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ABSTRACT: Despite evidence showing that polymer brushes (PBs) are a powerful tool used in biosensing for minimizing
nonspecific interactions, allowing for optimization of biosensing performance, and the fact that GaAs semiconductors have proven to
have a remarkable potential for sensitive biomolecule detection, the combination of these two robust components has never been
considered nor evaluated as a platform for biosensing applications. This work reports different methodologies to prepare and tune
PBs on the GaAs interface (PB−GaAs) and their potential as useful platforms for antibody grafting, with the ultimate goal of
demonstrating the innovative and attractive character of the PB−GaAs interfaces in the enhanced capture of antibodies and control
of nonspecific interactions. Three different functionalization approaches were explored, one “grafting-to” and two “grafting-from,” in
which atom transfer radical polymerization (ATRP) was performed, followed by their corresponding characterizations.
Demonstration of the compatibility of Escherichia coli (E. coli) and Legionella pneumophila (Lp) antibodies with the PB−GaAs
platform compared to the results obtained with conventional biosensing architectures developed for GaAs indicates the attractive
potential for operation of a sensitive biosensor. Furthermore, these results showed that by carefully choosing the nature and
preparation methodology of a PB−GaAs interface, it is possible to effectively tune the affinity of PB−GaAs-based sensors toward E.
coli and Lp antibodies ultimately demonstrating the superior specificity of the developed biosensing platform.

1. INTRODUCTION

In the past few decades, substantial efforts have been made to
unravel the structural details related to the modification and
control of surface properties of various organically function-
alized materials. The proper understanding and control of self-
assembled monolayers (SAMs) have been crucial for the
development of useful molecular electronic devices, allowing
for significant advances in the field of biosensors and surface
science and prompting the successful development, growth,
and incorporation of polymer brushes (PBs) on a variety of
supporting substrates.
Pathogenic bacteria detection using biosensors remains a

rich subject explored by researchers, and many tools have been
reported using different transducers such as surface plasmon
resonance, electrochemical impedance spectroscopy, fiber
optics, and piezoelectric devices.1

Recently, GaAs semiconductors have been recognized as a
platform compatible with acoustic and photoluminescence
biosensing techniques, demonstrating a remarkable potential
for sensitive biomolecule detection.2−4 The high sensitivity of
GaAs’ photoluminescence, associated mostly with surface
changes, opens the door for further biosensor improvement
and the possibility of even higher sensitivities achieved by
fabricating innovative biosensors and delivering sensitive
analysis at attractive costs. Furthermore, photoluminescence-

Received: October 10, 2020
Accepted: December 21, 2020
Published: March 12, 2021

Articlehttp://pubs.acs.org/journal/acsodf

© 2021 The Authors. Published by
American Chemical Society

7286
https://dx.doi.org/10.1021/acsomega.0c04954

ACS Omega 2021, 6, 7286−7295

D
ow

nl
oa

de
d 

vi
a 

U
N

IV
E

R
SI

T
E

 D
E

 S
H

E
R

B
R

O
O

K
E

 o
n 

M
ar

ch
 2

8,
 2

02
1 

at
 2

0:
42

:5
0 

(U
T

C
).

Se
e 

ht
tp

s:
//p

ub
s.

ac
s.

or
g/

sh
ar

in
gg

ui
de

lin
es

 f
or

 o
pt

io
ns

 o
n 

ho
w

 to
 le

gi
tim

at
el

y 
sh

ar
e 

pu
bl

is
he

d 
ar

tic
le

s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Daniela+T.+Marquez"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Juliana+Chawich"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Walid+M.+Hassen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Khalid+Moumanis"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Maria+C.+DeRosa"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jan+J.+Dubowski"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jan+J.+Dubowski"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsomega.0c04954&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c04954?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c04954?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c04954?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c04954?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c04954?fig=abs1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c04954?fig=abs1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c04954?fig=abs1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c04954?fig=abs1&ref=pdf
https://pubs.acs.org/toc/acsodf/6/11?ref=pdf
https://pubs.acs.org/toc/acsodf/6/11?ref=pdf
https://pubs.acs.org/toc/acsodf/6/11?ref=pdf
https://pubs.acs.org/toc/acsodf/6/11?ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://dx.doi.org/10.1021/acsomega.0c04954?ref=pdf
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/
https://pubs.acs.org/page/policy/authorchoice/index.html


