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Portable analytical systems are versatile tools for application in areas including biomedicine, biosecurity, food
safety and environmental monitoring. This work contributes to the increasing demand for low-cost, environ-
mentally friendly substrates for portable analytical systems by using natural Bombyx mori cocoons. Further, silk
fibroin is also extracted from these cocoons and electrospun into oriented and randomly oriented fiber substrates.
Oxygen plasma treatment is applied to improve their hydrophilicity. Fiber morphology, mechanical properties,
porosity, thermal characteristics and surface contact angle are extensively characterized and the ability of the
samples for passive capillary flows demonstrated. Plasma treated pressed cocoons show superhydrophilicity,
capillary flow rates of 44.8 + 3.75 mm.min", and high mechanical resistance with Young’s modulus values up to
592.13 + 19.83 MPa.

The developed materials are used as substrates for the colorimetric quantification of three commonly scru-
tinized clinical analytes. Hydrophobic barriers are first wax-printed on all samples with a proper design and
albumin assays are performed on all substrates. Further assays for uric acid and glucose quantification are
successfully accomplished on the pressed cocoons after a simple in between washing step, with overall high
coefficient of determination, proving the suitability of the developed materials as low-cost, sustainable and
reusable microfluidic substrates.

1. Introduction especially struggle with the latter. These data demonstrates there is a
strong need for inexpensive, easy to use, fast and sustainable portable

Prevalence of diseases often associated with bad nutritional habits or analytical devices capable of not only early medical diagnosis and

poor lifestyles in regions that suffer from inequality of income and a lack
of access to medical supervision has been rising. In Germany, by 2040,
an increase ranging from 54% to 77% of the incidence of type 2 diabetes
has been projected [1]. High serum uric acid levels have been linked to
prediabetes [2], as well as an increased risk of cardiovascular diseases
[3], gout and renal calculi [4]. Low blood albumin levels can be caused
by liver diseases such as cirrhosis or hepatitis [5], infections, general
inflammation, as well as malnutrition and malabsorption [6]. The
populace of third-world countries, where resources are scarcer,
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low-cost periodic monitoring of specific health conditions, but also for
other applications such as detection of water contaminants [7] or food
safety [8].

Portable analytical systems, which encompass point-of-care (POC)
systems in the biomedical field, are diagnostic tools suitable to assist in
solving of those issues, allowing in situ preliminary evaluation that can
be followed up accordingly [9]. Microfluidic paper-based analytical
devices (UPADs), first introduced by Martinez et al. [10], who created
hydrophobic channel walls using photolithography on Whatman® filter
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paper, are one type of portable analytical systems particularly appealing
due to their portability, versatility, ease of use and low-cost [11-13].
Hydrophobic channels for the development of portable analytical de-
vices have been also implemented by plotting [14], inkjet [15], screen
[16] or wax printing [17]. The latter has been used, among others [18],
to develop portable analytical systems able to carry out colorimetric
assays, where a reaction between one or more reagents and an analyte
generates a color change that may correspond to either the simple
presence or a more exact quantification of the specific analyte [19]. The
most common paper-based substrates are composed of filter paper,
chromatography paper, nitrocellulose membrane, and paper/polymer
or paper/nanomaterial composites [20]. Other substrates such as cotton
thread have been evaluated as substrates for discriminating DNA mis-
matches that lead to genetic diseases [21]. Research is being developed
to complement the commercially available paper-based substrates, by
exploring alternative synthetic polymer-based microfluidic substrates
such as poly(L-lactic acid) (PLLA) [22] or poly(vinylidene-co-trifluor-
ethylene) (PVDF-TrFE) [23], which have higher mechanical strength
and tunable morphology and porosity. However, more sustainable ma-
terials and processing methods must be achieved in order to avoid the
chemical processing need to produce the aforementioned microfluidic
substrates, which in the case of cellulose usually also requires complex
processes including wood preparation, pulping, chemical recovery,
bleaching, and papermaking to convert wood to the final product [24,
25].

In fact, in the present day, together with improving the performance
of devices, one of the most urgent needs is increasing sustainability of
materials and processes, in particular in the area of disposable devices
[26]. In fact, the amount of waste produced per hospital patient per year
varies greatly worldwide, from 0.44 kg in Mauritius to 8.4 kg in the
United States of America (USA) [27], here with an additional 50.000
tons generated from home healthcare annually [28]. This waste is a
danger to global health and the environment, and thus the search for
natural, reusable, and renewable materials, as well as the use of sus-
tainable processing techniques and general circular economy concerns
has been met with investment [29]. The development of reusable
portable analytical diagnostic devices based on sustainable materials
represent one way to address this problem.

