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Abstract

The aim of our work was to develop a low-cost, portable device for the fast and easy determination of total protein
content by using PDMS-based lab-in-a-syringe technology with removal of 3D-printed channels. We proposed two
designs with a one-step PDMS curing and a two-step PDMS-curing fabrication procedure. The one-step PDMS micro-
devices were found to be the best in the view of preparation, repeatability, and stability of the reagent. This design
was then applied for the determination of total protein content in biomedical products using the Bradford assay.
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Introduction

The development of simple, low-cost, and efficient meth-
ods and/or devices for bioanalysis is tremendously valu-
able for many application fields, including self-testing
in medicine, non-professional assays for determination
of food quality, and portable environmental testing. The
concept of low-cost microfluidics, introduced in 2007
(Martinez et al. 2007), fits the needs for such devices.
They are made from cheap materials, like paper or wax,
with cheap procedures, like common printing, draw-
ing by pencils, or ironing. These devices can be used for
many purposes, as recently reviewed (Carrell et al. 2019;
Salentijn et al. 2018; Akyazi et al. 2018; Weng et al. 2019).
Moreover, the concept of paper-based microfluidics was
broadening out by the combination of these devices with
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other devices and techniques known from “classical”
microfluidics. There are articles combining paper-based
devices with foil or PDMS, including “classical” stereo-
lithography procedures (Kamali et al. 2018; Montgomery
et al. 2018; Maskova et al. 2017).

Interestingly, in 2015, the lab-in-a-syringe (LIS) assay
in microfluidics based on the lateral flow assay in a
holder connected to the syringe was introduced (Pauli
et al. 2015). This work was then followed by Zor and
Bekar (Zor and Bekar 2017) for discrimination of enan-
tiomers. In 2017, Harendarc¢ikova et al. (Harendarcéikova
et al. 2017) developed the assay where the reaction and
detection pads were introduced directly into the syringe
barrel. However, the concept of lab-in-a-syringe or lab-
in-syringe (or in-syringe) analysis is much older. Gen-
erally, it was used in many research fields including
solid phase synthesis in organic chemistry (Cankafova
et al. 2019; Schiitznerova et al. 2018), for microextrac-
tion (Maya et al. 2012; Yu et al. 2019; Tang et al. 2019;
Srdmkov4 et al. 2018; Barreto et al. 2019), or for focusing
of analytes before mass spectrometry in analytical chem-
istry (Mikhail et al. 2019).
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Among the many applications of these low-cost
devices, there is a need for fast, cheap, and portable
devices that determine total protein content to control
the production of biopharmaceuticals. Generally, these
biomedical products or biopharmaceutical products are
drugs manufactured (or semi-synthesized) from biologi-
cal sources such as cells, cellular components, or cell cul-
tures. During the production process, especially in the
development stages, there is a need for cheap and fast
control of cell growth and drug production (Lomonossoff
and D’Aoust 2016; Parr et al. 2016; Hidalgo et al. 2018;
Torano et al. 2019). Typically, total protein content assays
are used to show the increase in protein production.
They are, of course, not so precise in comparison with
proteomics, but they are enough to check the produc-
tion process. Moreover, the total protein content assay is
also used as the first and cheap test in the quality con-
trol of prepared biopharmaceuticals. If the batch passes
such control, it can be characterized by means of more
specialized, and more expensive, techniques. As can be
seen from the praxis as well as publications, the assay is
still considered as the “golden standard” in any protein-
based application (Radosevich and Burnouf 2010; Raynal
et al. 2014). Traditionally, a total protein content assay is
based on the colorimetric reaction of samples with a spe-
cific reagent, e.g., Bradford (Bradford 1976). This is done
in laboratory conditions that need a transfer of samples
from the biotechnology production plant. In this view,
the use of a portable and low-sample consumption assay
would make all the processes easier.