based biosensors using GaAs/AlGaAs nanoheterostructure
biochips consisting of conventionally thiolated SAM architec-
tures and functionalized with antibodies were reported to be
capable of detecting Escherichia coli (E.coli) and Legionella
pneumophila (Lp) ssp1 at concentrations as low as 103 CFU/
mL.2,4,5

The three-dimensional character of PBs combined with the
vast possibilities of modifying functional groups has positioned
them as a powerful strategy to minimize nonspecific
interactions, leading to optimized biosensing performance
and considerable improvements in the limits of detection.6−8

Moreover, PB semiconductor surfaces such as silicon, silicon
carbide, and graphene substrates9−11 have attracted consid-
erable attention because of the unique semiconductor surface
properties, resulting in several incorporation strategies being
developed to facilitate manufacturing protocols while improv-
ing the biosensors’ performance.12−15

Surprisingly, although important findings related to the
formation and characterization of SAMs on GaAs substrates
have been reported,16,17 the incorporation of PBs on GaAs and
the characterization of such an interface is a scarcely
investigated field. Even more, in spite of the fact that PBs
have proven to have a significant positive impact in biosensing
performance, while GaAs semiconductors have demonstrated
to have considerable potential in biomolecule sensing, the
combination of these two powerful tools and its evaluation as a
platform for biosensing applications has never been explored.
In this work, we have evaluatedto the best of our

knowledgefor the first time the potential of PB structures on
GaAs (PB−GaAs) as a platform for biosensing applications. As

a main approach, we have focused on developing method-
ologies and tuning the PB−GaAs interface to enhance capture
of antibodies and control nonspecific interactions necessary for
the specific capture of E. coli and L. pneumophila. PBs were
grown on GaAs (001) substrates followed by their
corresponding thorough characterization. The compatibility
between PB−GaAs and IgG-anti-E. coli and L. pneumophila
antibodies, acting as target recognition agents, was further
assessed.
Three different approaches to grow PBs on GaAs were

evaluated, namely, “grafting-to” (A1), “grafting-from” (A2),
and a modified version of the latter (A3). As shown in Scheme
1, A1 consists of a 11-mercaptoundecanoic acid (MUA) SAM
formed on the surface of GaAs, to which poly(ethylene glycol)
diamine (PEG) is further grafted. On the other hand, A2 and
A3 consist of the initial formation of a mercaptoundecyl
bromoisobutyrate (MUBIB) initiator SAM, to which the
glycidyl methacrylate (GMA) monomer is polymerized
through atom transfer radical polymerization (ATRP). Further
modifications with either phenylboronic acid or PEG give rise
to approaches A2 and A3, respectively; the incorporated
moieties will serve as the future link for antibody grafting.

2. RESULTS AND DISCUSSION

2.1. Characterization of PBs on GaAs. Formation of
SAMs is a fundamental step in the successful growth of PBs. In
the case of GaAs, SAM semiconductor interfaces are known to
be formed through covalent bonding between thiolated species
and the GaAs surface via GaAs−S bonds.18,19 Figure 1 shows

