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Introduction
Advances in microfabrication technology, and the consequent 

ability to precisely control geometrical features down to the sub-
micron scale, have enabled the development of novel micro- and 
nanofluidic platforms. This new generation of miniaturized devices 
allows for faster analysis on smaller sample volumes, integration of 
multiple functionalities on the same platform, and better sensitivity 
at a lower cost. Furthermore, such devices have also enabled novel 
applications and methods that exploit the physics of fluids in micro 
and nanoconfinements, from novel separation modalities [1,2], to fluid 
pumping by diffusio-osmosis [3], to energy conversion [4].

As more research focuses on medical and diagnostic applications 
involving micro- and nanofluidic devices, the issue of non-specific 
adsorption of biomolecules at the channel surface is gaining increasing 
attention [5-7]. In the case of micro-scale electrokinetic separations, 
for example, unwanted wall-sample interactions lead to non-uniform 
charge density on the inner capillary wall and, thus, to non-uniform 
electroosmotic flow profiles [6,8], subsequently causing sample 
dispersion and degradation of separation resolution Furthermore, such 
interactions affect peak shape and electromigration times, potentially 
tainting analysis results [7,9,10]. Finally, loss of sample and degradation 
of device functionality are additional pressing concerns.

In general, the main mechanisms of nonspecific interactions 
between biomolecules and solid surfaces are electrostatic (ionic), 
hydrophobic and hydrogen bond interactions [10,11]. Electrostatic 
interactions arise from Coulombic attraction or repulsion between 
charged groups on a biomolecule, and are highly affected by pH. 
Hydrophobic interactions can cause biomolecules to aggregate, and 
also play a major role in biomolecular adsorption from water onto 
hydrophobic surfaces [11,12]. Among biomolecules, protein adsorption 
to surfaces poses a unique challenge, apparent through the plethora of 
research available [13-18]. Proteins often denature upon adsorbing and 
become very difficult to remove from the walls, limiting both device 
reliability and reusability [11,19,20].

A straightforward way to control protein surface adsorption is to 
use buffers at pH extremes, to either operate above the isoelectric point 

of proteins, or suppress ionization of silanol groups at the channel walls 
[10,21]. Under these conditions, electrostatic repulsion forces prevent 
proteins from adsorbing to the wall. However, the abundance of OH- 
ions at pH>11, and H+ at pH<2 can result in the generation of large 
currents and Joule heating. In addition, the buffering power of most 
electrolytes is very poor at these pH extremes [21]. More importantly, 
these conditions are not suitable to study the activity of proteins in native 
environments. More sophisticated methods to eliminate or reduce 
adsorption include studies to control the wall potential by means of an 
external electric field [22,23], or using additives in the buffer solution 
to compete for cation-exchange sites on the wall [24-27]. However, by 
far the most popular method to mitigate adsorption is the use of surface 
coatings [27-30]. Not only is their use widespread in microscale devices 
[27,31-33]: research to develop new types of chemical coatings is also 
flourishing [34,35].

Ideally, surface coatings should possess a variety of properties 
including: biocompatibility, hydrophilicity, electrical neutrality, 
hydrogen bond acceptance, self-repulsion, and conformational 
flexibility [36,37]. In recent years, a number of researchers have 
synthesized and characterized many surface coatings [9,35,38-40] 
intended to prevent analyte adsorption within micro- and nanofluidic 
devices [27,31,32]. However, there is no comparative quantitative data 
between promising coatings, and meaningful comparisons of data 
between different experimental studies are not always possible [5,39]. 
This paper aims to fill this gap by providing a quantitative comparative 
analysis of surface coatings for the purpose of assessing their properties 
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Abstract
Microfluidics-based separation of biomolecules has numerous applications, including fundamental 