Consequently, the aim of our work was to develop a
low-cost, portable device for the fast and easy deter-
mination of total protein content. We decided to use
the lab-in-a-syringe technology as the ideal platform
for such a task. However, the lab-in-a-syringe assays
(Harendarcikova et al. 2017) use a large sample in the
milliliter range volumes that is not favorable for produc-
tion control. To decrease the amount of sample required,
the assay should be inserted into the smaller syringe, but
this limits the user-friendliness of the analysis. The sec-
ond possibility is to form channels in the syringe barrel.
Here, the combination of 3D printing and PDMS-based
microfluidics can be used. This 3D printing approach is
adopted in microfluidics, as reviewed in other works
(Hartings and Ahmed 2019; Manzanares Palenzuela and
Pumera 2018; Dixit et al. 2018; Bhattacharjee et al. 2016;
Au et al. 2016; Li et al. 2019a; Gong et al. 2018; Salen-
tijn et al. 2017). Most of the papers address the direct 3D
printing of materials and formation of final microfluidic
devices (MacDonald et al. 2017; Li et al. 2017a, 2017b,
2019b; Bhattacharjee et al. 2018; Vittayarukskul and Lee
2017; Romanov et al. 2018; Beauchamp et al. 2019). Inter-
estingly, there is a second approach where 3D printed
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structures are placed in PDMS and removed after PDMS
curing. This approach was presented for the first time
in two pioneering works in 2015. Hwang et al. (Hwang
et al. 2015) mechanically removed the scaffolds by rotat-
ing the molds, and Saggiomo and Velders (Saggiomo
and Velders 2015) created so called ESCARGOT meth-
odology where the ABS polymer scaffolds are printed,
inserted into PDMS, and then removed with acetone.
These approaches were recently followed by Dahlberg
et al. (2018) who used a water-soluble polyvinyl alcohol
(PVA) filament for rapid production of PDMS microflu-
idic devices. These approaches seem to be ideal for our
work because they do not need high investment costs
either.

Experimental

Chemicals and materials

The Bradford reagent, bovine serum albumin (BSA),
phosphoric acid, sodium hydroxide, dimethylglyoxime,
nickel (II) chloride hexahydrate, potassium bromide,
and ammonium hydroxide were bought from Sigma-
Aldrich (St. Louis, MO, USA), all at p.a. quality. Deion-
ized water of 18.2 MQ.cm was prepared by the MilliQ
system from Millipore (Burlington, MA, USA). The pre-
polymer of polydimethylsiloxane (PDMS) and the cur-
ing agent known as Sylgard 184 were purchased from
Elchemco (Prague, Czech Republic). Materials, mainly
2 mL syringes, were bought from Chirana (Stara Turs,
Slovakia), 10 mL and 20 mL Luer lock syringes were
purchased from B. Braun (Melsungen, Germany), and
syringe combi-stoppers were also bought from B. Braun
(Melsungen, Germany). The cellulose fiber sample pads
(cat. no CFSP203000) were bought from Sigma-Aldrich
(St. Louis, MO, USA). The BOLA PTFE sheets with
a thickness of 0.05 mm were bought from Bohlender
GmbH (Griinsfeld, Germany).

3D printing

All the structures were created using Autodesk Fusion
360 software (San Rafael, CA, USA) following the con-
version to “stl” files by Autodesk Meshmixer software
(San Rafael, CA, USA). The “stl” files can be found in the
Additional file 2. The “stl” files were sliced by KISSlicer
software v. 1.5 (http://www.kisslicer.com/) and trans-
ferred as G-codes to the 3D printer. The TRILAB DeltiX
Mini FDM 3D printer using the delta kinematics print-
ing (TriLAB Group, Brno, Czech Republic) was used
for printing the structures. Filaments with a diameter of
1.75 mm contained PLA or ASA (Fillamentum Manufac-
turing Czech, Hulin, Czech Republic) and BVOH (Verba-
tim, Tokyo, Japan). All the printed structures were baked
for 12 h at 60 °C to prevent inhibitory effects on PDMS.
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PDMS-based lab-in-a-syringe

The PDMS-based lab-in-a-syringe devices were prepared
as follows: the 3D printed structures were inserted into
the syringe barrel and placed in the correct position by
common modelling clay (bought from the local super-
market). The syringe tip was also blocked by the model-
ling clay. The syringe barrel was then placed vertically
(“on the syringe tip”) and PDMS was poured into the
barrel. The PDMS was prepared beforehand by mixing
the prepolymer and the curing agent (Sylgard 184) in a
ratio of 10:1, stirred properly, and degassed in a vacuum
for 15 min. The amount of PDMS poured into the barrel
depended on the structure of the LIS device (small parts
of 3D printed structures should stay above the PDMS to
allow their mechanical removal). Then the barrel contain-
ing PDMS and 3D-printed structures was inserted into
the desiccator under vacuum and kept there for at least
48 h at room temperature (~25 °C). Subsequently, the
modelling clay parts were removed, and the 3D printed
parts were also very carefully (mechanically) removed
using common tweezers. The channels were then care-
fully rinsed with deionized water.