Scheme 1. Graphical Representation of SAM Formation on GaAs Followed by Polymer Brush Formation Through the
“Grafting-to” Approach (A1), Phenylboronic Acid “Grafting-From” Approach (A2), and Poly(ethylene)glycol “Grafting-
From” Approach (A3)
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the As 3d core-level X-ray photoelectron spectroscopy (XPS)
spectra corresponding to bare GaAs, MUBIB (SAM), and
MUA (SAM). Covalent bonding of both MUBIB and MUA to
GaAs was confirmed through the deconvolution of As 3d XPS
peaks; a doublet peak additional to those corresponding to
elemental As and As(Ga), centered at ∼42.4 eV, was identified
as As−S, while this doublet was absent in the case of bare
GaAs. As expected, these values agreed with the literature for
thiol-based SAMs.20,21 Unfortunately, obtaining clear XPS
spectra of the built PBs samples was not feasible because of
overcrowded signals. However, PBs characterization was
achieved by complementing the other techniques such as
FTIR, AFM, contact angle, and ellipsometry.
The thickness corresponding to each step involved in PBs

formation for the three approaches studied in this work was
determined by ellipsometry (see Table 1). MUBIB (ATRP
initiator) SAM−a common step in the preparation of A2 and
A3−had a final thickness of approximately 2 nm upon
incubation of GaAs in MUBIB for 24 h. After 24 h incubation,
most SAMs reach their maximum packing capability upon
binding to the surface in the first few hours followed by slow

re-organization and packing; values of ∼2 nm are common for
most SAMs on GaAs.13,19

The thicknesses obtained for MUBIB−Ep PBs upon ATRP
(A2 and A3) were tunable. As expected, longer polymerization
times gave rise to thicker structures; PBs with double the
thickness were achieved by varying the polymerization times
from 2 h (MUBIB−Ep2) to 8 h (MUBIB−Ep8). Similar
MUBIB (SAM) thicknesses were found when comparing the
results for GaAs obtained in this study with those found in the
literature for the same type of PBs on gold substrates;22

however, thicker PBs were reported for the latter upon ATRP
incorporation. This discrepancy is mostly likely due to the
differences in the nature of the substrates to be functionalized,
causing variations in the level of organization and/or affinity
between SAMs on gold versus GaAs which in turn translate
directly into the differences brought by this work regarding the
functionalization of GaAs compared to the known methods
applied for glass, Au, and other substrates. For example, it has
been previously described that lower fractions of initiator
(MUBIB) on the substrate’s surface give rise to thinner PBs.23

In the case of our substrate, the prolonged exposure to a water-
containing environment during the formation of the MUBIB−
Ep structure will induce a certain degree of dark corrosion in
GaAs24 a phenomenon absent in the case of Au and glass
substrates−giving rise to a reduced initiator fraction con-
comitantly decreasing the rate of MUBIB deposition and
producing thinner SAMs. Although the presence of water
could have a detrimental effect on the quality of the GaAs
substrate, previous experiments related to 16-mercaptohex-
adecanoic acid SAM deposition on GaAs in the presence of
water (RT, 20 h) suggested that water helps produce enhanced
quality SAMs.20,25

Upon further incorporation of phenylboronic acid moieties
(A2), the thickness of the PBs increased by approximately 5
nm regardless of the polymerization time in the previous step.
Nevertheless, when PEG diamine was grafted instead of
phenylboronic acid, similar thicknesses were obtained
independent of the ATRP time. This can be attributed to
the experimental conditions involved in approach A3, such as
higher temperatures (75 °C) and longer exposure times (36
h), when PEG chains are grafted. Higher temperatures would
allow for better access of the PEG chains to the epoxide groups
in the MUBIB−Ep PBs which, upon cooling, may produce a
more compact brush compared to those obtained when
incorporating groups at room temperature (as in the case of
A2). This statement is supported by previous publications on
the dependence of PEG PBs with temperature indicating that
PEG chains can reach a fully collapsed state above 35 °C.26

Finally, MUA−SAM formed in the A1 approach is thicker
compared to MUBIB SAM. This could be attributed to the
bulkier head groups of the latter that could lead to a less
packed SAM impacting monolayer average thickness.27

Visual evidence of PBs formation as well as roughness
factors were obtained through AFM topographical images
(shown in Figure 2). These results were further complemented
by performing FTIR spectroscopy to confirm the presence of
the expected end functional groups (Figure 3).
FTIR was performed on the different samples to confirm the

successful grafting of PBs and the presence of the functional
groups needed for further antibody attachment. Figure 3 (top,
left) shows the FTIR spectra for the A2 approach where (a)
corresponds to MUBIB−Ep and (b) to MUBIB−Ep−PhB. As
it can be seen, spectrum (b) maintains most of the peaks

Figure 1. XPS As 3d peak analysis of bare GaAs (top left), MUA SAM
(top right), and MUBIB SAM (bottom) on GaAs, respectively. Note:
Less intense signals are expected because of the SAM nature of the
samples analyzed through this technique.