Silk fibroin (SF), a biocompatible and biodegradable fibrous protein
[30] with mechanical strength and thermal resistance [31], can be
extracted from a number of arthropods including spiders and silkworms
[32], most typically from Bombyx mori (B. mori) cocoons, as is the case of
the present work. The silk filament is composed of sericin (the outer
coating) and fibroin (the inner brins) [33]. SF can be processed into a
variety of formats and has been extensively used in applications as
diverse as scaffolds [34] for tissue engineering and in vitro disease
models or drug delivery in the form of hydrogels, microspheres or films
[35,36], combined with polyethylene oxide to create air filtration sys-
tems [37], as substrates for wearable displays [38], and often together
with graphene in electronic applications such as bio-integrated elec-
trode systems [39], pressure sensors [40], or enzymatic biosensor
transistors [41]. As an example, graphene nanosensors printed on
water-soluble silk films have been developed for bioselective bacteria
detection on tooth enamel [42]. A flexible, fully organic, biodegradable
and label-free impedimetric biosensor has been also reported, for the
detection of vascular endothelial growth factor (VEGF). The biosensor
has been fabricated by photolithography and using flexible fibroin as
substrates [43]. Silk yarn coated with conducting inks and appropriate
reagents have been woven into glucose sensors as a cost-effective solu-
tion and using lower solvent quantities than traditional screen-printing
[44]. Although some studies have evaluated the general properties of
whole silk cocoons [45], mainly addressing their permeability [46] and
electrical properties [47], their use as microfluidic substrates seems to
be somewhat rare, although they have been employed, for example, to
develop immunosensing assays for red blood cell antigen typing [48].

Regarding processing techniques, electrospinning is a technique that
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allows the development of fiber matts by applying a high voltage elec-
trical field to a droplet of polymeric solution, typically fed through a
syringe with a metallic needle by a pump, giving rise to a jet that is
collected in a metallic platform. The intensity of the electrical field,
solution concentration, pumping rate and distance to the collector
regulate fiber shape and size. Oriented fibers can be obtained by using a
rotating collector [49]. Electrospun (ES) SF mats have been prepared by
tailoring diameter and thickness for controlled drug release [50],
modified with graphene oxide to improve antibacterial activity and
biocompatibility [51], or carbon nanotube composites for enhancing
cardiomyocyte functionalities [52].

Further, the surface characteristics and wettability of SF fiber mat
can be modified by plasma treatment, where functional groups are
introduced to the surface of the exposed material changing its compo-
sition, improving the bonding of water molecules by integrating C=0
bonds [53,54].

Herein we report on pressed silk cocoons and ES SF substrates for the
development of natural-based reusable portable analytical systems.
Together with their processing and characterization, their suitability to
carry out colorimetric quantification of clinically relevant analytes is
demonstrated.

2. Experimental methods
2.1. Materials

B. mori silkworm cocoons were supplied by APPACDM from Castelo
Branco (Portugal). Sodium carbonate (NayCOgs), formic acid (FA,
CH505), calcium chloride (CaClsy), absolute ethanol (CoHsOH) and Hach
pH 4.01 buffer solution were obtained from Sigma-Aldrich. Distilled
water was prepared in the laboratory. All reagents and solvents were
used as received.

2.2. Bombyx mori silkworm cocoons-based substrates processing

The cocoons were first cleaned by scraping major impurities from its
inside, and cut in 30 mm? pieces and then subjected to a mechanical
press (Model 4350.L Bench Top, Carver, Inc., USA) at a pressure of 5 tons
for 3 h, reducing their thickness and making them flat and suitable for
printing. Raw cocoons and pressed cocoons will be addressed as R-co-
coons and P-cocoons, respectively.

2.3. Randomly oriented and oriented electrospun fiber substrates
processing

The extraction of SF from B. mori silkworm cocoons was carried out
by a soap degumming method. Cocoons were cleaned, cut in 1 cm?
pieces and boiled in a 0.05 wt% NaCOs solution for 30 min in a silk to
water solution ratio (w/v) of 1:40. The resultant fibers of SF were
thoroughly washed with distilled water and dried at room temperature
for 24 h. These fibers were then dissolved in a 0.17 M solution of FA/
CaCl, with a ratio of 12:1 v/w (FA:SF). To remove impurities, this so-
lution was centrifuged (Hettich EBA 21) at 6000 rpm for 10 min and the
supernatant SF/FA/CaCl; solution was cast on a petri dish and left to dry
at room temperature for 24 h to allow the FA to evaporate. The resultant
transparent and plastic material was once again washed in a distilled
water bath to remove CaCl, and dried at room temperature for 24 h,
leading to brittle, whitish solid SF. Then, SF was dissolved in FA (8:1 v/w
FA:SF) during 1 h to obtain a solution suitable for electrospinning. The
SF/FA solution was transferred to a 10 mL disposable syringe fitted with
a blunt steel needle, with an inner diameter of 0.41 mm, and placed in a
syringe pump (New Era NE-1000). Electrospinning was conducted using
a high voltage power supply (Glassman PS/FC30P04) set at 20 kV and
the solution was pumped at a flow rate of 0.5 mL.h. The resulting
randomly oriented ES SF samples were collected on a grounded 20 x 15
cm static plate collector placed 15 cm away from the tip of the needle.
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Oriented ES SF samples were obtained using the same process as the one
described before except for the use of a grounded rotating drum col-
lector set at a speed of 1500 rpm. ES samples will be referred as O-ES and
RO-ES for oriented and randomly oriented SF membranes, respectively.