characterization of biomolecules, sequencing of genomes for biological functions, biometric fingerprinting, and 
identification of pathogens and genetic diseases. One of the main drawbacks, however, for making microfluidic 
based separations more commercially viable is the non-specific adsorption of biomolecules at the channel walls 
during separations. Herein, we compare five commonly employed surface coatings, and evaluate their performance 
in terms of successful silanization of channel surface walls, long term stability, and antifouling performance, using 
BSA or IgG as model proteins. We compare adsorption of fluorescently-tagged proteins on glass slides with those 
confined within channels, showing similar behavior with static measurements, but differences when incorporating 
electrokinetic flow. Based on these data, we find that MPEG is an effective surface coating for applications where 
long term stability is critical. However, for separation experiments, where the channel is used shortly after coating, a 
silanized zwitterionic sultone has superior anti-fouling characteristics.
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and behaviors in controlled conditions relevant to microfluidics, 
specifically for microfluidic based protein separations. We chose to 
use bovine serum albumin (BSA) and immunoglobulin G (IgG) as 
model proteins, given their propensity to adsorb to a variety of different 
surfaces, and the fact that they are the two most abundant proteins in 
blood. In addition, the behavior of BSA and IgG may be used as an 
indication for respectively, other serum or globular proteins (BSA) and 
antibodies (IgG). 

We chose to assess the performance of some of the most common 
surface coatings: two hydrophilic (2-[methoxy(polyethyleneoxy)]
propyl trimethoxysilane (MPEG) and 3-mercaptopropyl (3-MPS) 
silane), two ionic (a zwitterionic sultone derived silane (ZS), and a 
zwitterionic phosphate derived silane (ZP)), and 3-aminopropyl (3-
APS) silane. We compare these coatings with regards to: a) the ability to 
successfully silanize planar microfluidic channels (since the procedures 
we propose are adapted from existing recipes used to coat various silica 
substrates such as glass slides and beads), b) stability and durability 
over time via zeta potential (ζ) measurements, and c) antifouling 
performance through protein interactions.

Materials and Methods
Materials

We used two types of fused silica, isotropically-etched microfluidic 
devices for this study: simple cross (N, W, S: 5 mm long, E: 30 mm 
long), 20 µm deep × 50 µm wide channels (Dolomite Ltd, UK) for 
competitive electrophoresis injection experiments, and straight 
custom-fabricated 20 µm deep × 25 mm long channels for continuous 
flow experiments (Figure 1a and b respectively). We also used plain 
Borosilicate coverslips (Corning, Catalog Number 2865-22) as a control 
surface with no continuous flow or confinement.

Chemicals and reagents for surface coating

Synthesis: All chemicals and reagents were purchased from Sigma-
Aldrich with the exception of MPEG-silane which was purchased from 
Gelest. 2-(dimethyl(3-(trimethoxysilyl)propyl)ammonio)ethane-1-
sulfonate (zwitterionic sultone silane, ZS-silane) was prepared by the 
reaction of 1,3-propanesultone with N,N-dimethyl-3-(trimethoxysilyl)
propan-1-amine in acetone according to the procedure outlined in 
Ref. [41]. 2-(dimethyl(3-(trimethoxysilyl)propyl)ammonio)ethyl ethyl 
phosphate (zwitterionic phosphate silane, ZP-silane) was prepared in 
two steps according to the procedure outlined in Ref. [42].

Silanization on glass slides: Borosilicate coverslips (Corning, 
Catalog Number 2865-22) were modified by immersion in a solution 
containing 3-4% w/v silane (in ethanol, water or toluene) and incubated 
at 40°C for 18 hours. The coverslips were then removed from the 
incubation solution, washed with ethanol and water, dried, and stored 
at ambient temperature [43]. MPEG-silane and zwitterionic silanes 
were incorporated using methods reported in Ref. [42,44].

Silanization in channels: MPEG-silane and ZS-silane were 
prepared as 20 mL of a 4% w/v solution in deionized water. 10 
µL of the desired silane solution was added to a single well of the 
microchannel. Upon full channel wetting (as confirmed by light 
microscopy), the remaining wells were filled with 10 µL of the silane 
solution and the entire microchannel chip was immersed in the silane 
solution and incubated at 80°C for 18 hours. The microchannel chip 
was then removed from the silane solution and the exterior washed 
extensively with DI water. The microchannel was rinsed by inducing 
an electrokinetic flow (applied voltage V=100 V) using DI water for 
thirty minutes. 3-APS, 3-MPS and ZP-silane were prepared as 20 mL of 

a 2% to 4% w/v solution of the silane in EtOH (3-APS and ZP-silane) or 
toluene (3-MPS) and 10 µL of the silane solution was added to a single 
well of the microchannel. Upon full channel wetting (as confirmed by 
light microscopy), the remaining wells were filled with 10 µL of the 
silane solution and the entire microchannel chip was immersed in the 
silane solution and incubated at room temperature for 3-APS and ZP-
silane or 45°C for 3-MPS, overnight. After modification was complete, 
the microchannel chip was removed from the silane solution and the 
exterior of the chip was washed with EtOH. The microchannel was then 
flushed by inducing an electrokinetic flow of EtOH, 1:1 EtOH:DI water, 
and DI water in successive 30 minute periods (applied voltage V=100 
V). All microchannels were stored in DI water at ambient temperature 
until use.

