in which the mem-
brane was rotated for 48 to 72h at 8°C in 10ml of Ax647-dyeing
solution in a falcon tube at a rotation speed of 30 rpm. This resulted in
a sufficiently homogenously stained membrane, as can be seen in

Procedure 1:

€ Membrane rotation for 48 h
in falcon tube with protein dye

—_—

ﬁ
Picoliter spotting with
complementary dye on pre-dyed membrane

Dual-channel 3D-imaging
using confocal microscopy

aE

Membrane structure
and drop dimension analysis

FIG. 2. Overview of preliminary experiments and first considerations. (a) visualizes the progress in dyeing large sheets of membrane that enabled the establishment of simulta-
neously staining the whole membrane structure while adding complementary dyed droplets. Scale bars equal 1000 um. (b) shows a 100 nl droplet of buffer solution containing
Alexa Fluor555-1gG (Ax). Two different regions can be separated clearly, a more intense signal in the middle and a lesser pronounced border with a larger spread. Scale bar
equals 500 um. (c) shows the workflow of procedure 1 that was applied to dye the membrane structure and afterward to apply the fluid/protein droplet to investigate the relation-
ship between structural properties and fluid spread, and protein distribution experimentally. More details on the droplet identification are shown in the Fig. S1of the supplemen-

tary material. Right graphic adapted from Ref. 36.
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Fig. 2(a) both in lateral directions as well as with regard to penetration
depth. The CLSM imaging method furthermore prevented a depth
dependence of the signal intensity. These pieces of membrane were
taken and spotted with the adsorption buffer containing OG488 at a
concentration of 0.1 mg/ml. Protein and fluid spread data were gener-
ated using a fluorescent protein dye, based on an IgG-conjugated
Alexa Fluor 488 and a small molecule dye, Oregon Green 488" in
combination with another protein-based dye with complementary
emission at 647 nm. Smallest volumes were applied (~400 pl) to derive
a structure-spread-relation on the micrometer scale. The two fluores-
cence signals of the membrane and the droplet were separated after-
ward using two different optical configurations at the CLSM. The final
processing chain of dyeing is shown in detail in Fig. 2(c) as procedure
1. Preliminary experiments spotting 100 nl of an Ax555-dye onto a
membrane [Fig. 2(b)] revealed that the signal resulting from protein
droplets is twofold: On one site, the droplet results in a very pro-
nounced and intense signal directly in the middle of the droplet, and on
the other side, there is an outer edge, which shows less intensity than
the inner signal. It can be assumed that the outer signal results from
labeled protein that does not bind fast to the NC-structure and repre-
sents the fluid front. This was further confirmed by experiments that
placed OG488-spots and Ax555-spots at both the upper (air side) and
the lower side (belt side) of a NC membrane. The data are shown in
Fig. 3(a). This leads to the assumption that the fluid spread differs sig-
nificantly from the protein adsorption and resulting distribution. The

ARTICLE pubs.aip.org/aip/pof

optical impression was also confirmed in quantitative intensity profiles
of the droplets [Fig. 3(a)]. To differentiate between fluid and protein
signal, a mixture of complementary colored fluorophores for fluid
spread and protein distribution can be applied simultaneously and
afterward spectrally separated as it is shown in Fig. 3(b). In the past, dif-
ferent distributions of intensity profiles with pronounced intensities at
the edges were referred to as coffee ring effect.” The coffee ring effect
was described and investigated several times on porous**** and nonpo-
rous structures; '® however, the systematic difference between fluid front
of the adsorption buffer and the protein distribution has not been inves-
tigated experimentally in NC membranes for diagnostics. Therefore,
procedure 2 was established which is pictured schematically in Fig. 3(c).
On a larger scale, spots up to 20 nl containing OG488 and Ax647 have
been applied. To understand the difference of the fluid spread and the
protein distribution, a mixture of the Ax647-dye and the OG488-dye
was dispensed onto an unstained membrane and afterward the fluid
signal was separated from the protein signal using two different CLSM
configurations that separate the two spectral signals. By doing so, the
difference between fluid and protein distribution in larger volumes
which are closer to the volumes used for antibody lines in a lateral flow
application was observed. Furthermore, the spotting buffer has been
modified with two different surfactants, sodium dodecylbenzene sulfo-
nate (SDBS) and polysorbate 80 (PS80), to understand the influence on
both the fluid spread and the protein distribution of these for LFA-
applications relevant substances.