2.4. Surface modification by plasma treatment

P-cocoons, O-ES and RO-ES samples were subjected to plasma
treatment in order to obtain superhydrophilic substrates [55]. The sur-
face treatments were conducted in a plasma chamber (Diener Electronics
Zepto) equipped with a 40 kHz radio frequency plasma generator using
oxygen (O3). Base pressure before plasma irradiation was 20 Pa. 50 W of
power were applied for 100 s under a total pressure of 80 Pa. This
procedure was performed on both surfaces of the samples. Samples
without and with Oy plasma treatment will be identified as w/o and w/
plasma, respectively.

2.5. Sample characterization

2.5.1. Physicochemical characterization

A scanning electron microscope (FEI Nova 200) was employed for the
characterization of the morphology and fiber size of all samples, which
were previously sputtered with a thin gold layer (Polaron SC502). Mean
fiber diameter was calculated from measuring approximately 50 fibers
using the ImageJ software.

The porosity of the samples was measured by liquid displacement
using a pycnometer. The weight of the pycnometer filled with ethanol
was measured and labelled as W; . The samples, whose weight was W,
were immersed in ethanol. After the sample was saturated, additional
ethanol was added to completely fill the volume of the pycnometer, and
the device was weighed (W, ). The sample was then taken out of the
pycnometer and the weight of the system with ethanol was labelled W3 .
The porosity of the sample was obtained as the average of three values
according toe = (W — W3 — Ws)/(W; — Ws). Absolute ethanol, as
a non-solvent for all samples, was used as displacement liquid since it
can penetrate the pores without inducing either shrinking or swelling.
The assays were performed on hydrophobic samples before plasma
treatment, since plasma treated samples absorb the ethanol into the
matrix which would lead to porosity measurement errors.

Mechanical properties were evaluated in the tensile mode with a
Shimadzu AD-IS universal testing set up using a load cell of 50 N for ES
samples and 500 N for P-cocoons samples. 15 mm long and 10 mm wide
samples were stretched at a rate of 1 mm.min~!. O-ES samples were
stretched along the direction of the fibers. Sample thickness averaged
110, 103 and 81 um for P-cocoons, RO-ES and O-ES samples, respec-
tively, as measured using a Fischer Dualscope MPOR. The stress-strain
measurements were performed in triplicate on dry and wet samples,
using 40 uL of water in the latter.

FTIR-ATR were performed at room temperature in all samples with a
Bruker Alpha II, from 1000 to 2000 cm ! using 64 scans and a resolution
of 4 cm™!. The degree of crystallinity of the P-cocoons, O-ES and RO-ES
samples w/o0 and w/ plasma treatment was calculated according to X¢ =
(A1263 /(A1230 + Ai1263)) X 100, comparing the absorption bands in-
tensity ratio at approximately 1263 cm™! and 1230 cm™! assigned to
amide III associated to f-pleated-sheet conformation and random-coil
conformation, respectively, from the FTIR-ATR spectra [56].

Thermal characteristics of the samples was evaluated by DSC in a
PerkinElmer 6000. Samples weighing approximately 6 mg were placed
into 40 pL aluminum pans and then heated from 30 to 400 °C at a rate of
10 °C.min" ! after an initial heating (and cooling back) from 30 to 100 °C
at a rate of 20 °C.min"!. This first cycle was carried to promote the
evaporation of the solvent and the water molecules that could be
included in the polymer structure.

2.5.2. Contact angle and capillary flow rate assays
Surface wettability was evaluated using the sessile drop method with
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a Data-Physics OCA20, by measuring the CA of 3 pL ultrapure water
drops on all samples. Six measurements were carried out for each sample
in different zones of the samples to obtain the mean CA and standard
deviation.

2.5.3. Colorimetric quantification of albumin, uric acid and glucose

The preparation of the portable analytical systems is illustrated in
Fig. 1. The design was created using computer-aided design software
(Sketchup 2017) and printed with a Xerox ColorQube 8880 printer. After
printing, each substrate (including P-cocoons, RO-ES and O-ES) were
placed on a hot plate (Prazitherm P272) at 100 °C for 2 min for the wax to
penetrate the samples all the way through to the opposing surface, so the
barriers can fully contain the fluids. Each system comprises three reac-
tion chambers that act as replicas, an inlet, and a control chamber. The
diameters of the reaction and control chambers are 4 mm, the diameter
of the inlet is 4.5 mm and the channels connecting the inlet to the re-
action chambers are 9 mm long and 2 mm wide. These dimensions
shrunk around 15% during the curing process due to wax expansion. A
total of four systems corresponding to four different measurement con-
centrations were printed for each type of substrate.