Table 1. PBs Thickness and Polymer Loading for Samples
Obtained in Each Step of the Studied Approaches

sample

film
thicknessa

[nm]
polymer loadingb

[ng mm−2] description

MUA−SAM 7.50 ± 0.57 9.01 24 h
incubation

MUBIB−SAM ∼2 ∼2.4 24 h
incubation

MUA−PEG-50 11.8 ± 0.87 14.2 50 mg/mL
PEG

MUA−PEG-100 12.8 ± 0.56 15.4 100 mg/mL
PEG

MUBIB−Ep2 17.8 ± 0.89 21.3 2 h ATRP
MUBIB−Ep8 42.5 ± 0.26 50.9 8 h ATRP
MUBIB−Ep2−PhB 22.8 ± 0.34 27.4 2 h ATRP
MUBIB−Ep8−PhB 46.5 ± 1.32 55.8 8 h ATRP
MUBIB−Ep2−PEG 32.6 ± 2.68 39.2 2 h ATRP
MUBIB−Ep8−PEG 30.1 ± 2.85 37.1 8 h ATRP

aDetermined from ellipsometry measurements. bDetermined from the
thickness assuming a density of 1.2 g/cm3 corresponding to the
refractive index of 1.5 for all compounds.
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Figure 2. AFM images of MUBIB−SAM (top left, σRMS = 2.52), MUBIB−Ep−PhB (top right, σRMS = 1.74), MUBIB−Ep2−PEG (bottom left,
σRMS = 2.58), and A−MUA−PEG (bottom right, σRMS = 6.08). Note: Different scale bars were purposely selected for visual aid.

Figure 3. FTIR spectra corresponding to (top, left) approach A2, MUBIB−Ep (a), and MUBIB−Ep−PhB (b), (top, right) A3, MUBIB−Ep (a)
and MUBIB−Ep−PEG (b), and (bottom) approach A1 (MUA−PEG).
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present in spectrum (a) besides having additional ones
corresponding to A2. The band at 1352 cm−1 has been
previously assigned to B−O stretching,28,29 while the bands at
1604 and 1581 cm−1 correspond to the CC stretching of the
benzene ring. In addition, the band at 790 cm−1 can be
attributed to the 1,3-disubstituted benzene. These results
confirm the successful conjugation of phenylboronic acid to
MUBIB−Ep. A similar situation was observed for approaches
A3 (top, right) and A1 (bottom), where PEG bands were
predominant and intensified the already existing peaks,
confirming a successful PEG grafting.
Hydrophobicity is an important parameter to evaluate while

building and characterizing PBs, especially when developing
biosensors based on PBs−GaAs, where the main goal is
specifically to enhance antibody and bacterial capture while
reducing nonspecific adsorption. Hence, the contact angle is a
relevant parameter to consider when assessing potential in
biosensing applications because this factor would influence
target detection. It has been previously reported that slightly
greater contact angles (higher hydrophobicity) enhance
bacterial adhesion as well as detection; typical contact angle
values associated with an efficient bacteria detection commonly
range from 50 to 70°.28,29

Table 2 shows the contact angle and roughness values
obtained for the main steps involved in the three studied

approaches. A decrease in the contact angle upon final PBs
formation, with respect to their corresponding original SAM,
was observed, which is consistent with the nature of the end
functional groups in each approach. PEG moieties incorpo-
rated for A1 and A3 approaches are responsible for a decrease
in the contact angle, while the decrease obtained upon
phenylboronic acid incorporation can be attributed to the
double hydroxyl groups.30 Despite that, an increase in
hydrophobicity is associated with better bacteria adhesion/
detection, and the obtained contact angles fall within the
abovementioned range of values associated with an efficient

bacteria adhesion. Furthermore, a slight increase in hydro-
philicity has shown to efficiently prevent nonspecific
adsorption.31