a Ax555-IgG  0G488

K

P
N

Belt
side

Ax555-1gG 0G488

—Ax647-Em

i - -Ax488-Abs
M - -Ax488-Em
o | f li 0G488-Abs
i —0G488-Em
g ] e 1\ Ax647-Abs
AN

Spotting with
dye mixture on clean membrane

= - <‘o.4
I |
/ Il “l | 0.0
Air " ,'f.'l‘\
side LIRS
M '_V 300 400 500 600 700 800 900
wavelength / nm
Procedure 2:
c Dual-channel 3D-imaging

using confocal microscopy

Protein signal and
fluid signal analysis

FIG. 3. Qualitative differences between protein distribution and fluid spread and selection of complementary dyes. (a) displays spotted droplets of both Ax-droplets and an addi-
tional signal from a droplet containing Oregon Green 488 (OG488-droplets), with the intensity profile alongside the x-axis of the image. Scale bar equals 100 xm. (b) illustrates
the absorption and emission spectra of the used fluorophores and a combined dual channel image of a droplet containing a mixture of OG488 and Ax647, adapted from the
Thermo Fisher Spectral Viewer Homepage.* Scale bar equals 100 xm. (c) shows procedure 2, which was used to dispense larger volume droplets of a mixture of 0G488 and
Ax647-1gG onto the membrane to explore protein distribution relative to fluid spread for larger volumes simultaneously. The red color indicates the staining by Ax647, while the

blue color indicates the OG488.
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B. Structure and protein/fluid interaction

Using procedure 1, the following data were acquired to find a
relationship between structural properties and fluid spread, or protein
distribution, respectively. Previous studies for polymer solution drop-
lets already suggested a correlation between the permeability and the
fluid spread in printer applications on ceramic powders."”
Consequently, a series of different studies that simulate fluid spread
have been conducted,” "’ as well as experimental studies that focused
on other porous materials, such as paper,” or different kinds of pow-
der beds’! and metals.”” In another set of studies, the focus was set on
NC-membrane-water—interaction.”””" However, the experimental
data that had been collected showed lower resolution in comparison
with CLSM data. The adsorption process leading to the protein distri-
bution is a combination of contact time with the membrane surface
and the adsorption rate of the protein toward the specific material and
the specific condition. Therefore, while the protein distribution corre-
lates with the fluid spread, it is not the only determining factor. To
investigate potential differences in relationships between structure and
fluid spread, and structure and protein spread, respectively, procedure
1 was used to investigate protein and fluid shapes with regard to the
membrane structure.

In Fig. 4, the experimental data from the single droplet data of
both the single fluid droplet and the single protein droplet are pre-
sented. As described in Sec. III A, single droplets containing either
0OG488 or Ax488 have been spotted onto a previously with Ax647
dyed membrane. After that, the membrane and droplet structures
were imaged using CLSM. For these experiments, the resolution was
160 nm per pixel and the signal to noise ratio (SNR) was around 50.
The applied volume was set in the spotter to 400 pl, which was con-
firmed by controlling the volume within the membrane that was

ARTICLE pubs.aip.org/aip/pof

identified computationally within the calculation process. The volume
spread in the xy-plane was correlated afterward with the tortuosity, a
purely geometrical parameter, which describes the curvature of a path
in porous media, and the permeability, a measure of a porous struc-
ture’s ability to allow fluids to pass through it, in the x- and y-
direction. Here, the x-direction corresponds for all presented data in
this study to the machine direction, while the y-direction corresponds
to the transverse direction. As can be seen for the data from the fluid
droplets, 75% of the data points correspond to the assumption that
larger tortuosities correspond to smaller spreads, while larger perme-
abilities correspond to larger spreads of the fluid. Relevant insights into
the relationship between fluid spread and tortuosity can be found in
the work by Cai and Yu.” They demonstrated that tortuosity increases
flow resistance by lengthening flow paths, thereby reducing fluid prop-
agation in porous media. Their modified model of the Lucas-
Washburn equation explicitly accounts for tortuosity, showing how it
inversely affects capillary rise and fluid spread. These findings align
well with the observed inverse relationship between fluid spread and
tortuosity in this study. The same general trend can be observed for
the data resulting from the protein droplet shown in the Figs. 4(c) and
4(d). The variance of the data is most likely due to heterogeneities of
droplet formation and droplet impact during the spotting process and
minor heterogeneities on the membrane surface.