Colorimetric quantification assays for albumin, uric acid and glucose
were performed using commercial kits (Trinder — Endpoint, FAR Diag-
nostic). In all cases, the reaction chambers were first functionalized using
15 pL of the analyte solution under study (albumin, uric acid or glucose)
and left to dry for approximately 5 min. For the albumin assay, as correct
color complex formation depends on the acidity/basicity, a buffer so-
lution of pH 4.01 was previously added to uniform the pH of the
different substrates. Then, the reagent was pipetted into the inlet of the
microfluidic system, reaching the reaction chambers by capillarity. After
an appropriate time with depends on the analyte being used, the cor-
responding color variation occurred. The substrates were then scanned
(Brother DCP-1610 W) and color analysis was performed with ImageJ
software by measuring the mean gray values of each reaction chamber.
These results were used to obtain the calibration curves.

As firt approach, albumin quantification was performed on all types
of substrates. In this specific case, albumin reacts with bromocresol
green at a pH of 4.01 inducing a change to green color. Calibration
curves were determined using albumin concentrations of 100, 200,
1000, and 4000 mg.dL~".

As the plasma treated P-cocoons were perfectly viable for carrying
the colorimetric tests, their natural quality (only pressed, without the
need of any chemical processing) makes them extremely interesting
candidates for reusable and thus sustainable microfludic substrates. As
such, only P-cocoons were used for the consecutive quantification of
albumin, followed by uric acid and then glucose, by means of a washing
step in between uses. The substrates were placed under subtle agitation
at a temperature of 60 °C, in a solution with a small amount of dissolved
biodegradable pink soap, rinsed in water, and left to dry before carrying
out another assay. Uric acid is transformed into allantoin in the presence
of uricase, with formation of hydrogen peroxide which, in presence of
peroxidase, reacts with ethyl-sulphopropyl-toluidine and 4-aminophe-
nazone to produce a violet/purple complex whose color intensity is
directly proportional to the concentration of uric acid in the samples.
Concentrations of 0.5, 1, 2 and 5 mg.dL’1 were used. The substrates
were once again washed, and the glucose assay was carried out. Glucose
is oxidized into gluconic acid and hydrogen peroxide by glucose oxidase.
Hydrogen peroxide reacts with phenole and 4-aminophenazone in the
presence of peroxidase, producing a red/orange complex whose color
intensity is directly proportional to the glucose concentration in the
samples. These tests were carried at concentrations of 50, 100, 150 and
200 mg.mL~’. Reaction time for glucose and uric acid is around 10 min,
while for albumin is below 1 min.
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Silk based Portable Analytical Systems

Reaction
chambers

Inlet

Control

Fig. 1. Procedure for fabrication of the silk-based portable analytical system involving wax printing.

3. Experimental results and discussion
3.1. Physicochemical characterization

Representative Scanning Electron Microscopy(SEM) images of the P-
cocoons, O-ES and RO-ES samples, w/o0 and w/ plasma treatment, are
shown in Fig. 2a. R-cocoons were also analyzed to evaluate any change
of their micromorphology that could arise from the pressing process.
Fiber diameter, represented in Fig. 2b, influences the structural and
physical properties of the samples, including porosity (Fig. 2c), me-
chanical strength and capillary flow rate [40].

ES samples present cylindrical oriented and randomly oriented fibers
according to the processing conditions. The B. mori cocoons exhibit a
relatively smooth surface even before pressing (R-cocoons), but more so
when pressed (P-cocoons). After plasma treatment, there appears to be
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no evidence of removal of the silk sericin layer in the P-cocoons samples.
Overall, the characteristic fiber distribution and multilayered structure,
as well as their interconnectivity, and diameter were reasonably pre-
served in all samples, independently of the processing conditions. Very
slight differences in terms of fiber surface texture can be observed when
comparing pre and post plasma treatment, as has been previously re-
ported [54]. This confirms that the O, plasma treatment did not
significantly modify the morphology of the samples at the microscale, as
the treatment protocol was previously optimized [57] not only to
minimize overheating or significant morphological changes, but also to
ensure the stability of the hydrophilic surface over time, as the samples
were tested and remained hydrophilic after 3 months.

