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Abstract: This paper deals with the quantification of proteins by implementing the Bradford pro-
tein assay method in a portable opto-microfluidic platform for protein concentrations lower than
1.4 mg/mL. Absorbance is measured by way of optical waveguides integrated to a cross-junction
microfluidic circuit on a single lithium niobate substrate. A new protocol is proposed to perform
the protein quantification based on the high correlation of the light absorbance at 595 nm, as com-
monly used in the Bradford method, with the one achieved at 633 nm with a cheap commercially
available diode laser. This protocol demonstrates the possibility to quantify proteins by using nL
volumes, 1000 times less than the standard technique such as paper-analytical devices. Moreover,
it shows a limit of quantification of at least 0.12 mg/mL, which is four times lower than the last
literature, as well as a better accuracy (98%). The protein quantification is obtained either by using
one single microfluidic droplet as well by performing statistical analysis over ensembles of several
thousands of droplets in less than 1 min. The proposed methodology presents the further advan-
tage that the protein solutions can be reused for other investigations and the same pertains to the
opto-microfluidic platform.

Keywords: Bradford assay; opto-microfluidics; protein quantification

1. Introduction

Among all the biomolecules, proteins play a key role in repairing and maintenance
processes of human cells, tissues and organs. They strongly contribute to energy-providing
processes as well as hormones regulation and metabolic processes [1,2], participating in
regulating metabolic processes as enzymes [3]. Protein levels are routinely measured in clin-
ical settings for diagnosis purposes since they act as indicators to detect inflammations [4],
nutritional status diseases [5], dehydration [1], and organ disorders [2,3], just to cite some
examples. The measure of the total protein content plays a key role also in controlling the
production of biopharmaceuticals, especially if they are synthesized or drug manufactured
from biological sources such as cells and cellular components (6 and references therein
quoted). Several analytical methods have been implemented to perform accurate protein de-
tection depending on the needed information, such as UV-vis spectrometry, electrophoresis,
mass spectrometry, proteomics, immunoblotting [6,7]. These techniques suffer from using
a mL liquid volume and require longer preparation time, expensive, bulky instruments for
protein detection and specialized expertise to complete the protocols. As alternatives, total
protein analysis is carried out by colorimetric protein assays [8–11], which are based on
colorimetric reactions promoted when the protein solution reacts with a specific dye-based
reagent. They lead to the formation of a dye-protein complex responsible for shifting the
dye absorbance by a detectable amount depending on the protein concentration. This is the
case of the well-known Bradford assay where the dye Brilliant Blue G (Coomassie Brilliant
Blue G-250) is used and the protein–dye complexes cause a shift in the dye absorption
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maximum from 465 nm to 595 nm [12]. This is currently done in laboratory conditions that
need a transfer of samples from the biotechnology production plant. The Bradford assay is
sampled and then measured by optical absorbance techniques or paper-analytical devices
(PADs), better known as protein test strips [13], or paper microfluidic platforms [14]. While
qualitative and semi-quantitative results are obtained by comparing the assay color in color
chart, smartphones or scanners have been also implemented for quantitative results [15–18].
Despite being unprecise in quantification if compared to proteomics implemented ap-
proaches, PADs still remain the favorite method for a first-level check of the production
processes. Treated as “golden standard” in any protein-based application [19,20], they have
been widely implemented in biopharmaceuticals to “pass/not pass” quality assessment
process and to identify batches to be further analyzed with more expensive techniques.
PADs are convenient because they are cheaper, easy to handle, portable, and they ensure
a lower consumption of samples and reagents per assay with respect to common spec-
trophotometric methods [14]. Unfortunately, they still present some limitations on the
detection limits and average sensitivity. PADs performances have been investigated to
some extent in [6], where different assays have been exploited (Biuret [21], Lowry [22,23],
Bicinchoninic acid (BCA) [24]), Bradford assay [12], Bromocresol green (BCG) and Tetra-
bromophenol blue (TBPB) assays [25] respectively, tested on Bovine Serum Albumin (BSA)
as protein standard [6]. As far as the Bradford protein assay is concerned, the authors
reported on results achieved with BSA dilution series in the range 0.05–4 mg/mL, directly
measuring the optical density signals (absorption at 595 nm). By testing several working
conditions, they have been able to identify the best performance when using the following
parameters: reagent volume of 10 µL of protein solution in microfiber (in the scanned
range of 5–10 microliters), 14 min of assay time (investigated range 0–20 min) and reagent
concentration equal to 0.01% (investigated range 0.01–0.5%). The calibration curve showed
a linear range 0.1–3.0 mg/mL (with a r2 = 0.967), an accuracy of 94.1 ± 6.4%, slope of 8.43,
precision 3.1%, limit of detection LOD 0.5 mg/mL and limit of quantitation LOQ equal
to 1.5 (mg/mL), respectively. For unknown BSA dilution, the measurement result error
was estimated to be lower respect the standard method, such as 72.8 µg/mL in chip and
73.4 µg/mL in tube, respectively [6]. These results clearly demonstrate that PADs are of
great interest but unsuccessful when nL or pL protein solutions are under investigation.
Moreover, they are not suitable for monitoring the protein synthesis protocol especially
when the latter is made of several critical steps and a long time of execution.