Biosensor surface roughness also plays a relevant role in
determining target/antigen recognition−agent interactions.
Generally, irregular surfaces promote the interaction with the
target because of the greater surface area.32 As expected, an
increase in roughness was observed upon PBs incorporation
compared to bare GaAs. PEG grafting for either approach A1
(method B) or A3 seem to have had the same effect in terms of
the final roughness, while the incorporation of phenylboronic
acid in A2 gave rise to smoother brushes. Particularly higher
roughness values, such as that obtained for A−MUA−PEG
PBs prepared as indicated in Section 4.2.3., signal a very
irregular PBs surface which could potentially affect the
outcome in bacteria capture. It is worth mentioning that a
consistent decrease in the contact angle with an increase in
roughness is observed. As expected, all the surfaces studied are
wettable by the solvent used. Hence, a higher surface
roughness will have, as a consequence, a higher wettability
concomitantly decreasing contact angle value. With the
purpose of obtaining MUA-based PBs with a roughness factor
comparable to the other approaches included in this study, we
implemented method B, prepared as shown in Section 4.2.4.
As it can be seen from the AFM images (shown in Figure 4),
the PBs prepared through method B gave rise to a much
smoother surface. The changes incorporated in method B seem
to be sufficient to obtain a smooth brush surface comparable to
the other approaches. The first modification involved changing
the EDC amine coupling solution concentration (from 0.6 to
0.4 M) and the medium (from MES buffer to deionized
water), while the second modification implemented is related
to the use of a diamino-PEG solution in DMF rather than
incorporating the PEG moieties using MES buffer (pH 4.7).
Although a low pH has been previously reported in the
literature as a way of activating carboxylic groups when
coupling amines and carboxylic groups,33 other references
suggest that pH 7.4 is optimum when performing EDC/NHS
coupling. In the case of our PBs, the latter gave rise to
smoother brushes. On the other hand, by dissolving diamino-
PEG in DMF rather than MES buffer also positively affected
the PB’s roughness factor, which could be attributed to an
improved diamino-PEG solubility at the time of its
incorporation. A table summarizing the details of PBs
methodologies employed in this work and those applied by
others mentioned in this section has been included in the
Supporting Information (Table S1) with the aim to provide a
useful reference to the technology of GaAs-based biosensors
and PB−GaAs interface, as well as to ease a comparison with

Table 2. Contact Angles and σRMS Values for Main Samples

sample contact angle (deg) σRMS [nm]a

bare GaAs 74.9 ± 2.19 0.84
MUA−SAM 70.3 ± 0.85 1.98
A−MUA−PEG 63.0 ± 3.28 6.08
B−MUA−PEG 67.9 ± 1.3 2.97
MUBIB−SAM 72.1 ± 3.46 2.52
MUBIB−Ep2 59.8 ± 1.69 2.68
MUBIB−Ep2−PhB 62.8 ± 0.85 1.74
MUBIB−Ep2−PEG 55.7 ± 2.12 2.58

aDetermined from AFM images.

Figure 4. AFM images of A−MUA−PEG (left) and B−MUA−PEG (right). Note: Different Z-axis scales were purposely selected for visual aid.
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PBs interfaces using other substrates. The effect of such
modifications in antibody capture can also be appreciated in
Section 2.2 in this work.
2.2. Fluorescence Microscopy Antibody Compatibil-

ity Assessment. Efficient coupling of the recognition
molecules to the PBs surface is imperative to develop sensors
that have improved sensitivity and selectivity. Thus, when
evaluating if the PB−GaAs combination is suitable for sensing
applications, such coupling must be verified.
Table 3 shows the antibody surface coverage results for the