Protein solutions and slide incubation: We incubated modified 
coverslips in 10 mM sodium borate buffer (pH 9) with either: a) FITC-
labelled bovine serum albumin (BSA), or b) immunoglobulin G (IgG). 
Figure 2 depicts electrostatic potential maps for both proteins. Protein 
concentrations for BSA and IgG were prepared in concentrations of 1 
mg/mL and 2 mg/mL, respectively. We used all solutions immediately 
after preparation to prevent protein degradation. For adsorption 
experiments, we immersed glass slides in the appropriate protein 
solution and allowed it to incubate for 24 hours in the dark, to prevent 
bleaching. Before performing fluorescence imaging measurements, all 
glass slides were soaked twice in DI water for 2 hours with agitation, to 
remove excess protein.

Data collection methods

Fluorescence imaging: We measured all fluorescence data by 
recording images with an inverted epifluorescence microscope 
(Olympus IX70, Olympus, Inc.) fitted with a 20X water immersion 
objective lens (0.45 NA, Olympus, Inc.). Illumination from a 200 W 
Hg-arc lamp was filtered with a FITC fluorescence filter cube (Omega, 
Inc.) containing excitation and emission filters and a dichroic mirror 
matched to the fluorescence spectrum of FITC. We recorded images 
using a back illuminated EMCCD camera (Ixon Ultra897, Andor 
Technology) with a 512 × 512 pixel array and 16-bit digitization to a 
PC. Frame rate (10 to 20 Hz) and exposure time (0.05 to 0.1 s) varied, 
depending on the channel depth and analyte, to maximize signal-

Figure 1: Schematic depiction of microchannel geometries used in this study. 
Cross channels are used for electrophoresis injection experiments, while 
straight channels are used for continuous flow measurements. All channels 
were fabricated from fused silica (Dolomite Ltd., UK).

Figure 2: Electrostatic potential map for a) BSA and b) IgG. Blue regions 
represent negative charges, while red represent positive.
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to-noise ratio. We performed background subtraction and flatfield 
correction on all images using custom Matlab (The MathWorks) 
programs, to further enhance signal to noise ratio [45].

To measure protein adsorption on slides, after silanization and 
protein incubation as described above, we collected one image 
at three separate locations. For each location, we computed the 
average fluorescence value by randomly selecting ten pixels. For each 
combination of surface coating and protein, we performed experiments 
on two slides. Results, in terms of average absolute fluorescence and 
pooled variance, are shown in Figure 3.

For fluorescence data in straight channels, after surface coatings 
were applied to the channel as described above, the channels were 
rinsed with DI water, and then filled with 10 mM sodium borate buffer 
solution (pH=9). We applied an external voltage, V=300 V (Keithley 
2410), through platinum electrodes (Omega Eng. Inc., Stamford, CT) 
to establish an electroosmotic flow. Next, protein solution was added to 
the inlet ports and fluorescence values were monitored over time, while 
the protein solution was electrokinetically driven in the channels. After 
fluorescence reached its maximum value (different for each coating 
and protein combination), channels were rinsed with a continuous 
flow of 10 mM sodium borate buffer. We also monitored fluorescence 
during this phase. Fluorescence values displayed in Figure 4 show the 
average fluorescence within the channel after background and flat field 
correction.

Current monitoring: Prior to all measurements, we 
electrokinetically drove deionized water into the straight channels 
(Figure 1b) by applying a voltage V=100 V (Keithley 2410) until the 

current, monitored using a second electrometer (Keithley 2410) 
stabilized. Next, the channels were filled with a 9 mM sodium borate 
buffer solution (SBX). After current stabilization, we replaced the 9 mM 
SBX solution in reservoir 1 by 10 mM SBX, and recorded the increase 
in current, as the channel filled with the higher concentration buffer. 
We repeated this process 3-4 times for each coating. To derive the zeta-
potential, we solve for bulk average electroosmotic velocity, vEOF, from 
current monitoring using a custom Matlab script in which the length of 
the channel is divided by the time to fill the channel. From this value, 
the zeta-potential is found using the classic Helmholtz-Smoluchowski 
equation:

eof
Eε ζν
µ

=

where μ is viscosity (8.90 × 10-4 Pa for water), E is the applied electric 
field, and ζ is the zeta-potential [46]. For the dielectric constant ε, we 
use the value of water, given the very low molarity of the buffers used.