C. Fluid spread and additives

To investigate the relationship between buffer or fluid spread and
the corresponding protein distribution, procedure 2 was applied.
Different from the experimental design of Sec. III B, more than one
droplet was spotted onto a single position. This happened to increase
the spread volume, so that the three investigated volumes are 400,
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FIG. 4. Visualization of the ratio of the fluid spread (a -+ b) from OG488 and protein spread (c + d) from Ax488 in x- and y-direction correlated with the tortuosity (a) and the
permeability (b) in the specific direction. (c) and (d) show the ratio of the x/y-permeability and the ratio of the x/y-tortuosity for the protein spread, respectively. The errors of the
single data points result from measurement inaccuracies with regard to the resolution of the CLSM and are typically about 0.01 for the ratio of the spreads as well as for the cal-
culated ratios of the tortuosities and permeabilities and are, therefore, left out for better visibility of the data points. The green colored quadrants mark the data regions, where
the data correspond to the formulated hypothesis, which means that spread ratios >1 correspond to tortuosity ratios <1 and permeability ratios >1 and vice versa.
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TABLE II. Fluid spread.

Reference SDBS PS80

(pm) (pm) (pm)

400 pl, x-direction 201 *5 208 *+9 205+ 7

400 pl, y-direction 179 £3 184*+4 1893
2000 pl, x-direction 343 £20 360 =7 339 £15
2000 pl, y-direction 283+ 10 345 + 15 281 =10
20000 pl, x-direction 735+ 15 754 *+ 16 684 * 15
20000 pl, y—direction 605+ 1 721 =43 550 + 15

2000, and 20 000 pl. In this setup, the resolution was about 490 nm per
pixel, with signal to noise ratios between 7 and 20 for the protein signal
and around 50 for the fluid signal. Also, the data acquired in this sec-
tion include three different buffer compositions, the standard buffer
used in Sec. 111 B, the second buffer included 0.1% SDBS, and the third
variant was modified with 0.1% PS80. Afterward, a dual channel stack
of the two different signals was acquired using CLSM and the border
for the fluid droplet was determined. For this, the data were normal-
ized by subtracting the background intensity and afterward dividing by
background intensity. The background intensity was calculated by
selecting the lowest average intensity of the single xy-planes of the
image stack. After the intensities were corrected for the 3D-data of the
fluid signal, the average signal intensities alongside the x- and y-
direction were calculated, in order to get the droplet profiles in x- and
y-direction. These profiles were smoothened by calculating the rolling
average over the last five values. Afterward, the borders of the droplet
were calculated by finding ten consecutive rising values in the x- and
y- profiles, approaching the profiles from both sides. These borders
mark the beginning and the end of the droplet dimensions. This proce-
dure is also shown in detail in the supplementary material in Fig. S3.
The calculated dimensions are shown in Table IT and Fig. 5.