RO-ES samples, w/o and w/ plasma treatment, are characterized by
mean fiber diameters of 914 + 21 nm and 806 + 14 nm, respectively,
while O-ES samples present slightly lower diameters of 787 & 19 nm and

P-cocoons R-cocoons
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Fig. 2. a) Representative SEM images of processed samples w/o and w/ plasma treatment. Image of R-cocoons is also presented, and b) Respective fiber diameters; c)

Porosity of the samples w/o0 oxygen plasma treatment.
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648 + 20 nm, respectively. The smaller size of the oriented fibers results
from stretching during their collection in the rotating drum [58]. A
slight decrease in average fiber diameter after plasma exposure is
observed and also in agreement with the literature [59]. This can be
attributed to the applied atmosphere pressure and heating during the
treatment which promotes evaporation of the solvent remnants. B. mori
cocoons’ average fiber widths are significantly larger than for ES SF
samples, both as R-cocoons and P-cocoons. These sizes are at the
micrometer scale, with values of 24.2 + 2.7 um for R-cocoons and 21.8
+ 3.4 um and 23.9 + 4.1 pm for P-cocoons, w/0 and w/ plasma treat-
ment, respectively. The slight increase of the average fiber size after
plasma treatment may be attributed to the local heating of sericin and
leading to fiber dilatation by releasing the effect of the applied pressure.
Further, differences can also be expected due to the natural variations
between samples produced by B. mori [60]. Another important obser-
vation is that the B. mori cocoons’ morphology and average fiber widths
are very similar to the commonly used Whatman n°1 cellulose filter
paper [22] (the gold standard on POC applications after its introduction
[10]). However, although both materials come from natural sources,
P-cocoons, which are white by nature, require no further processing
beyond pressing and plasma treatment, contrary to cellulose that typi-
cally requires complexes processes, including wood preparation, pulp-
ing, chemical recovery, bleaching, and papermaking to convert wood to
the final product [24][26].

Another important parameter is porosity, which is one of the main
factors that affects how solutions behave when interacting with a sam-
ple, which is essential to evaluate for printable materials and their ap-
plications in portable analytical systems. Nonetheless, the assays were
performed on hydrophobic samples before plasma treatment, since
plasma treated samples absorb the ethanol into the matrix which would
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lead to porosity measurement errors (as explained in Section 2.5.1).
Porosimetry results (Fig. 2b) show that O-ES samples are characterized
by a porosity of 65.9 + 6.1%, followed by the RO-ES samples with 60.7
+ 5.45%. As the fibers in these samples are similar in size, the more the
fibers are randomly deposited one above the other, the tighter the spaces
between them, explaining the lower value in the RO-ES samples. Co-
coons, with similar non-oriented fiber morphology, present a degree of
porosity of 53.4 + 4.7%. B. mori fibers are flatter than the cylindrical
electrospun fibers, which promotes a lower porosity due to their ability
to be deposited in a more compact way.

Stress-strain mechanical curves and the corresponding Young’s
modulus, Fourier-transformed infrared spectroscopy measurements in
attenuated total reflectance mode (FTIR-ATR) spectra, and differential
scanning calorimetry (DSC) thermograms for the different samples are
presented in Fig. 3.

Mechanical stability of microfluidic substrates used for the devel-
opment of portable analytical systems is essential, as samples must be
able to withstand wear and tear that may come from simple user
manipulation or repeated washing and reutilization.

Stress-strain curves up to 15% (Fig. 3a) reveal highly deformable
structures at low forces, with the mechanical characteristics being
determined by a deformation of the network structure and not of the
material itself [61]. P-cocoons possess a much higher resistance to
deformation when compared with the ES samples, due to their larger
fiber diameter. The ES samples reveal an earlier plastic regime, with the
O-ES samples possessing higher resistance than RO-ES, as the aligned
fibers allow the sample to withstand higher forces [23]. O-ES samples in
dry state reach Young’s modulus values of 348.23 &+ 16.16 MPa (276.96
+ 12.09 MPa when wet), close to, but still inferior to the wet P-cocoons
(377.2 + 13.39 MPa, Fig. 3b). The lowest values correspond to the
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Fig. 3. a) Stress-strain curves up to 15% of strain, and b) Respective elastic modulus for the plasma treated samples in dry and wet states; c) FTIR-ATR spectra and d)

DSC thermograms of the processed samples.
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RO-ES fibers (255.54 + 13.46 MPa and 198.18 + 9.04 MPa in the dry
and wet states, respectively), concurrently revealing they possess the
lowest linear regime capacity, quickly giving way to plastic regime. The
fact that the stress-strain measurements were taken in the direction the
fibers were spun (not perpendicularly) explain the higher resistance of
O-ES samples when compared to the RO-ES samples [61]. The P-co-
coons’ superior strength can be attributed to greater fiber-size, as well as
the presence of sericin which has been shown to enhance the tensile
properties of regenerated silk filament [62]. As is later proven by the
proofs of concept, these values show the samples are more than able to
withstand the conditions necessary for carrying aqueous assays. More-
over, all samples are consistently more resistant to mechanical defor-
mation when dry. P-cocoons present the highest elastic modulus, with
values of 592.13 + 19.83 MPa in a dry state and 377.2 + 14.39 MPa
when wetted.