Microfluidic injections: Microfluidic injections are typically used 
to assess the electroosmotic mobility of fluorescently tagged species. 
This technique can also be used to study adsorption of fluorescent 
species by, for example, examining the fluorescent residue that remains 
on the channel wall once a fluorescently-tagged protein travels down 
the channel, or in our case, measuring the peak intensity over time 
after successive injections. Figure 1a shows a schematic of the channel 
geometry and our naming convention for each well: N (northern), S 
(southern), W (western) and E (eastern). Electrical potentials were 
applied at these wells using platinum electrodes (Omega Eng. Inc., 
Stamford, CT), connected to a high voltage power supply (LabSmith 
HVS448). The pre-programmed voltage scheme for sample loading and 
injection was designed following the recommendations of [47]. Briefly, 
during the loading phase, the sample solution is placed in the N well 
and electrodes in the N, W, and E wells are set to positive voltages while 
the S well is grounded, resulting in electrokinetic flow from all wells 
towards S. For the injection step, the applied voltages are then switched 
(W, N, S at high, E at ground), and the sample is injected along the E 
channel. The electric field during injections is 78.8 V/m. Injection data 
is recorded 10 mm downstream from the injection point with a high 
sensitivity EMCCD camera (Andor iXon), fitted to a 20X objective. The 
resulting electropherograms display fluorescence intensity over time, as 
plugs corresponding to different analytes pass through the detection 
point (For example: Figure 5).

For each experiment (Figures 5 and 6), the same sample is injected 
20-30 times, by applying the voltage sequence inject - load - inject, with 
the load step long enough to allow for the previously injected plug to 
flow towards the S well. In these electropherograms, a net reduction in 
peak intensity and area indicates protein adsorption.

Results
Adsorption measurements on glass slides

We first measured the degree of protein absorption of the five chosen 
surface coatings (ZS, PEG, ZP, 3-MPS and 3-APS) on glass slides, using 
FITC-labeled BSA and IgG as model proteins. These surface coatings 
were chosen from an array of 7 previously analyzed [43]. Specifically, 
we chose MPEG because it is the proven standard hydrophilic silane 
coating, and is universally well-known to prevent surface adsorption. 
ZS and ZP were chosen as possible zwitterionic candidates (hydrophilic 
with neutral opposing ionic charges/forces), given that zwitterions are 
known to help prevent protein adsorption. 3-MPS and 3-APS were 
both chosen as positive controls, but through different mechanisms of 

Figure 3: Adsorption experiments on modified coverslips, incubated in 10 mM 
sodium borate buffer (pH 9) with: a) 1 mg/mL FITC-labelled BSA, and b) 2 mg/
mL IgG. In both cases, PEG and zwitterionic coatings incur the least amount 
of protein adsorption.

Figure 4: Normalized residual fluorescence intensity measurements after 
sodium borate buffer flushing of a) BSA and b) IgG through a straight microfluidic 
channel. The light and dark bars represent, respectively, the fluorescence 
values at the beginning and after 30 minutes of flushing. Fluorescence values 
are corrected by subtracting background and dividing by flat field values.
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plausible adsorption [48,49]. 3-MPS was selected as a positive control 
for protein binding via disulfide linkages over 3-APS, which only 
provides charge based interactions.

Based on the data shown in Figure 3, which shows the residual 
fluorescence on the glass slide after protein adsorbed for 24 hours and 
was subsequently washed away with DI water. As expected, simple 
hydrophilic (MPEG) and zwitterionic coatings repelled proteins best, 
whereas hydrophilic coatings (3-MPS, 3-APS) were not effective at 
preventing adsorption, potentially due to the aforementioned disulfide 
linkages with 3-MPS or carboxylate-salt interactions between the 
protein c-terminus and 3-APS. The MPEG coating exhibited very low 
adsorption for both BSA and IgG, most likely because the formation 
of a denser hydration layer at the surface [50]. Zwitterions have the 
advantage of containing both positive and negative functional groups 
[51], which are responsible for ionic repulsive forces. In agreement with 
previous work [41], the heat-treated ZS coating resulted in the least 
residual fluorescence for BSA, as well as a very low value for IgG. Heat 
treatment is hypothesized to generate a more stable coating matrix and 
side chain connections between silanol groups, thus resulting in higher 
stability. ZP performed better than the control sample for both BSA and 
IgG, also in agreement with previous work [42].