Figure 5 shows the spreads of the droplets of fluid for the different
applied volumes in both, the x-direction [Fig. 5(a)] and the y-direction
[Fig. 5(b)] for the three buffers as well as the ratio of these two measure-
ments [Fig. 5(c)]. Additionally, the exact data are also given in Table II
for a more detailed overview. Spread is defined as the total width of the
droplet in the specific direction. The reference buffer without any
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additives shows for 400 pl a spread in x-direction of 201 um = 5 um,
which does not change significantly after the addition of SDBS
(208 um = 9 um) or PS80 (205 pum * 7 um). For the spread in y-
direction, it is slightly smaller compared to the x-spread for the refer-
ence buffer (179 um * 3 um) and the buffer containing 0.1% SDBS
(184 um = 4 um) as well as for the buffer containing 0.1% PS80 to
189 yim = 3 pum. This trend between the different buffers can be seen as
well in the data for the volumes of 2000 pl, with x-spreads between
360 um = 6 um for SDBS, and 339 um = 15 um for the buffer contain-
ing PS80. The y-spreads for a volume of 2000 pl range from
281 um * 10 um for PS80 to 345 um =+ 15 um for SDBS. For an applied
volume of 20 000 pl, a significant difference in spread in x-direction for
the SDBS and the reference buffer relative to the PS80 condition can be
observed  (735um £ 15um for the reference condition,
754 um * 16 um for the SDBS condition and 684 ym = 15 um for the
PS80 condition). The y-spread for the buffer containing 0.1% PS80 is at
this volume 550 um = 15 yum, which is the lowest observed spread
compared to the spread of the reference buffer with 605 ym = 1 um
and the spread of the SDBS condition 721 ym = 43 yum. The ratios of
the x- and y-spreads for the three different buffers stay consistent over
the whole volume range. For the reference buffer, it varies between
1.2 £ 0.1 for 2000 pl and 1.1 = 0.05 for 400 pl, which are within each
other’s errors, while the ratios for the spotting buffer containing 0.1%
SDBS vary between 1.1 % 0.1 for 400 pl and 1.0 = 0.1 for 20000 pl. The
spotting buffer containing 0.1% PS80 shows a ratio between 1.1 = 0.1
for 400 pl and 1.2 = 0.1 for 20 000 pl. In general, the shapes are not per-
fectly circular but show a distortion in x-direction. Generally, the addi-
tion of SDBS seem to increase the general spread of the fluid with a
more pronounced increase in y-direction, which makes the droplets
shape in general more symmetrical.

D. Fluid and protein signal distributions for larger
volumes

In the next step, the previously with regard to the dimensions of
the fluid spread analyzed droplet data were further investigated more
deeply with a focus on protein distribution and penetration depth.
Example images of the two droplet signals are given for all the three
buffer types in Fig. 6(a). After the spreading dimensions for every
droplet were calculated, these dimensions were used to normalize the
signals of the protein and fluid, respectively. It was assumed that no
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80013 b L47e
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FIG. 5. Fluid spread borders with regard to different applied volumes and additives. (a) shows the spread of the droplets in x-direction for the volumes 400, 2000, and for
20000 pl for the reference buffer without any additives, the reference buffer with 0.1% PS80, and 0.1% SDBS. Number of individual experiments (n) = 3, error = standard devi-
ation (SD). (b) shows the spread of the fluid droplet in y-direction for the same conditions described before. n =3, error = SD. In 5(c), the ratios of the x- and y-direction spread

for the three buffer variations and the three volumes are shown.
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FIG. 6. Representative images of analyzed droplets and distribution of the fluid and protein signal for the three different buffers in xy-plane and z-direction for the 20 000 pl volume.
Figure 6(a) shows example data for the analyzed droplets. The data are for illustrative purposes only and should not be interpreted quantitatively from these images only. The scale
bars equal 100 um. For (b)—(d), the red(ish) colors correspond to the protein signal distribution according to the different thresholds of 25%, 50%, and 75%. The blue(ish) colors
show the fluid distributions accordingly. (€) shows the penetration depth for the three buffers into the membrane for the fluid and protein signal, with the reference buffer in the left,
the SDBS buffer in the center and the PS80 buffer in the right panel. The dotted line represents the threshold, where 50% of the signal is reached. n = 3, error = SD.

amount of protein could exceed the borders of the fluid droplet.
Therefore, the protein signal was normalized to 100% within the bor-
ders estimated from the fluid signal. Within these borders, the signal
distribution was calculated and the expansion for 25%, 50%, and 75%