In the case of preparing “two-step” PDMS-based LIS
devices, the KBr structures (prepared via the applica-
tion of pressure by the KBr tool kit for IR spectroscopy)
as well as the novel 3D printed structures were placed
into the right position by using formed channels as well
as modelling clay. The PDMS was then poured into the
syringe barrel; the volume of PDMS again depended on
the structure of the LIS device. Finally, the syringe barrel
was closed via the plunger (with a PTFE sheet on it) as
close as possible to the second 3D printed channel (The
closing was also regulated by the movement of the sec-
ond 3D printed channel through the syringe tip because
it regulates pressure differences.) and placed vertically
(“on the plunger”). This caused the flow of PDMS from
the open parts made in the first step to the right posi-
tions for curing in the second step. Then the syringe was
placed into the desiccator under vacuum and kept for at
least 48 h at room temperature (~25 °C). After that, the
syringe plunger was carefully removed. The modelling
clay parts as well as the 3D printed parts were also very
carefully removed. The final channels were rinsed with
deionized water, dried, and the LIS device was closed
using the plunger and the stopper (at the tip side).

Protein determination assay

The commercial Bradford reagent (cat no. B6916) from
Sigma-Aldrich (St. Louis, MO, USA) was used to quan-
tify the total protein content. The procedure is based
on the formation of a complex between the dye, Bril-
liant Blue G, and the proteins in the solution. The pro-
tein—dye complex causes a shift in the dye’s absorption
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maximum from 465 nm (yellowish green) to 595 nm
(blue). The commercial reagent (0.5 mL) was directly
injected via a syringe with a needle into the reservoir
in the LIS device. The device was closed by the stopper
and kept in the refrigerator. Prior to use, the LIS device
was brought to room temperature and gently shaken.
The syringe was then filled with sample by moving the
plunger in the syringe two marks (representing approxi-
mately 6.5 mm). The LIS device was closed with the
stopper, gently shaken, and incubated for five minutes at
room temperature. The color intensity was analyzed by
taking photos of the device using a common smartphone
(13 mpx camera), which were then transferred to Corel
Photo-Paint X4 software. The mask tool was used to
pick the colored region, and the histogram was analyzed.
The average value with the standard deviation value was
used for calibration (the color intensity was calculated
as 255 minus the average value, as described previously
(Hérendarcikova et al. 2017)).

Results and discussion

The aim of this work was to develop a low-cost, portable
lab-in-a-syringe device for the fast and easy determina-
tion of total protein content. There are two issues that
need to be solved: (i) the volume of the syringe is quite
big for the sampling of biopharmaceuticals, (ii) the Brad-
ford reagent, as the “standard” assay, cannot be used with
the cellulose fiber pad. When the reagent was placed on
the pad, it formed a blue-colored product. This was prob-
ably due to the use of proteins in the production process
of paper-based materials. The same was observed for
other paper-based materials (including Whatman filter
papers).

This led us to the idea of developing “second genera-
tion” lab-in-a-syringe devices. The idea was to form a
reaction container in the syringe barrel where the Brad-
ford reagent can be stored. The design should also pick
up the sample without contaminating the sample with
the reagent. Generally, this concept can be used for other
reagents and used e.g., in terrain analysis. In our work,
we proposed two types of single-use LIS devices (see
Fig. 1). The first contains only the reservoir for the rea-
gent and the sampling channel while the second also con-
tains fluidic channels for the volume minimization.

Theoretically, the first device with the reservoir only
can be used repeatedly. However, the cleaning procedure
should be very efficient to be acceptable for the analyti-
cal purposes. Hence, we proposed these devices as the
single-use ones. The preparation of both devices started
with the 3D printing of reservoir structures and sampling
channels (Fig. 2a). They were inserted into the syringe
barrel and PDMS was poured (Fig. 2b, c). The structures
were then mechanically removed (Fig. 2d). In the case of
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Fig. 1 Scheme of the “second generation” (reservoir-based) lab-in-a-syringe devices. a LIS device with a reservoir; b LIS device with the reservoir

the second design, a second step in production was per-
formed. Again, the channel structures were placed in the
right positions and PDMS was poured into the reversed
position of the syringe barrel (see Fig. 2e—i). The photos
of the preparation process are in Fig. S1 in the Additional
file 1.

Interestingly, the most problematic step was keep-
ing the channel connecting the reaction reservoir with
the main straight channel open. The PDMS is too vis-
cous and usually clogs the channel (or the channel was
not formed) when there is no filling during curing. To
prevent such issues, a barrier should be used. However,
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when using 3D printed structures, it is not possible to
mechanically remove them (they are orthogonal to the
walls of the syringe barrel). Therefore, we studied two dif-
ferent setups: (i) the use of pressed KBr structures that
could be dissolved in water after PDMS curing, and (ii)
the use of water-soluble BVOH filaments to 3D print
this structure. The first method showed promise, but the
small KBr structures were very fragile and manipulation
before PDMS curing was not easy (KBr structures should
fit PDMS cured in the first step perfectly). However, the
solubility of KBr in water was rapid. After PDMS cur-
ing, the LIS device was submerged in a hot water bath
(40 °C), and the channels were rinsed with hot water. In
the second method, insertion of the BVOH part into the
syringe barrel was very easy, but this part takes longer
to dissolve; it took more than four hours to dissolve the
BVOH structure in nearly boiling water. Moreover, it is
necessary to minimize the contact of boiling water with
the syringe material as it is not thermostable. The BVOH
part could be dissolved with water at laboratory tempera-
ture for more than three days. The BVOH was used for
further studies mainly because of the easier manipula-
tion in comparison with KBr. After the preparation of the
LIS device, it was flushed with deionized water and dried
under room temperature overnight. The final device was
then filled with the Bradford reagent (which does not
react with any component of the device), closed by the
stopper, and kept in the fridge for further use (Fig. 3a).
The use of these devices is representatively depicted in
Fig. 3b, c, for both LIS designs.