three approaches considered in this study for both E. coli and
L. pneumophila obtained upon incubation of PB−GaAs in IgG-
anti L. pneumophila and IgG-anti E. coli antibodies. As it can be
seen, in the case of L. pneumophila antibodies, the
modifications implemented in method B-A1 show a higher
antibody surface coverage compared to method A-A1. It is
worth mentioning that no evidence of antibody capture was
observed in the case of bare GaAs and SAM−GaAs, in contrast
with that obtained after treating PB−GaAs with antibodies,
confirming the compatibility of the former with such target
recognition agents.
As expected, the antibody surface coverage values achieved

for each approach were respectable and sufficient to confirm
the compatibility of PB−GaAs platform toward IgG-anti L.
pneumophila and IgG-anti E. coli. When capturing IgG-anti E.
coli antibodies, approaches A1 and A3 proved to be more
efficient in contrast to approach A2. On the other hand,
approaches A2 and A3 gave rise to considerably higher
antibody surface coverage values in the case of L. pneumophila
compared to approach A1. These differences can be attributed
to the PBs structure and show that epoxy/PEG-based PBs
favor the capture of both types of antibodies and MUBIB−
Ep−PhB-based PBs are more specific for L. pneumophila
antibodies, while MUA−PEG-based PBs are more specific for
E. coli antibody capture. These results, although simple,
constitute a proof that by tuning the PB−GaAs interface, it
is possible to control the specificity of a biosensor. By
modifying the nature of the PB−GaAs interface, it is likely
possible to affect the spatial disposition and availability of the
end functional groups that will ultimately interact with the
corresponding antibodies.
The approaches incorporated in this study have advantages

and disadvantages that will depend on the user’s goal. The A1
approach has a shorter preparation time (total of 22 h) and a
simpler preparation methodology, it is less expensive, and it is
more specific toward E. coli antibodies. On the other hand, the
A2 approach has a similar preparation time compared to A1,
and although it could be more expensive, with the preparation
procedure considered less simpler, its specificity toward L.
pneumophila antibodies is significantly greater than that of the
other approaches. Finally, the preparation of A3 takes 36 more
hours than that of A1 and A2. However, it would be less

expensive and more useful when a generic sensing platform is
needed.
When comparing coefficients of variation for different

approaches, it has been observed that the homogeneity in
antibody distribution varied from case to case. From these
results, it is not possible to conclude unequivocally a
correlation between antibody distribution and sensor specific-
ity encouraging the further future investigation related to this
aspect. Nevertheless, MUA−PEG indicating more than 10
times greater coverage for E. coli than for L. pneumophila
antibodies may be related to the less discriminated deposition
of E. coli antibodies on such structures.
Preliminary bacteria capture experiments were performed to

confirm antibody-PB−GaAs compatibility and corroborate that
the practical detection of bacteria is, in fact, feasible. The
number of attached bacteria is sufficient to confirm the
feasibility of using PBs−GaAs as a platform for bacteria
capture. Table S2 presents the number of captured E. coli per
mm2 for the different investigated architectures following the
exposure of functionalized GaAs chips to two bacterial
suspensions at concentrations of 103 and 105 CFU/mL. The
obtained coverage is two to three times higher than what it was
reported for conventional architecture based on SAM thiol-
neutravidin−biotinylated antibody reported by Aziziyan et al.34

Moreover, the average bacteria coverage values of the PBs−
GaAs were found to be around 100 bacteria/mm2 at the tested
incubation concentrations of 103 CFU/mL, which compares to
what has been previously reported for GaAs biosensors
coupled with other sensitive detection techniques.2,3,35