of the protein signal relative to the center of the droplet calculated. In
the z-direction of the stack, the different borders for the penetration
depth of the signal were calculated. Due to the faster absorption of the
protein compared to OG488, the upper layer of the membrane was
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found using the maximal intensity in the z-profile of the protein signal.
The lowest layer of the droplet was determined to be the z-slice where
the fluid intensity is indistinguishable from the background noise,
since it can be reasonably assumed that the fluid penetrates the mem-
brane deeper than the protein. Uncertainties with regard to determin-
ing the limits of the droplet might be due to bleaching of the
fluorescence signal which could reduce the detected penetration depth,
while the upper layer can typically be detected robustly. The uncertain-
ties should affect fluid spread and protein distribution in the same way
and direction and additionally, the potential uncertainties should affect
the results if at all only insignificantly. By using these data, the penetra-
tion depths have been investigated. The equivalent fluid signal distri-
butions in the xy-plane and z-direction were calculated for
comparison. In the main document, mainly the data of the 20 000 pl
droplet is described in detail. The other datasets can be found in detail
in the supplementary material in Figs. $4 and S5. In general, the data
of the smaller volumes show comparable trends.

E. Lateral spread of fluid and protein signal

Figure 6(b)-6(d) show the lateral spread of the three different
buffer conditions and for the fluid and protein signal for the volume of
20000 pl. The spread in the x- and y-directions is depicted with respect
to the x- and y-axes of the diagrams, respectively. Figure 6(b) repre-
sents the distributions for the reference buffer. Here, 50% of the fluid
signal spread out to 362um*20um in x-direction and
280 um * 17 um in y-direction, while the protein distribution reaches
50% at a spread of 240 um * 6 um in x-direction and 210 um in y-
direction. 75% of the fluid signal are located within a spread of approx-
imately 400 um in y direction and 550 um in x-direction, respectively.
Compared to that, the protein distribution reaches 75% at a spread of
370 um in x-direction and 320 um in y-direction. For the data from
the buffer containing 0.1% SDBS, similar trends with regard to the xy-
spread for the protein and fluid signal compared to the reference buffer
can be observed; however, the spreads are in general wider than the
reference buffer. The spreads for 75% of the fluid signal in x-direction
equals 574 um * 12 um and the corresponding spread in y-direction
equals 465 * 13 um, which is significantly more than it is observed for
the reference buffer. Also, the protein signal exceeds the protein signal
of the reference buffer at the 75% border with a spread of
418 yum * 11 um in x-direction and 366 = 12 um in y-direction. The
buffer that contained 0.1% PS80 on the other hand shows an even
larger spread for the 25%, the 50%, and the 75% thresholds for the
spread of the protein signal (for protein at 25% 190 um * 5 um, for
50% 350 um * 10 um, and for 75% 520 um = 10 um), while the
spread for 25% of the fluid signal is 180 um = 5pum, for 50%
310 um = 5 um and for 75% 480 um * 7 um for the x-direction and,
therefore, generally smaller than the spread for the buffer containing
SDBS or the reference buffer. Accordingly, the ratios for this case are
the same for the protein and fluid spread for all volumes. All numbers
can also be found in detail in Table S1.

F. Penetration depth of fluid and protein signal into
the membrane
In addition to the lateral spread, the 3D-stacks measured using

CLSM also provided a visualization of the penetration depth of the
two signals. These data are shown in Fig. 6(e). For an easier
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quantitative comparison, the 50% distribution border was calculated.
Upon comparing the fluid and protein penetration depths, it was con-
sistently observed that the fluid signal extended further into the mem-
brane than the protein signal, regardless of the volume or buffer
composition [see Fig. 6(e), Figs. S3(d) and S4(d)]. The data for 20 000
pl is presented in the main document in Fig. 6. For the reference buffer,
50% of the protein signal goes down to 8.5 um * 0.5 um, while the
fluid intensity distribution is shifted significantly more down into the
membrane with 50% down to 16 um = 1 um. This underlines that
the protein is binding more strongly toward the membrane and, there-
fore, allocates more in the upper layers of the 3D-structure, while the
fluid is mainly carried by capillary forces and not surface specific inter-
actions. Comparing these results with the signal from the buffer con-
taining 0.1% PS80, [Fig. 6(e), right panel] the penetration depth is
much increased for the protein signal, which for the upper 50%
increases to 14 um * 0.5 um, while the data show a penetration depth
for the first 50% of the fluid signal of 18 = 0.5 um which is a smaller
increase in penetration depth compared to the reference buffer. For
the buffer containing 0.1% SDBS [Fig. 6(e), center panel] the penetra-
tion depth of the protein signal drops to 10 um * 1 ym, while the fluid
distribution reaches 50% of the signal distribution at a depth of
12 ym * 1 um. Compared to the reference buffer, the protein penetra-
tion depth is not significantly changed, while the penetration depth of
the fluid is significantly reduced. In general, a much wider lateral
spread than penetration depth is observed, which agrees with theoreti-
cal models and other data from previous publications using ink and
other paper media.”” Furthermore, the generally increased penetration
depth for the buffer containing PS80 explains the smaller lateral spread
shown in Sec. 11T E, while the smaller penetration depth especially for
the fluid signal for the buffer containing 0.1% SDBS corresponds to
the larger lateral spread.