Stability of surface coatings

To assess the stability over time of surface coatings we performed 
current monitoring experiments over a period of 6 weeks (Figure 7). 
In microfluidics, current monitoring is a procedure that is typically 
used to measure the channel zeta-potential. The zeta-potential, ζ is a 
parameter that characterizes the surface potential at the shear plane of 
the channel, and thus can be used to characterize electroosmotic flow. 
It is further useful in studying adsorption, because analyte adsorption 
at the walls will change the initial surface, and consequently the value of 
the zeta-potential. Thus, ζ can be used as an effective indicator of surface 
properties. Each ζ-potential value presented in Figure 7 represents the 
average of at least 3 measurements performed at each time point. We also 
calculated the average zeta potential over the 6 weeks measurements, 
ζavg, shown in the table to the right of Figure 7. Assuming the same 
statistical distribution of the error for each measurement, we compute 
the variance by the pooled variance method [52]. Finally, we estimate 
the variability in zeta potential defining ∆ζavg=(ζmax − ζmin)/ζmax. We note 
that potential complications for all coatings is that the electrokinetic 
flow may be causing shearing of the surface coatings, but current 
monitoring measurements are only performed for a small percentage 
of the time as compared to the 6 weeks that they were subjected to 
standard temperature and pressure (STP) conditions.

As expected, the (unmodified) control chip has the highest negative 
zeta potential [53]. The exposed silanol groups ionize when in contact 
with an aqueous solution at high pH, resulting in a high negative net 
surface charge. The control chip was the most stable over time, however 
with a surprisingly larger than expected variance ∆ζavg=9%. We attribute 
this non-zero variance over time to dissolution of the surface from OH–

groups [54] or from chemicals from the ambient atmosphere that attach 
and change the makeup of the surface [55].

The MPEG coating exhibited the lowest value of ζavg over the 
duration of the six-week experiment. Because the zeta potential was not 
consistently increasing over time, we attribute the large variation of zeta 
potential (∆ζavg=54%) to the low absolute ζ-potential value and thus 
relatively large contribution of experimental errors that are inherent 
with such a low measurement value. Changes in ζ-potential could be 
due to oxidative effects on MPEG [37,44,56] induced by electrolysis. 
However, no electrolytic bubbles were observed, and the external field 
was a constant 100 V, so we assume that the MPEG coating did not 
degrade, and instead the variability is due to experimental error.

3-MPS is shown to be very stable, rivaling the stability of the 
uncoated channel with a ∆ζavg=12% (Figure 3). One possible explanation 
of this stability is disulfide formation between MPS moieties in the 

Figure 5: Electropherogram of FITC-labeled injections in a ZS-coated 
microfluidic chip (20 µm deep glass cross channel). Trials chosen to be 
representative of the trend. Protein sample is suspended in 10 mM sodium 
borate buffer (pH 9) and composed of: a) IgG, b) BSA, c) IgG and BSA.

Figure 6: Electropherogram of IgG-FITC in a PEG coated (20 µm glass cross 
channel). Intensity (AU) over Elution time as shown. Trials chosen to be 
representative of the trend. Area under the curve was calculated for each trial 
and then percent area is displayed in reference to the initial trial (area max).

Figure 7: Absolute value of zeta potential measurements derived from current 
monitoring experiments during a period of six weeks. Each data point is the 
average of 3-4 measurements, with the error bars representing the standard 
deviation.
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different coatings perform at t=0, with e.g., MPEG showing the largest 
fluorescence value at the beginning of flushing in case of BSA, but going 
down to almost zero values by the end of flushing, something that could 
not be assessed with simple glass coverslip experiments.

In terms of experiments with IgG (Figure 4b and Table 1), we find 
stronger fouling characteristics than BSA for all coatings considered, as 
expected from glass slide experiments (Figure 3). Like for the coverslips, 
MPEG, ZP and ZS have the lowest values of residual fluorescence 
during rinsing. However, contrary to the glass slide experiments, it is 
3-MPS, and not the bare channel, that has the largest value of residual 
fluorescence, similar to the BSA case.