The availability of efficient, cheaper, and simple methods and/or devices for bioanaly-
sis is therefore of great interest for medicine, biopharma and agriculture for food quality
determination applications, especially if portable, fast, easy, using pL and nL of protein
solution and with better detection limits respect to the current ones even in microfluidics
implemented platforms [26–32].

This paper deals with the quantification of protein within protein-based solutions
with lower detection limits and higher sensitivity by way of a Bradford protein assay
method efficiently implemented in a portable opto-microfluidic platform in a protein
concentration regime lower than 1.4 mg/mL. It demonstrates the possibility to quantify
protein concentration by using one single microfluidic droplet, i.e., the volume of the
order of nL or lower, as well as performing statistical analysis over ensembles of several
thousands of droplets in less than 1 min. The proposed approach has the further advantage
of being able to reuse the analyzed solution for further investigation if needed.

2. Materials and Methods

Different protein concentrations have been prepared in the range 0.14−1.4 mg/mL
and compared to the baseline (0 mg/mL, i.e., zero protein reference). The protein used in
this work is the Bovine Serum Albumine (BSA, supplier Merck KGaA, Frankfurter Straße
25064293 Darmstadt, Germany), a typical standard protein in biological research. The
Bradford reagent (Bio-Rad) was added to the protein solution in Milli-Q water and in con-
centration 30:1, as reported in the protocol provided by the supplier. The protein solutions
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have been measured by standard spectrophotometer technique as reference [6,12,33] by
using a spectrophotometer (V-670 UV-VIS by Jasco Europe, Cremella, Italy) in order to
measure their optical absorbance as a function of the wavelength and then analyzed by the
opto-microfluidic device. A sketch of the reaction system is depicted in Figure 1a.

Figure 1. (a) Scheme of the reaction system: the protein solution is prepared and then analyzed by
the opto-microfluidic platform. (b) Sketch of the microfluidic platform: the optical waveguides are
normal to the main microfluidic channel where the continuous phase flows. The protein solution is
injected by way of the dispersed phase inlets. The microfluidic cross-junction provides the generation
of droplets flowing into the main microfluidic channel and is illuminated by the light exiting from
the input waveguide. The transmitted light is collected by the output waveguide and then recorded
by the detector coupled at its exit. (c) Picture of the opto-microfluidic platform.

The opto-microfluidic device consists of a monolithic substrate of lithium niobate,
where a cross-shaped droplet generator was engraved and coupled with an array of opti-
cal waveguides perpendicular to the main fluidic channel. While the former enables the
droplets production inside the chip, the latter brings the integration of optical analysis
stages that, otherwise, may require bulky instrumentation as spectrophotometers. By way
of optical waveguides, in fact, laser light is confined and guided toward the microflu-
idic channel, thus illuminating the fluid flowing inside. These optical waveguides are
z-propagating and have been realized on a 1-mm-thick commercial congruent LiNbO3
wafer (Crystal Technology) by titanium (Ti) local doping via thermal in-diffusion as already
described by the authors in [34–36]. This preparation process was set up to obtain an array
of 3 µm width optical waveguides, with a local increase of the refractive index in the doped
region that assures the optical confinement by total internal reflection.