IV. DISCUSSION

We described and established novel methods to dye porous NC
membranes. Furthermore, two procedures to visualize a fluid spread
inside the membrane in three dimensions have been developed.
Procedure 1 provides a 3D-spread analysis on a micrometer length
scale in an easy and time efficient way. Procedure 2 provides both
information about the fluid spread as well as the protein distribution
on the microscopic level. While previous studies focused mainly on
macro scale fluid propagation and signals in specific lateral flow appli-
cations, this study focuses on the structural relationship between mem-
brane, fluid and, protein adsorption. Moreover, the influence of two
common additives at applicational relevant concentrations was evalu-
ated. First, the data visualize the xy-spread of both the protein and the
fluid that introduces the protein solution to the membrane. For both
these parameters, we see a significant directional dependent asymme-
try. The results pictured in Sec. I1I B illustrate that in general the fluid
spread correlates positively with the permeability, as it was mathemati-
cally predicted by Holman et al.** and apparently the same applies
with an antiproportional correlation with the measured tortuosity.
Also, the protein spread, or distribution respectively, is correlated in
the same way with the structural features. The signal intensity distribu-
tion for the protein signal results from two different processes. The
fluid propagates through the membrane at a certain velocity that
results from the capillary forces which take effect in the porous mem-
brane. Protein adsorption to a surface is typically described by a
Langmuir adsorption process,”” *° where the adsorption rate is
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determined by the number of free binding sites, the concentration of
the binding reagent in the solution, and the adsorption rate constant.
However, in a propagating fluid, the propagation velocity plays a criti-
cal role in the adsorption process, since it determines the contact time
with the surface and the arriving proteins follow a concentration distri-
bution profile.””*’ The results presented in Sec. I11 B suggest that the
adsorption rate in the chosen experimental setup and the protein solu-
tion configuration is slow compared to the propagation speed, since
both the protein droplets and the fluid droplets show similar
trends regarding the structural features as permeability and tortuosity.
Going to the larger scale of protein and fluid distribution in the Secs.
[T C-IITF, the differences in fluid and protein spread become more
apparent with the protein morphology staying more symmetrical and
the fluid shape becoming more oval. This shows that the larger the
propagated distance becomes, the influence of the protein adsorption
process rate increases and, therefore, leads to stronger differences
compared to the spread of the fluid as can be seen by the ratios of x-
and y-spread for the 400, the 2000, and the 20000 pl sample. The
changes observed in droplet morphology as soon as the surfactants are
added indicate that both surfactants interfere with the binding reac-
tion. The addition of SDBS leads to a more spread signal in the lateral
axis for both fluid and protein, and slightly deeper penetration for the
protein distribution, while the fluid penetration is reduced. This can be
explained by a less concentrated but more spread protein distribution
in the upper layers. Adding PS80 leads to very similar protein and fluid
spread which is less spread out but shows a deeper penetration depth.
Resulting from the observed interference, especially for the buffer con-
taining PS80, the protein distribution is much closer to the fluid distri-
bution, making the two shapes almost congruent. However, this comes
at the cost of a deeper penetration of the protein compared to the pen-
etration depth of the reference (26.5 um compared to 17 um for 75%
of the signal of the protein, see Table S2). Therefore, when surfactants
are added to the buffer, it needs to be considered that this could lead to
a reduction of potentially visible capture antibodies, which needs to be
considered when buffer condition optimization is performed, since it
is typically assumed that only the upper 10 um of the binding analyte
results in a visible signal.”’ Another aspect that needs to be considered
are changes in surface tension by the addition of the additives, which
were measured additionally (using a commercially available OCA 15
Pro Contact Angle System OCA by Data Physics Instruments). The
surface tension of the buffer solution changes from 73.6 = 0.2 mN/m
for the pure buffer to 27.45 % 0.03mN/m for the buffer containing
0.1% SDBS and to 45.7 = 0.3 mN/m for the buffer containing 0.1%
PS80 (n=5, error = SD). Corresponding to the changed surface ten-
sions, also the contact angles change from 83 * 4° for the pure buffer
solution to 60 %= 9° for the buffer containing 0.1% SDBS and to
65+9° for the buffer solution containing 0.1% PS80 (n=5,
error = SD). Although contact angles are notoriously difficult to mea-
sure on porous media, the results underline the increased wettability of
the membrane by a solution containing surfactants. The changed con-
tact angles correspond well to the larger spreads of the droplets con-
taining SDBS. This underlines the effects observed in three dimensions
and suggest that the larger spreads, especially for the buffer containing
SDBS are potentially partially created at liquid application. However,
for PS80, which shows a smaller spread while a larger contact angle,
which is potentially due to faster absorption into the membrane, we
can see that the final fluid spread and protein distribution results from
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multiple factors, such as contact angle, absorption speed into the mem-
brane and (for the protein distribution) adsorption onto the porous
structure.