Photoluminescence-based biosensors using GaAs/AlGaAs
nanoheterostructure biochips consisting of conventionally
thiolated antibody-functionalized SAM architectures were
reported to be capable of detecting bacteria by monitoring
the change in rate of digital photocorrosion in the presence of
Gram-negative bacteria.2,4,5 Its multilayered character has
positioned GaAs/AlGaAs biochips as excellent candidates for
re-functionalization. Upon photocorrosion of the outer layer, a
clean new layer is exposed and is ready to be functionalized,
allowing us to perform several measurements using the same
biochip. However, in order to obtain automated re-
functionalization devices for remote sensing, it is of key
importance to count with functionalization methodologies
compatible with remote automation.
The simplicity of the methodologies for the preparation of

PB−GaAs presented herein, which involve the incubation of
substrates in premade solutions, and the fact that most steps
are performed at room temperature constitute an added value
to these platforms because it renders them as suitable for
automated re-functionalization of devices designed for remote
sensing.

Table 3. IgG-Anti E. coli and IgG-Anti L. pneumophila Antibody Surface Coverage

sample
IgG-Anti E. coli surface coverage

(Ab/mm2)
E. coli CVa

(%)
IgG-Anti L. pneumophila surface coverage

(Ab/mm2)
L. pneumophila CVa

(%)

MUA−-PEG 10514 ± 2047 (A-A1) 19 174.6 ± 54.7 (A-A1) 30
401.2 ± 293.8 (B-A1) 73

MUBIB−-Ep−-PhB 321.6 ± 80.32 (A2) 25 5042 ± 1872 (A2) 37
MUBIB−-Ep−-PEG 5418 ± 1685 (A3) 31 5566 ± 939.4 (A3) 17

aIntersample coefficient of variation.
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3. CONCLUSIONS

We have investigated different methodologies to prepare PBs
on GaAs and demonstrated their promising potential as
antibody-compatible platforms for biosensing, as well as the
innovative and attractive character of controlling the PB−GaAs
interface in order to enhance antibody capture and control
nonspecific interactions. By carefully selecting the nature of the
PB−GaAs interface and the right fabrication methodology, it is
possible to control the specificity of such sensing platforms
toward the tested antibodies.
The successful growth of PBs on GaAs suggests a significant

versatility of this interface in terms of its chemical and physical
properties, which, combined with its compatibility with
different antibodies, makes PB−GaAs a useful platform for
biosensing applications. We have incorporated both E. coli and
L. pneumophila antibodies to this system through tunable
functional groups, highlighting the possibility of developing
sensors able to target other bacteria and bio-architectures. A
thorough characterization of each structure and a comparison
with previously published procedures for PBs fabrication have
pointed out the importance of implementing procedures
dedicated specifically to GaAs, compared to those applied for
functionalization of the alternative biosensor substrates.
Furthermore, the employed functionalization methodology
poses PB−GaAs as an excellent platform compatible with
automated re-functionalization for remote sensing.

4. MATERIALS AND METHODS

4.1. Materials. 11-mercapto-1-undecanol (MUDO, 97%),
α-bromoisobutyryl bromide (98%), ammonium chloride,
dichloromethane (anhydrous, ≥99.8%), diethyl ether, 4-
dimethylaminopyridine, 2-N,N’-(dimethylamino)ethyl meta-
crylate (98%), copper (II) bromide (CuBr2, 99.999%), 2,2′-
bipyridyl (>99%), N,N-dimethylformamide (DMF), ethanol-
amine hydrochloride, GMA (97%), hexane (anhydrous, 95%),
L-ascorbic acid, 3-aminophenylboronic acid, lysogeny broth
(LB), magnesium sulfate, phosphate buffered saline (PBS)
solution (10×, pH 7.4), PEG diamine (Mn 2000), pyridine
(99.8%), toluene, and triethylamine were purchased from
Sigma-Aldrich (Oakville, Canada) and used without further
purification.
N-(3-dimethylaminopropyl)-N′-ethylcarbodiimide hydro-

chloride (EDC) and N-hydroxysuccinimide (NHS) used for
activation were prepared from an amine coupling kit purchased
from GE Healthcare Canada (Mississauga, Canada).
Semiconductor-grade OptiClear (National Diagnostics,