Single optical mode propagation within the waveguide was assessed by standard
near-field techniques [35,37]. The waveguides array was then cut by a Disco saw 321 micro-
machining, equipped with a diamond particle-polymeric blade, in order to engrave 200 µm
wide and 100 µm deep microfluidic channels in a cross-configuration [37]. The chip edges
and the lateral walls of the engraved circuit showed an excellent optical quality with a lateral
surface roughness of about 4 nm RMS. The working principle of the opto-microfluidic
device and its relative performance have already been discussed [36–38] and will not be
treated here. Figure 1b reports a sketch of the opto-microfluidic platform together with its
picture (Figure 1c), respectively.

In this configuration, the light exiting from the input waveguide interacts with what
flows in front of it, droplet included. The output waveguide, being perfectly aligned to the
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input waveguide on the other side of the microfluidic channel, collects the transmitted light
that is finally detected by a standard photodetector. The latter monitors the light intensity
in real-time as well as any change due to its interaction with the flowing droplets.

The presented device was tested by droplets produced by injecting two immiscible
fluids in a cross-flow junction configuration. Hexadecane oil (Sigma Aldrich, Merk Life Sci-
ence S.r.l., Via Monte Rosa, 93, 20149 Milano, Italy; refractive index of 1.434 for wavelength
of 632.8 nm) with 3% (w/w) concentration of SPAN80 (Sigma Aldrich) was flowed in the
central channel with a flowrate of QC = 25 µL/min playing the role of the continuous phase.
Milli-Q® water or BSA protein solutions of different concentrations have been injected in
the two orthogonal channels with flowrate QD varied between 2–10 µL/min, providing for
the so-called dispersed phase (droplets). In particular, Milli-Q® water was used to clean
the two orthogonal channels as well as to generate water droplets to fully characterize the
microfluidic chip performance.

The flow rates have been controlled by a pressure pump OB1 MK3 (Elveflow, Paris,
France) in feedback with flowmeters BFS Coriolis (Bronkhorst, AK Ruurlo, The Nether-
lands). The optical setup exploited a He-Ne laser (632.8 nm, 1 mW laser) coupled to
the input waveguide. A standard imaging setup video has recorded the droplets’ dis-
placement inside the channel in a synchronous way to validate the performances of the
opto-microfluidic device. The camera used is a Basler ACA800–510 um (Basler, Ahrens-
burg, Germany; 511 fps at maximum resolution 800 × 600) coupled with an objective lens
(10×/0.25 Nikon). The analyses of the droplet videos, as well as the transmitted optical
signal from the waveguide, were performed by means of customized software.

3. Results

The optical spectra collected at the spectrophotometer are reported in Figure 2a for
various protein concentrations in the range 0–1.4 mg/mL compared to the sensitivity
enhancement (SE) estimated as (1–OD633nm/OD595nm) in the function of the protein mass
concentration (Figure 2b). In particular, OD633nm/OD595nm is the Optical Density (OD)
when measured at the peak 633 nm with respect to the peak at 595 nm, respectively.

Figure 2. Cont.
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Figure 2. (a) Optical density of the protein solutions as a function of the wavelength (solution
thickness = 1 cm). (b) Sensitivity Enhancement (SE) of OD at 633 nm with respect to OD at 595 nm as
a function of the BSA protein concentration. SE = (1 −− OD633nm/OD595nm)%.

For concentrations lower than 0.3 mg/mL, the sensitivity gained at 633 nm is slightly
better than that achieved at 595 nm (SE is negative since OD633nm > OD595nm) as the OD
values and curves trends are close. On the contrary, for higher values of concentrations,
the OD peak at 595 nm tends to increase faster than the 633 nm one, showing a maximum
12% gain with respect to the OD measured at 633 nm. It is evident that both remain
suitable and reliable indicators to be used to estimate the protein concentration. This
opens a wide perspective in the exploitation of standard and miniaturized diode laser
light sources at 630–635 nm (commercially available at 25 Euro for the power of 5 mW),
already integrated and integrable in microfluidic platforms, instead of the more expensive
and bulky ones at 595 nm (still not commercially available as diode lasers). These results
assess a high correlation of the light absorbance made at 595 nm is commonly used in
the Bradford protein assay method with the one achieved at 633 nm. In the following
discussion, the transmission peak at 633 nm will be therefore used as a working condition
in the microfluidic device.