The experimental procedure established in this work comes with
two limitations. First, the application of the volume via repeated drop
dispensing does not exactly equal the diagnostic application, where a
continuous line is printed to the membrane via line dispenser. The
larger volumes are applied in steps of 400 pl, which does not equate to
a single large droplet. However, this might change the outcome for
other application procedures quantitatively compared to the proce-
dures used in this study, but it is unlikely to change the general trends
observed with regard to the relationship between structural parameters
and fluid spread or the influence of the additives on the protein spread.
The procedures presented in this work can easily be modified to match
other application procedures. The second drawback of this work is the
fact that it focuses on adsorbed proteins instead of the binding of a
bead-conjugate, which is, for most cases, responsible for the signal in a
lateral flow application. However, since the bead-conjugate can only
bind where the adsorbed antibody line is located, this approach is
insightful for at least one signal intensity limiting step in the LFA.

V. CONCLUSION

In this work, a simple, fast and resource efficient procedure was
established to analyze NC membrane structure and to correlate com-
plementary dyed fluid and protein droplets with the structural features.
A variation of the established method was furthermore used to under-
stand the differences between fluid and protein spread within a protein
spotting process. These experimental results highlight structure and
fluid propagation relations and the influence of surfactants on the dif-
ferences between the fluid spread and the protein distribution.
Especially with regard to the data of the penetration depth, it showed
very small standard deviations which suggests a high reproducibility of
the method. On an applicational motivated level, it is shown that by
finetuning tortuosity and permeability, and their gradient in the mem-
brane structure both the fluid and the protein distribution can be
altered to optimize signal intensity. The additives change the distribu-
tion with SDBS leading to more spread-out fluid and protein, and
PS80 to a deeper penetration especially of the protein. While both sur-
factants make the fluid spread and the protein distribution more simi-
lar, especially PS80 can help to synchronize the by optical evaluation
accessible fluid spread with the resulting antibody line, leading to
almost identical fluid spreads and protein distributions. Therefore,
since in quality control measures often rely on the application and the
observation of fluid spread and not fluorescence-labeled proteins,
manufacturers of lateral flow tests could aim to optimize buffer condi-
tions that help to synchronize fluid and protein spread. On a more
methodological level, these kinds of experiments, which can compare
the signal intensity distribution to the fluid spread using confocal
microscopy data, can be used to develop a method to access protein
adsorption rates. All in all, this work offers a valuable extension for the
toolbox of the analysis of membrane structures and line printing in
porous media as well as protein and fluid, and membrane interaction.

SUPPLEMENTARY MATERIAL

See the supplementary material for tables containing all protein
distributions and fluid spreads for the droplet sizes in the main manu-
script and smaller droplet sizes as well as detailed information on data
analysis.
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