We posit that the difference we observe in glass coverslips with 
respect to microfluidic channels stems from time-dependent and 
flow-dependent behavior of the adsorption process, which becomes 
apparent only in the latter experiments. In uncoated channels, entropic 
interactions with the ionized silanols on glass are expected to be a 
contributing mechanism for protein adsorption [44], with electrostatic 
interactions associated with the positive BSA sites and the hydrophilic 
glass surface [60]. The relative ease with which protein was removed 
from bare glass microchannels may have resulted from the large EOF 
velocity, due to the large zeta-potential (Figure 7). The EOF velocity 
may also have hindered attachment of BSA, compared to what is 
expected with glass slides [61]. In the case of IgG, the uncoated channel 
showed a 33% residual fluorescence with respect to peak value after 30 
minutes. According to Ref. [60], IgG adsorption on borosilicate vials 
is driven mainly by electrostatic forces, which in turn are the product 
of pH and ionic forces. Thus, the combination of sodium borate buffer 
(pH 9) and exposed glass silanols is expected to promote IgG fouling in 
uncoated channels, in spite of the large EOF (Figure 7). The difference 
between the adsorption profiles of BSA and IgG from coverslips to 
channels illustrates the importance of experimental conditions (Figure 
3). Specifically, flow velocity can affect BSA adsorption, while the choice 
of buffer clearly affects IgG adsorption.

Because of the low zeta-potential, MPEG results in a slower EOF 
velocity for the same applied voltage. As a consequence, the behavior 
we observe is diffusion limited and matches static coverslip results well. 
ZS and ZP coatings show excellent anti-fouling properties in all cases. 
These results are not surprising considering the strong hydration layer 
formed and described also in Ref. [51], along with potentially additional 
electrostatic and steric mechanisms described by Ref. [44], and results 
from other studies [62,42]. However, changes in zeta potential over time 
(Figure 7) suggest that the quality of the coating may deteriorate with 
time. Both 3-MPS and 3-APS as expected had the worst performance, 
potentially due to disulfide linkages with 3-MPS or carboxylate-salt 
interactions between the protein c-terminus and 3-APS.

Adsorption measurements in electrokinetic flow

In consideration of data from all these experiments, we chose to 
further analyze the behavior of ZS and MPEG during electrokinetic 
separation injections of proteins in cross channel glass chips. The 
purpose behind evaluating competitive injections was to assess coating 
performance in discrete trials and with multiple proteins, as opposed to 
continuous exposure to a single protein. Furthermore, such injections 
are a cornerstone of microfluidic capillary electrophoresis, which 
has, through the years, been highlighted as a possible cheaper, faster, 
alternative method for performing separations of a variety of complex 
mixtures [63-70].

Figure 5 shows a series of injections through a ZS coated cross 
channel using sodium borate buffer solution containing FITC-labeled 

coating. If this is occurring, then silane hydrolysis would not result in 
full delamination, and thus the channel would retain its properties over 
an extended period of time.

Our results for channels coated with ZS do not correlate well 
with literature findings. Our data shows unstable behavior, with large 
variation in zeta-potential values over the 6 weeks, ∆ζavg=54%, and a large 
spread in each single measurement, with each measurement decreasing 
in value. We hypothesize that in our case, full polymerization and 
formation of a stable monolayer was not achieved, and instead single 
point silanization may have occurred, with concomitant oligomerization 
resulting in island morphologies and multi-layer formation. Note that 
because the zeta potential absolute value was between 40-70 mV, and 
it was monotonically decreasing over time, we do not believe that user 
and experimental-error contributed to the large variance.

ZP was the most unstable, with the ζ-potential at the end of 6 
weeks approaching that of an uncoated channel, suggesting that the 
coating completely degraded. Authors in Ref. [51] noted that ZP-
like structures form densely packed hydration layers, binding water 
molecules more strongly than PEG. However, past work has dealt with 
the case of “static” surfaces that is in the absence of flow. Work by Ref. 
[42], using the exact same phosphate coating as the one in this study, 
found similar positive changes in contact angle over time in phosphate 
buffer, indicating degradation. The changes were attributed to weakly 
bound silanes diffusing out from the system. In light of these findings, 
we hypothesize that our observed behavior of ZP coating is the result 
of interactions in the presence of sodium borate buffer that, in the 
course of our measurements, remove weakly bound silanes via ionic 
interactions or hydrolyze the phosphodiester bond of the functional 
chain, thus shifting charge neutrality and density.