In Figure 3a, the optical transmittance T is reported as a function of the wavelength λ,
T is defined as the ratio of the transmitted intensity of the protein solution at concentration
c (IT,c) with respect to that of the baseline (IT,BASE): T = T(λ) = IT,c/IT,BASE.

IT,c and IT,BASE can be easily derived by the optical absorption spectra obtained with
the spectrophotometer, currently provided in terms of Optical density (OD). For a proteins
solution of concentration c OD is defined as OD|c = −Log10

[
IT,c
IO

]
where I0 is the transmitted

intensity in an empty cuvette, with the baseline corresponding to c = 0. As a consequence,
it results that T = 10−(OD|c−OD|c=0).

In standard spectrophotometers, the optical path z equals the thickness of the cuvette
used for the measurements (in this paper, 1 cm). From these data, it is possible to derive the
transmitted light intensity corresponding to a solution thickness of 200 µm, i.e., equivalent
to the absorbing thickness expected in the optofluidic device used in this work when the
light, exiting from the optical waveguide, crosses the droplet in the microfluidic channel.

In particular, it results that: T|z=200 µm = T|z=1 cm
200 µm

1 cm .
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Figure 3. (a) Transmitted intensity of the protein solution with respect to the baseline, T = IT,c/IT,BASE

as a function of the wavelength for a solution thickness of 1 cm. (b) Transmitted intensity of the
protein solution with respect to the baseline, T = IT,c/IT,BASE as a function of the protein concentration
for a solution thickness of 200 µm, acquisition at 633 nm.

The results are reported in Figure 3b, where the transmitted light intensity at 632.8 nm
was reported as a function of the protein concentration in the solution. The linear de-
pendence therein showed suggests that only three different protein concentrations are
needed for calibrating the device. In order to achieve accuracy better than 0.5%, the best
choices correspond to the concentration values at the range extremes and one within the
same range. In particular, in this paper, the following three concentrations have been
consequently chosen for the device calibration: 0, 0.28, and 1.4 mg/mL, respectively. It is
worth mentioning, however, that any concentration in the explored range [0; 1.4 mg/mL]
can be taken as a reference for the calibration because of the linear dependence between
transmission and concentration, as shown in Figure 3b.
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The same protein solutions have been therefore characterized in the opto-microfluidic
platform in a droplet-based configuration. Droplets of different lengths were generated
for every protein concentration under reproducible conditions of dispersed/continuous
fluxes (QD/QC). Figure 4 reports an example of the typical linear dependence of the droplet
length as a function of QD at Qc = 25 µL/min for solutions without protein (baseline)
and with a protein concentration of 0.28 mg/mL (ratio 1:5 with respect to the maximum
protein concentration used in this work). The linear trend is in good agreement with the
theoretical and experimental observations, since droplets are generated in the so-called
squeezing regime, in which droplets are squeezed in the channel and therefore, their length
depends linearly on QD/QC [38,39]. Moreover, Figure 4 shows that in this experimental
configuration, it is possible to generate droplets of the same shape (i.e., length and velocity)
and different content.

Figure 4. Droplet length as a function of dispersed phase flux QD at QC = 25 µL/min for concen-
trations of 0.28 and 0.0 mg/mL, respectively. The droplet length was measured by the camera and
imaging processing as described in [34–36]. The same trend was observed when plotting the droplet
velocity as a function of QD, not shown here.