Then the repeatability of the preparation was studied
on ten LIS devices (both with the reservoir and with
the reservoir and fluidic channels). First, deviations in
both reservoir and channel dimensions were evaluated.
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The height and the width of the reservoir differed max-
imally in 5% and 4%. The width of the channel varied
in maximally 10%. The worst parameter is the width of
the channel connecting the reaction reservoir with the
main straight channel in the case of the second design
(Fig. 1b) where the difference is about 35%. Hence, the
first design (Fig. 1a) was chosen for the next analyses.
The stability of the reagent in the LIS device was fur-
ther investigated. 20 devices were prepared, filled with
the Bradford reagent, and stored in the fridge (at 4 °C).
Each day; 200 pg mL™! BSA solution was analyzed by
the LIS device. Repeatability of the color intensity was
calculated to be 96% that is acceptable in the view of
the stability of the reagent (Fig. S2 in the Additional
file 1). Next, the portability (utilization of the device
in a terrain) was studied. LIS devices were taken (after
preparation and one-day storage in a fridge) in a car
under a sunshine in an insulated cooler bag for 6 h.
The temperature in the cooler bag increased from 4 to
15 °C. Then, the LIS devices (N=5) were taken back to
the room temperature and BSA solution (200 pg mL™?)
was analyzed and the color intensity was compared to
those keeping in the fridge. The color intensity meas-
ured by the LIS devices stored in a car was not less than
93% than that stored in the fridge. This seems to be
very good for the low-cost portable assay. The Bradford
assay can generally suffer from interferences caused by
e.g., carbohydrates or lipids. However, the interferences
will be the same for the assay in a LIS device as well as
in a flask. Moreover, the biopharmaceutical samples of
interest contain mainly proteins, so we did not suppose
any interference in our samples.

Finally, the developed lab-in-a-syringe device
was applied to determine total protein content in

Fig. 3 PDMS-assisted lab-in-a-syringe device for determination of total protein content. a Filled with the Bradford reagent; b after the reaction with
BSA at the single PDMS curing device; ¢ After the reaction with BSA at the two-step PDMS curing device
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biopharmaceutical samples. These samples were essen-
tially cultivating media representing a huge mixture of
proteins. Therefore, it was a profitable method to test the
device’s ability quickly and easily determine total protein
content during production. The samples were provided
by PrimeCell Advanced Therapy. First, we performed
calibration measurements with our lab-in-a-syringe
devices using BSA as the model sample in the concentra-
tion range of 60—1000 ug mL ™! (Fig. S3 in the Additional
file 1). As can be seen, the calibration started to bend,
as is typical for low-cost microfluidics (Martinez et al.
2007). However, the concentrations can be estimated by
the linear equation in the range of 60—300 pg mL™" and
correlation coefficient of 0.9837 (R* 0.9676). In the end,
we performed measurements on the biopharmaceutical
samples by using the final LIS design. The samples were
diluted 10times using a phosphate buffer pH 7.4 to fit
the calibration curve. The concentration observed was
18304240 pg mL~! (N=10). It was confirmed using the
standard Bradford assay in a flask. There was not any dif-
ference observed at the 0.05 level of significance (deter-
mined by the t-test).

Conclusions

In our work, we developed a novel, low-cost, portable
lab-in-a-syringe assay for determination of total protein
content in biomedical and biopharmaceutical products.
The device is based on the formation of 3D printed chan-
nels in PDMS in the syringe barrel. Moreover, we pro-
posed, for the first time, a two-step fabrication procedure
to produce more complicated devices that allow storage
of the reagent, too. However, the use of easier design is
more profitable from the practical point of view. It allows
storing the reagent and it is more precise in the deter-
mination part of the assay. Generally, we believe that the
production procedures could be used in the future to
prepare of other devices for more complicated analytical
tasks. Also, there will be new materials for 3D printing
(as e.g. AquaSys materials) that will probably allow to dis-
solve the connection parts (barriers) more quickly than
when using BVOH.
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