FTIR spectra (Fig. 3¢) of samples w/0 and w/ plasma treatment show
no relevant differences among them, indicating that the use of O, plasma
does not induce any significant chemical change. Amide I (which cor-
responds to C=0 stretching) and II (N—H in-plane bending) bands with
peaks at 1616 and 1508 cm ™! are evident in the P-cocoons’ spectra, with
a clear shift to higher wavenumbers for all RO-ES and O-ES samples,
peaking at 1648 and 1527 cm ™! respectively. The bands corresponding
to Amide III (-N and N-H functionalities) at around 1263 and 1230
cm ™! are less apparent but may also be correlated with an alteration of
the secondary structure, an increase of the relative proportion between
the random coils and f-sheet conformations [60,63]. This alteration can
be attributed to the slow solvent evaporation during the electrospinning
process, which leads to improved polymer chain organization and
consequentially a highly crystallized structure [64]. The lower peaks in
the P-cocoons samples for Amide I, II and III may be due the presence of
sericin which seems to have an effect of masking the fibroin and of
attenuating the vibrational peaks, as sericin is present as a sheath over
the fibroin core of the fiber [65].

The degree of crystallinity of the different samples was calculated
from the FTIR-ATR spectra, and the results are shown in Table 1.

Mean crystallinity degrees of approximately 47% and 43% were
obtained for the P-cocoons and ES SF samples, respectively. This dif-
ference is within experimental margin considering the natural origin of
the cocoons and the typical variations between samples [66], which can
slight change the physical properties of B. mori. No variations in the
degree of crystallinity of the samples are observed due to the plasma
treatment, as its effect is restricted to the fiber surface [57].

Fig. 3d shows the DSC thermograms of the different samples for a
heating scan from 60 to 375 °C. P-cocoons show the endothermic peak at
310 °C associated with the heat-protective sericin layer [67]. Silk I
conformation, an organized, crystalline form of fibroin, transforms into
the p-sheet structure of silk II with the application of mechanical strain
or other energy inputs. The presence of silk II or both I and II is corre-
lated with the endothermic peaks at higher temperatures [68], and a
larger presence of silk II crystalline domain may have been induced by
the pressing of the cocoons. O-ES and RO-ES samples show the charac-
teristic endothermic peak around 280 °C due to the degradation of
highly crystalline SF structures, specifically the side chains groups
amino acid residues and the cleavage of peptide bonds [64,69]. This
lower temperature peak is ascribed to the sole presence of fibroin in the

Table 1

Crystallinity degree of the P-cocoons and ES SF samples.
Sample Xc (%)
P-cocoons w/o plasma 47.6 + 1.9
P-cocoons w/ plasma 47.3+1.9
RO-ES w/0 plasma 43.2+1.7
RO-ES w/ plasma 429 + 1.7
O-ES w/o plasma 431 +1.7
O-ES w/ plasma 429+1.7
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ES samples, as opposed to fibroin and sericin in the P-cocoons. There are
no significant changes between the samples w/0 and w/ plasma, as the
treatment only acts at the surface level.

3.2. Contact angle and capillary flow rate assays

Contact angle (CA) and capillary flow rate results are presented in
Fig. 4.

The hydrophobic nature of B. mori and ES samples is a key issue that
must be overcome for their use as microfluidic substrates, where capil-
lary flow is essential. Surface wettability is governed by surface chem-
istry, surface energy and morphology as well as by the properties of the
solution [70]. CA is the most used method to measure these properties
and provides accurate results about the wettability of materials and was
used in both P-cocoons and ES SF samples [54,60].

Morphology and plasma treatment have a direct effect on water CA
values and therefore on surface wettability (Fig. 4a). Untreated P-co-
coons samples have a mean CA value of 130 + 4.5 °, representing a
slightly hydrophobic behavior when compared to the ES samples which
have lower CA values of 117.7 + 3.4° and 104.1 £ 3.8° for the RO-ES
and O-ES samples, respectively. This difference can be explained by
the higher surface roughness of the P-cocoons samples when compared
to the ES samples, as well as differences in terms of compactness, crys-
tallinity, and composition as cocoons still possess sericin, while the ES
samples are only composed of fibroin [71]. The CA of all plasma treated
samples decreased to 0°, with the water drop being completely absorbed
in less than 30 s, when brought in contact with the surface. The reduc-
tion of the CA value is a clear indication of the increase in wettability,
demonstrating a superhydrophilic behavior, based on the introduction
of C—O and C = O groups, being stable for at least 3 months, as previ-
ously indicated [57].