In fact, by a synchronous recording of the transmitted light intensity with the photode-
tector across each droplet and the relative videos from a top view, the camera acquisition of
the droplet length was correlated with the transit time tT of the droplet in front of the opti-
cal waveguide, cross-checking the stability of experimental conditions [34–37]. Although
the transmitted light signal can result in a complicated time profile as a consequence of
the droplet passage in front of the optical waveguide, it exhibits extremely reproducible
features and univocally identified fingerprints [35]. This is very remarkable since the time
evolution of the transmitted signal contains information on both the composition and the
geometrical shape (length and velocity of the droplet included), since it is the convolution
of transmitted, reflected, and diffracted beams from all the interfaces, respectively. They are
clearly assigned to each droplet so that the camera acquisition and imaging processing are
definitively not needed as demonstrated in [36]. An example of these fingerprints. as well
as the relative physical quantities under consideration are shown in Figure 5a, where the
transit time of passage tT (in ms) is correlated to the physical droplet length L as measured
by the camera (in in µm). Figure 5b reports a picture (top view) of the droplet flowing
into the microfluidic channel, in the proximity of the optical waveguide. The relation
between L and the length detected by the optical waveguide Lopt = vtT, with v being the
droplet velocity, was evidenced. L is systematically higher than Lopt = vtT because the light
from the waveguide doesn’t intercept the droplet at its main axis but in its upper part by
the geometry of the opto-microfluidic platform. This geometry allows the sensibility of
the droplet shape to be dramatically enhanced and increases the detection capability of
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the system by identifying different droplets without impacting on the overall transmitted
optical intensity detection. This is a key feature when background subtraction must be
performed.

Figure 5. (a) Lateral view of the opto-microfluidic platform when the droplet passes in front of the
waveguide. The transmitted intensity (detected signal) is recorded as a function of time: when the
droplet passes in front of the waveguide, the transmitted intensity varies accordingly [34–36]. (b) Top
view: camera picture of the droplet flowing into the microfluidic channel, approaching the optical
waveguide (on the right of the picture). The pink squares identify the view planes with respect to the
opto-microfluidic platform.

Despite the complex mechanisms of light–droplet interactions occurring when the
light exiting from the input wavelength impinges on the droplet, the transmitted light
intensity provides an extremely reproducible signal over hours provided that the droplets
generation is made under controlled conditions in the same duration period. In fact, the
fluctuation on droplet size distribution is due to the experimental variation of droplets
generation since the opto-microfluidic platforms are made of a chemical-resistant substrate.
In practice, fluctuations of the experimental conditions in the fluids’ injection (either by
syringe pumps or by fluxmeters controlled in pressure of flux) are easily solved and do not
constitute a limiting factor. As a matter of fact, the passage of one single droplet (dispersed
phase) normally lasts from a few milliseconds up to ten milliseconds each and is alternated
by the continuous phase flux that provides a few milliseconds plateau in the transmitted
light. Consequently, in 1 min of data acquisition, an ensemble of 3000–15000 droplets was
scanned, providing a reliable sample of reference for quantitative analysis that assumes
already a statistical relevance. A flux stability in a period of time of at least one order of
magnitude longer (ten minutes) guarantees minimized size dispersion (lower than 0.1%) in
the produced droplets as huge as 30,000–150,000 units. In general, it is worth mentioning
that it is always possible to generate a series of baseline/protein solution/baseline-droplets
so that the comparison of the protein solution with the reference baseline can be carried out
one-to-one in a time frame of reference that is not affected by changes in the experimental
conditions, including temperature fluctuations.

By fixing the droplet generation parameters in order to have both the baseline and
protein solution droplets with the same shape, it was therefore straightforward to provide
for quantification of the protein content by subtracting the baseline contribute to the optical
transmission of the protein solution signal on a single droplet. In Figure 6, an example of
the transmitted optical intensity detected by the opto-microfluidic platform was presented
in the case of protein concentrations equal to 1.4 mg/mL for: (i) droplet made of the
protein solution (blue); (ii) baseline droplet (black); (iii) the difference signal resulting from
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subtracting the contribution of the baseline to the protein solution transmission (green
line). Since at 632.8 nm, the absorbance of the protein solution is higher than the baseline,
it was clearly distinguishable that the reduced transmission could be observed and the
contribution of the protein content can be easily isolated.