Adsorption measurements in continuous flow

We next assessed the adsorption of proteins within channels with 
flow, since fluid flow may change the effects of adsorption as compared 
to static glass slide measurements. To do so, we monitored adsorption 
during protein flow and subsequent aqueous-based flushing of both 
BSA and IgG solutions on various coated microchannels (Figure 4).

As mentioned in the introduction, proteins may be reversibly 
attracted to hydrophilic surfaces through electrostatic forces. These 
interactions may lead to irreversible conformational changes and 
stretching of the proteins across the surface, which results in more 
electrostatic interactions [57]. Factors affecting such adsorption include: 
1) surface coating density, which may generate an entropic and steric 
environment which is favorable/unfavorable for further attachment; 
2) time dependence of the process of permanent adsorption, which is 
directly dependent on both flow velocity and the total time proteins are 
flushed through the channel [58]; 3) protein concentration (we used 
1 mg/ml, based on results reported in Ref. [36,59]); and 4) washing 
procedures, which may remove protein not permanently bound, again 
dependent on both flow velocity and the total time of flushing.

The time t=0 in Figure 4 corresponds to the point where we started 
flushing the channel with buffer solution, after exposing the channels 
to a continuous solution of proteins for 20-30 min. During rinsing, 
fluorescence was measured at regular intervals, and the process was 
stopped when its value came as close as possible to the initial intensity. 
For each coating, this time was chosen to allow for the fluorescence 
signal to reach its maximum value and stabilize (Table 1). Since the 
coating affects zeta potential and thus electroosmotic flow mobility, 
for different coatings the tagged proteins take a different amount of 
time to enter and fill the channel. It is interesting to note, how the 
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IgG and BSA. The first two panels, Figure 5a and b, show that when 
BSA or IgG are injected alone, changes between serial injections are 
negligible. The arrival of the BSA peak in Figure 5b has a very small 
delay, which could indicate that over one injection the BSA absorbed 
to the channel, slightly changing the zeta potential, and thus arriving 
at a slightly later time. However, the results seem to be well within 
experimental error.

Figure 5c shows a series of electropherograms with both IgG and 
BSA injected at the same time. Here, the BSA peak changes drastically 
between the first two injections, with a major decrease in overall 
intensity, as well as a major shift in arrival time. The IgG peak intensity 
is also reduced over time, more significantly than shown in Figure 5a. 
The marked decrease in fluorescence as the measurements progress 
in time is an indication of sample adsorption at the channel walls: a 
process that seems to continue throughout the experiment. The absence 
of tailing suggests a practically irreversible process [10], which, contrary 
to experiments in glass slides (Figure 3), mostly affects BSA. It is known 
that, in the presence of multiple analytes, there is a competitive behavior 
for available binding sites, leading to one analyte prevailing, based 
on the mechanism of adsorption for the specific environment [59]. 
Further, competitive protein experiments are known to show protein 
dominance based on diffusivity [58] and it has been established that on 
hydrophilic media such as glass, albumin tends to adsorb first, which 
is then followed by IgG, based on size differences [71]. Our results 
also clearly indicate these phenomena at play, which result in drastic 
differences between single vs. multiple analyte electropherograms, 
and ultimately separation efficiency. Estephan et al. [44] outlined a 
mechanism for adsorption via ionic forces where zwitterionic sultone 

(and like) do not allow the removal of counterion base pairs from the 
protein and surface respectively. This therefore inhibits attachment at 
the active site because of charge neutrality. Another explanation is that 
within this experimental design, BSA and IgG may be attracted via 
different mechanisms to ZS, not the glass.

Figure 6a and b show the same experiments, performed in MPEG 
coated channels. Since the BSA arrived much later than the IgG in 
a typical injection, and the intensity was very low, we were not able 
to perform the injection with both proteins in the same channel. 
However, even with the individual proteins, we can observe a similar 
behavior as in the ZS coated channel. As with ZS, the coating seems to 
be particularly effective in preventing IgG adsorption, while the BSA 
is barely discernible. The very low fluorescence value of the BSA peak 
suggests that most of the sample is irreversibly adsorbed to the wall 
already during the first injection. The shape of the BSA peak over time, 
with a pronounced tail, suggests that adsorption continue also during 
subsequent injections, but that this phenomenon is at least partially 
reversible. Similarly, the IgG peak shows a slight shift and broadening, 
which indicates that there are small amounts of absorption here as well.