Capillary flow rate evaluation ascertains the ability of the samples to
generate passive capillary flow, without the need for external actuation
systems. The results for the different samples can be found in Fig. 4b.
The samples w/o plasma treatment show no visible capillary flow, as
expected due to their hydrophobic nature. P-cocoons and RO-ES samples
w/ plasma treatment are characterized by similar flow rates: 44.8 +
3.75 and 46.5 + 2.05 mm.min "}, respectively. The closeness of these
results is related to the similar microstructural features governed by the
non-oriented fibers, with the differences in fiber diameter seemingly
having no effect on capillary flow. Oriented fibers allow solutions to
follow a specific direction without obstruction from transversal fibers, as
is verified by the higher mean value of capillary flow, 82.1 £+ 4.95 mm.
min~!. This tunable capillary flow rates according to the sample
morphology is a valued property that can be taken into account,
depending on the application requirements.

3.3. Albumin, uric acid and glucose colorimetric assays on silk substrates

After wax-printing the pattern for the portable analytical system
(described in Section 3), colorimetric analysis for albumin was first
carried out for all the silk-based substrates under study subject to plasma
treatment. These tests are depicted in Fig. 5a.

Overall, print quality and wax adhesion varies for each substrate.
The ES SF substrates show more defined borders in comparison to the P-
cocoons substrates, all of them w/ plasma, as expected given the co-
coons’ more irregular surface even after pressed. On the other hand, wax
adhesion is improved in the P-cocoons. Electrospinning produces
thinner fibers than those of natural P-cocoons, which are also deposited
in a much more compact manner, leading to smaller interstices. This
may explain the absence of wax at certain spots in the ES substrates,
which nevertheless did not hinder the applicability of the materials. The
same principle applies to the P-cocoons: as the interstitial spaces be-
tween fibers are wider, vestigial spaces that were not filled with wax
during the thermal curing process may allow small leakages of fluid
beyond the printed frontiers, as is observed in Fig. 5a. This did not affect
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Fig. 4. a) Contact angle and b) Capillary flow rates in the antigravity direction of a dye solution for the processed samples.

the assays in any of the cases, immediately apparent by the color for-
mation which gradually grows in intensity as concentrations increase,
and also confirmed by mean gray value evaluation. The calibration
curves for the albumin assay show that colorimetric assays on all sub-
strates show linear fittings, with R? values of 0.992, 0.957 and 0.991 for
RO-ES, O-ES, and P-cocoons respectively, demonstrating the strong
correlation between variation in color intensity and concentration. The
somewhat lower R? value for the O-ES substrate may be due to the more
heterogeneous color formation within the reaction chamber due to fiber
orientation. Nonetheless, with a value of 0.957, the correlation is still
evident. The P-cocoons exhibit a lower slope value, which is associated
with a lower sensitivity to the color gradient, which may be related with
how the color tone is produced when contrasting with the substrate’s
own color. This is not detrimental for the assay, as the correlation is still
very strong (R? of 0.991).

After the previous assays, P-cocoons samples were selected for their
simple and sustainable processing to evaluate their possible reuse as
microfluidic substrates. The samples were then cleaned according to the
indicated protocol (described in Section 2.5.3) and uric acid colori-
metric assays were performed, as illustrated in Fig. 5b. In addition to the
reagent and sample used to carry the albumin colorimetric assay, the
cleaning process removed some of the wax from the printed zone of the
cocoons, as indicated by the lighter areas observed in some samples. In
this sense, the cleaning process can be further optimized to better pre-
serve the wax patterns. Nevertheless, the fluids are still mostly contained
within the reaction chambers and color complex formation is clear,
which is confirmed by the corresponding fitting. R2 value decreased only
slightly (from 0.991 to 0.983), showing that a strong correlation be-
tween concentration and color intensity is maintained. The slope value
is closer to those observed in the ES substrates, higher than the albumin
assay and hence an improvement towards the previous assay in the same
P-cocoons. This may be due to a better contrast of the pigment when
interacting with the substrate.

Substrates were once again cleaned and the glucose assays were
carried, as shown in Fig. 5c. The cleaning process did not remove wax
any further than in the previous assay, which suggests the amount of
wax previously washed away was mostly excess from the surface. The
leakage from the channels and chambers is slightly higher but the hy-
drophobic barriers still fulfill their role in containing the fluids. The R?
value again decreases in a very small amount from 0.983 to 0.967,
showing that a strong correlation is still present for the glucose assay.
The slope value is considerably higher than the result from the uric acid
assay (79.02 compared to 26.4), suggesting that the pigment may be
even more adequate for this substrate. Reuse assays were also success-
fully performed on the ES SF substrates (data not shown).

3.4. Comparative evaluation with commercial paper-based substrates

The main properties featured by the developed plasma treated P-
cocoons and ES SF membranes, together with the ones of two paper-
based membranes commonly used as microfluidic substrates, are sum-
marized in Table 2.