Figure 6. Example of the transmitted optical intensity detected by the opto-microfluidic platform of a
droplet made of the protein solution (blue); the baseline-made droplet (black) and the absolute value
of the difference signal resulting from subtracting the contribute of the baseline to protein solution
transmission (green line). Protein concentration = 1.4 mg/mL, QD = 5 µL/min, QC = 25 µL/min,
L = 401 ± 7 µm. Laser He-Ne wavelength: 632.8 nm.

The acquisition time can be reduced to less than one minute. Software routines to
identify the droplet signal are extremely fast and straightforward since the beginning and
the end of the droplet–light interaction can be set to the first minimum before and after the
two maxima closest to the transmission plateau of the continuous phase. Similarly, the same
routines provide the subtraction of the protein signal and the baseline ones in a separate
output file, including its integral is a quantification of the overall protein content detected
in the droplet. By the calibration curves of protein content vs. this integral, any type of
droplet can be easily processed in a fully automatized protocol and in less than 2 min with
the protein solution droplet (doped with the dye) still processable and/or reusable. In this
work, three different concentrations have been used to create the calibration curve (namely
0, 0.28, and 1.4 mg/mL, respectively), and other concentrations were treated as tests to
verify the accuracy of the predicted value with respect to the measured one, resulting in
an accuracy better than (98 ± 1)%. Moreover, it is worth mentioning that the minimum
amount of solution that is therefore needed is equal to the droplet volume, i.e., of the order
of 3–10 nL in case of a microchannel of 200 µm × 100 µm and droplet length in the range
200–500 µm. It is equivalent to protein consumption in the range of 1.4 ng for a protein
concentration of 1.4 mg/mL.

In terms of the best values published in the literature [6], the opto-microfluidic ap-
proach for protein quantification presented here uses 1000 times less volume. It was
measured a LOQ of at least 0.12 mg/mL, i.e., 10 times better than those reported in [6]).
The observed LOD value is four times lower than the last literature results [6]. The high
sensitivity of this opto-microfluidic platform to identify different droplets in a sequence of
randomly generated ones, differing either for shape or composition or both, was already
investigated in detail as reported in and will not be discussed further in this work. How-
ever, it is important to underline that this opto-microfluidic platform is able to detect and
distinguish one single droplet in a sequence of others by analysing the light transmitted
across the microfluidic channel without any need of complementary techniques.

The same opto-microfluidic platform can also be exploited in a certified quantification
protocol where statistics checks are mandatory and false-positive rejections are needed. In
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this case. a sequence of droplets is used, with a number of droplets that can be as long as
desired. For the protein quantification, it is suitable to exploit the average integral (Int)
of the optical transmitted light signal of the droplets and to analyse trains of subsequent
running droplets coming from the same protein solution batch. The number of droplets
composing the batch samples can be of the order of magnitude of 100,000 in less than
10 min acquisition. In this case, the precision is better than 0.1%, i.e., better than 0.3%
observed in the case of 1 min of acquisition. As self-calibration, Int can be normalized to:
(i) the plateau value of the continuous phase transmission (Ic) to compensate any effect due
to the experimental condition instabilities (such as laser power fluctuations, temperature
variations, etc.) and (ii) the droplet transit time, in order to obtain the mean droplet signal.
As a consequence, the normalised Intn integral is achieved:

Intn =
Int
tT

=

∫ tend
tstart

Id(t)
Ic

dt

tend − tstart
(1)

In Figure 7, we show Int/tT of the droplet (blue area in the inset of Figure 7a) as a
function of tT for two different protein concentrations at a fixed QC value: (a) 0.28 mg/mL
and (b) 1.4 mg/mL, respectively. As a matter of fact, Int/tT represents an indicator of the
average detected transmissivity of the droplet, whilst the droplet duration tT (i.e., the
physical length L of the droplet) can be varied by changing the ratio QD/QC. Calibration
curves can be easily built and used for estimating the protein concentration at any QD/QC
value within the calibrated range. In particular, Figure 7 shows that the sensitivity given by
this detection approach is shape-dependent and that the longer the droplet is, the better
the sensitivity. Therefore, at a fixed QC, it is possible to control the sensitivity by tuning the
value of QD (and subsequently of tT).