Conclusion
Surface coatings are increasingly common in microfluidics-based 

applications that focus on biomolecules and protein separations. 
In this paper, we have compared five commonly used coatings, and 
compared their performance in terms of successful silanization of 
channel surfaces, stability over time, and antifouling performance. BSA 
and IgG have been used as model proteins, given their abundance and 
adsorption behavior.

 Peak FL
BSA

Residual
FL BSA

Peak FL
IgG

Residual
FL IgG Type Structure

Control 0.727
(7.5 min)

0.0006
(0%)

1.14
(20 min)

0.329
(29%) Reference

MPEG 0.96
(30 min)

0.02
(2.1%)

1.04
(15 min)

0.13
(12.5%)

Hydrophilic
Experimental

ZS 0.7
(20 min)

0.02
(2.8%)

1.01
(30 min)

0.05
(4.9%)

Zwitterionic
Experimental

3-APS 0.77
(15 min)

0.036
(4.6%)

1.1
(20 min)

0.397
(36.1%)

Cationic
Control

ZP 0.96
(20 min)

0.05
(5.2%)

1.03
(15 min)

0.132
(12.8%)

Zwitterionic
Experimental

3-MPS 0.87
(7.5 min)

0.084
(9.65%)

1.14
(20 min)

0.72
(63.2%)

Fouling
Control

Table 1: Displays relevant numerical data from antifouling experiments with IgG-FITC and BSA-FITC. Peak FL is the peak fluorescence for the trial, residual FL is remainder 
after 30 min. “Type” corresponds to role in the study.
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Fluorescence measurements of adsorption on glass slides and straight 
channels confirm that simple hydrophilic (MPEG) and zwitterionic 
coatings (ZP, ZS) are very effective at preventing adsorption of proteins, 
whereas hydrophilic coatings (3-MPS, 3-APS) are not. Similarly, 
measurements of residual fluorescence in straight channels exposed 
to electrokinetic buffer rinse confirm the superior performance of 
MPEG, ZP and ZS, as well as the stronger fouling characteristics of IgG 
compared to BSA. We hypothesize that the poor performance of 3-MPS 
and 3-APS is due to disulfide linkages with 3-MPS or carboxylate-salt 
interactions between the protein c-terminus and 3. In addition, flow 
within microchannels affects adsorption most likely due to a shearing 
effect at the wall, which can affect MPEG channels adversely.

Finally, given the widespread use of microfluidic separation 
techniques for identification and characterization of complex samples 
in a variety of applications, we have compared the behavior of MPEG 
and ZS during competitive injections of protein mixtures. Although it 
is not surprising that ZS shows a superior performance compared to 
MPEG, the very large adsorption of BSA in the MPEG-coated channel 
is unexpected from the glass slide and channel measurements.

Although ZS showed superior performance in regards to 
microfluidic separations, it is also important to consider the coating 
stability. Measurements of zeta-potential over a period of six weeks 
revealed that zwitterionic coatings tend to degrade over time. In case 
of ZS, we hypothesize that the behavior observed is the result of an 
island morphology and multi-layer formation in the coating, due to 
single point silanization, with concomitant oligomerization. For ZP, we 
hypothesize that interactions in the presence of sodium borate buffer 
removed weakly bound silanes via ionic interactions or hydrolyzed 
the phosphodiester bond of the functional chain, thus shifting charge 
neutrality and density.

Based on these findings, we conclude that MPEG is the most 
effective surface coating for applications where stability of the coating 
over time is critical. However, for separation experiments of BSA- or 
IgG-like proteins, where the channel is used shortly after coating, 
silanized ZS has superior anti-fouling characteristics, and should be 
used for the most accurate measurements. Importantly, our findings 
also highlight that, when optimizing microfluidic-/surface- based 
protein assays, sample composition needs to be taken into account, 
as different proteins may behave differently based on their structure 
and properties such as molecular weight (BSA: 66.5 kDa, Igg: 150-
170 kDa), isoelectric point, flexibility, as well as maybe distribution of 
hydrophobic groups.
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