Although the papermaking process is mature, it involves complex
procedures with high environmental impact and resources wear. In
addition, their physicochemical properties are often not available,
which means that the selection of the material(s) for the development of
a specific portable analytical system is not always made according to the
most appropriate properties to match the requirements of the proposed
application (such as collection, separation, pre-concentration or mixing,
among others), but rather according to the material available or the
most cost effective. Thus, the present work proposes and duly charac-
terizes an alternative material based on Bombyx mori cocoons, which is
also of natural origin. Further, it is originally white, unlike paper that
requires bleaching in addition to other chemical processes, which is a
property required for colorimetric assays. The morphology of the sub-
strates can be tailored by processing, allowing to tune capillary flow. O-
ES SF membranes present the highest capillary flow due to fiber orien-
tation, while the P-cocoons and the RO-ES SF membranes feature
capillary flow rate similar to the commercial Whatman™ no.1 mem-
branes. Millipore HF090 membranes, in turn, present the lower capillary
flow and require a backing transparent material. Moreover, all the
prepared membranes are characterized by relatively good wax printing
and colorimetric detection quality. However, P-cocoons stand out as
they do not require any chemical process (just pressing and plasma
treatment) and present excellent mechanical properties in the dry and
wet states. Moreover, it was demonstrated that plasma treated P-cocoon
membranes can be washed and dried, at least 3 times, without losing
their physicochemical properties, allowing their reuse, which make
them particularly interesting candidates for eco-friendly microfluidic
substrates, taking into consideration circular economy and sustainabil-
ity (e.g. preventing waste and one time use).

4. Conclusion

Bombyx mori cocoons and electrospun silk fibroin were used to
manufacture substrates for a next generation of sustainable portable
analytical devices. The substrates consist of pressed cocoons and both
oriented and randomly oriented electrospun fibers prepared from puri-
fied silk fibroin extracted from the same type of cocoon. Oxygen plasma
treatment was applied to these samples to make them superhydrophilic,
and a thorough characterization of their physicochemical properties and
overall behavior when interacting with aqueous solutions was carried
out, showing mechanical stability, thermal resistance,and ability for
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Fig. 5. Colorimetric albumin bioassay proofs of concept and corresponding calibration curves on wax-printed: a) P-cocoons, RO-ES and O-ES substrates w/ plasma
treatment. b) Colorimetric uric acid assays in reused P-cocoons, corresponding calibration curves and SEM image of P-cocoons microstructure after the washing
process. ¢) Colorimetric glucose assays on two times reused P-cocoons, corresponding calibration curves and SEM image of P-cocoons microstructure after the second

washing process.

capillary flow. Plasma treated pressed Bombyx mori cocoons in partic-
ular show superhydrophilicity, capillary flow rates of 44.8 + 3.75 mm.
min~!, and mechanical resistance, with Young’s modulus values of
592.13 + 19.83 MPa (dry conditions) and 377.2 + 14.39 MPa (wet
conditions). Proofs of concept were produced by wax-printing hydro-
phobic barriers according to a pattern composed of insertion and reac-
tion chambers joined by channels. Although electrospun samples allow
higher printing quality, an albumin colorimetric assay showed that all
substrates performed well and a suitable quantity of fluid was contained
inside the chambers, allowing formation of the colored complexes. As
pressed Bombyx mori cocoons require no further processing besides
pressing and plasma treatment, they were selected for subsequent
cleaning and further colorimetric testing to evaluate their possible reuse.
Uric acid and glucose tests were successfully carried out after in between
cleaning procedures, showing that reutilization is possible without
compromising substrate and printed microstructure and, therefore,

system functionality.

Bombyx mori cocoons as well as silk fibroin electrospun mats are
demonstrated to be suitable substrates for the development of portable
analytical devices. Natural-based materials as reusable substrates are so
proposed for a next generation of portable analytical systems with
reduced environmental impact, not only for colorimetric assays, but also
for other methods of detection in areas such as biomedicine, environ-
mental monitoring, or food quality control, among others.
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Table 2
Main properties of commercial paper-based membranes, the developed P-cocoons and the ES SF membranes as substrates for microfluidic applications.
Whatman™ n°.1 [23] Millipore HFO90 [23] P-cocoons ES SF membranes
Natural origin Yes Yes Yes Yes Yes
Chemical processes (including  Yes Yes No No No
bleaching)
Morphology Randomly oriented cellulose Spherulitic-like nitrocellulose Randomly oriented Oriented Randomly oriented
microfibres porous structure” microfibres microfibres microfibres
Wettability Superhydrophilic Superhydrophilic Superhydrophilic after plasma treatment
Capillary flow (mm.min D) 44.1+1.13 25.0£3.4%* 44.8 + 3.75 82.1 +4.95 46.5 + 2.05
Wax print quality Poor (expands 1.2 mm after High Good High High
curing)
Colorimetric detection quality ~ Good Good (only in the back side) Good Good Acceptable
Mechanical properties (dry/ +/- +/+* ++/4++ +/+ +/+
wet)
Reusable No No Yes (washable)

" laminated membrane with backing material. Scrapes easily.
“ tailorable according to Millipore type.
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