In Table 1, the slope m and intercept q of the linear fits relative to the dependence Int/tT
vs. tT are presented for some different BSA concentrations as explicative examples at a given
microfluidics condition (in this case QC = 25 µL/min). The ratio R = Intn,Protein/Intn,Baseline
of the integral made over the protein solution droplets and the relative baseline droplets
was specified as well in Table 2. In fact, R is linearly dependent on the concentration of
the protein solutions used in generating the droplets and, therefore, it provides direct info
about the protein content. In the worst case, i.e., when the droplet shape is not optimized
to get the maximum achievable sensitivity, R calibration curve evidences a LOQ equal to
0.06 mg/mL.

Table 1. Fit parameters of the fitting curves reported in Figure 7. Fitting line: Y = mX + q, Y = Int/tT,
X = tT for some different BSA concentrations. Experimental conditions: QC = 25 µL/min.

Protein Concentration
(mg/mL)

Slope
m (ms−1)

Intercept
q Pearson’s r R2

Baseline @ 0.28 −0.082 ± 0.005 2.19 ± 0.05 −0.995 0.990
Baseline @ 1.40 −0.050 ± 0.003 1.84 ± 0.09 −0.995 0.989

0.28 −0.050 ± 0.003 1.84 ± 0.09 −0.999 0.998
1.40 −0.097 ± 0.008 2.25±0.09 −0.990 0.980

Table 2. R as a function of BSA protein concentration CBSA, with R = Intn,Protein/Intn,baseline.

(*) concentration used as test. Experimental conditions: QC = 25 µL/min, QD = 10 µL/min.

Protein Concentration
(mg/mL) R = Intn,Protein/Intn,baseline 1 – R

0.00 1.000 ± 0.005 0
0.14 * 0.993 ± 0.005 * 0.007 *
0.28 0.982 ± 0.004 0.018
1.40 0.892 ± 0.006 0.108
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Figure 7. (a) Normalized integral Int/tT of the optical intensity of the droplet (blue area in the inset)
in function of tT. Protein concentration 0.28 mg/mL at QC = 25 µL/min. The green bars sketch
the minimum/maximum detectable difference between the baseline droplet (BSA = 0.00 mg/mL)
and the protein solution droplet respectively. (b) Normalized integral Int/tT of the optical intensity
of the droplet (blue area in the inset) in function of tT. BSA Protein concentration 1.4 mg/mL at
QC = 25 µL/min. The green bars sketch the minimum/maximum detectable difference between the
baseline droplet (BSA = 0.00 mg/mL) and the protein solution droplet.
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Once the droplet production parameters QC and QD (so that the droplet shape is
fixed) were chosen, it was therefore possible to estimate the protein content by exploiting a
standardized and automatized routine made of three steps:

(1) generation of a train of N baseline droplets and estimation of the mean parameter
Int/tT from the droplet signals: Intn,baseline;

(2) generation of a train of N protein solution droplets and estimation of the mean
parameter Int/tT from the droplet signals: Intn,Protein;

(3) calculation of R = Intn,Protein/Intn,Baseline value. The direct comparison with the calibra-
tion curve R vs. concentration obtained at the same QC and QD values provides the
average protein concentration on a train of droplets.

In particular, N depends on the acquisition time of the measure: for N = 1000, the
baseline/protein solution acquisition would last 20 s each in the worst case, with an overall
consumption of protein solution lower than 3 µL.

The experimental investigation on the role of the droplet size showed that longer
droplets allow evidence the protein contributes to the absorbance (lower transmissivity)
respect the baseline at equivalent droplet length/shape. When the lowest solution con-
sumption is the main target, smaller droplets can be used without renouncing to get a good
sensitivity. By decreasing the droplet volume of a factor of 3, the sensitivity decreases by a
factor of 10. However, the difference |Intn,protein–Intn,baseline| is 10 times greater than the
experimental error and therefore clearly identified also in this case. It is worth mentioning
that the correlation of all the measurements varies the following parameters:

— fixed QC, QD varied in the range [2;12] µL/min, 5 acquisitions of 90 min taken in
different times for each value of QD;

— fixed QD, QC varied in the range [25;50] µL/min, 5 acquisitions of 90 min taken in
different times for each value of QC.

These three different concentrations of the protein solution (including the baseline, i.e.,
0 mg/mL) were enough to get a calibration curve in the range [0, 1.4 mg/mL], providing
a precision better than 0.3%. As a matter of fact, the LOQ value was confirmed to be at
least 0.06 mg/mL in both the linear fitting procedures independently of including the
concentration equal to 0.14 mg/mL (the lowest used in this experimental work) into the
fitting procedure. This performance is promising, especially if compared to the most
known Bradford protein concentration assay kits [6,40], as reported in Table 3. Moreover,
for further comparison, the performance of Bicinchoninic acid (BCA) assays is reported as
well. The BCA protein assay is, in fact, a widely used method for colorimetric detection and
quantitation of total protein in a solution based on copper-based protein assay. It exploits
a different working principle of the Bradford assay investigated here; that is, instead, a
colorimetric dye-based method.

Table 3. Performances of the most known PAD-based protein concentration assay kits tested on BSA
protein. For comparison, the Bradford assay (PAD in Microfiber) is compared to the Bicinchoninic
acid (BCA) assay (PAD in cellulose) as well as to commercially available assay kits. (*) only incubation
time. References: [a] ThermoFisher Part No. 23200 [b] ThermoFisher Part No. 23236 [c] Pierce™ Rapid
Gold BCA Protein Assay Kit; [d] ThermoFisher Traditional BCA kit. Kits [a]-[b]-[c]-[d] are given
calibration curves that are not linear, experimental sampling and spline fitting are therefore needed.

BSA
Range

(mg/mL)

Assay Time
(min)

Reagent
Volume

(µL)

Measured
LOQ

(mg/mL)
R2 Configuration Ref.

Bradford
assay

0.0–1.4 1 0.01 0.12 0.998 Single
droplet This work

0.0–1.4 2 3 0.06 0.998 1000 Droplets This work
0.1–3.0 14 10 1.5 0.967 PAD [6]

0.125–1.5 10 (*) 35 0.08 Not linear [a]
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Table 3. Cont.

BSA
Range

(mg/mL)

Assay Time
(min)

Reagent
Volume

(µL)

Measured
LOQ

(mg/mL)
R2 Configuration Ref.

0.125–1.5 10 (*) 20 0.12 Not linear [b]
0.125–1.5 10 (*) 400 0.025 Not linear [b]

0.001–0.025 10 (*) 1700 0.0025 Not linear [b]

BCA
assay

0.097–100.0 8 10 1.2 0.954 PAD [6]
0.020–2.0 5 (*) 20 0.13 0.999 [c]
0.020–2.0 30 25 0.12 0.998 [d]

It is worth mentioning that droplet microfluidics presents the advantage of being
compatible with any protein solution, the droplet being isolated from the microfluidic
channel by way of the continuous phase. Finally, the working principle of the opto-
microfluidic platform can be used with other immiscible fluids and is therefore not limited
to water-based solutions.

4. Conclusions

The quantification of protein within water-based solutions with lower detection limits
and higher sensitivity by way of a Bradford protein assay method was efficiently imple-
mented in a portable opto-microfluidic platform and tested in a protein concentration
range lower than 1.4 mg/mL with added value that the solution can be re-used for sub-
sequent analyses. An opto-microfluidic platform equipped with integrated waveguides
to illuminate protein solution droplets was used to measure the optical transmission of
the solution. As a test, the BSA protein was investigated to verify the performance of the
protein quantification protocol implemented here. We assessed the high correlation of the
light absorbance made at 595 nm as commonly used in Bradford protein assay method with
the one achieved at 632.8 nm as working conditions, i.e., at the emission wavelength of
cheap and miniaturized diode lasers. The results demonstrated the possibility to quantify
protein by using one single droplet, i.e., the volume of the order of nL, i.e., 1000 times less
than the standard technique such as PADs-based ones. We measured a LOQ of at least
0.12 mg/mL, i.e., 10 times better than the standard procedures with PAD and achievable
LOQ of 0.06 mg/mL. An observed LOD value that is four times lower than the last literature
results was demonstrated with an accuracy of at least 98%.
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