USA), acetone (ACP Chemicals, Canada), anhydrous ethanol
(Brampton, Canada), ammonium hydroxide (28%, Anachemia,
Canada), isopropyl alcohol (2-propanol, Fisher Scientific
(Ottawa, Canada), and methanol (VWR Chemicals, Canada)
were used.
Unconjugated polyclonal antibodies against E. coli and L.

pneumophila were obtained from Virostat, Inc. (Portland,
Marine). Aqueous solutions were prepared using 18.2 MΩ
cm−1 Milli-Q water obtained from a Millipore System
equipped with a 0.22 μm filter. All solvents used were of
spectroscopic grade.
4.2. Sample Preparation. 4.2.1. Synthesis of ω-

mercaptoundecyl Bromoisobutyrate. The ATRP initiator
was synthesized following a previously reported procedure.36

Briefly, a mixture of bromoisobutyryl bromide (4.3 M) and 4-
dimethylaminopyridine (12 M) in 1 mL ice-cold dichloro-

methane (dry) was added dropwise to a solution containing
pyridine (0.14 M) and 11-mercaptoundecanol (0.16 M) in 30
mL of dry dichloromethane at 0 °C and stirred for 1 h at such
temperature, followed by 18 h of stirring at room temperature.
Once the reaction was complete, the product was extracted
with a mixture of water (30 mL) and toluene (15 mL), and the
aqueous phase was further washed with toluene (2 × 30 mL).
Upon extraction, the organic phase was evaporated under
vacuum and the resulting crude was dissolved in diethyl ether
(40 mL), washed with a saturated ammonium chloride
solution (3 × 40 mL), and dried over magnesium sulfate.
The organic phase was then evaporated under reduced
pressure, and the resulting yellowish oil was purified by
column chromatography (silica gel, neutral) using 2%
triethylamine in hexane as a mobile phase. Finally, a colorless
oil was obtained upon hexane evaporation and drying the
product under reduced pressure overnight. The purity of the
final product was confirmed by 1H NMR (400 MHz, CDCl3):
4.14 (t, J = 6.6, 2H, OCH2), 2.51 (q, J = 7.5, 2H, SCH2), 1.91
(s, 6H, CH3), 1.57−1.68 (m, 4H, CH2), 1.24−1.36 (m, 16H,
CH2).

4.2.2. GaAs Sample Preconditioning. Bare bulk GaAs
(001) wafers (6 mm × 6 mm, double side polished) were
prepared for functionalization by cleaning in independent
subsequent baths of acetone, opti-clear, acetone, and
isopropanol under sonication for 5 min in each solvent. The
substrates were then etched to remove native oxides by
submerging them in 28% ammonium hydroxide for 2 min,
thoroughly rinsed with degassed ethanol, and immediately
submerged in the corresponding thiol solution.

4.2.3. Method A. 4.1.3.1. Preparation of PEG−Mercap-
toundecanoic Acid-Functionalized GaAs (A−MUA−PEG).
Immediately after etching, GaAs wafers were immersed in a
2 mM MUA solution in degassed ethanol and stirred for 24 h
in order to form the corresponding mercaptoundecanoic
(MUA−SAM). Upon incubation, the samples were thoroughly
washed with ethanol and water and dried under a stream of
Argon. Upon SAM formation, MUA-functionalized samples
were immersed in a solution containing EDC (0.64 M) and
NHS (0.13 M) in MES buffer (0.1 M, pH 4.7) and incubated
for 2 h. Finally, the wafers were thoroughly washed with MES
buffer, followed by their overnight incubation in a PEG
diamine solution in MES buffer, rinsed with MES buffer, and
dried under Argon.

4.2.4. Method B. 4.1.3.2. Preparation of Polyethylene
Glycol−Mercaptoundecanoic Acid-Functionalized GaAs (B−
MUA−PEG). Immediately after etching, GaAs wafers were
immersed in a 2 mM MUA solution in degassed ethanol and
stirred for 4 h, followed by an additional 16 h in static
conditions in order to form the corresponding MUA−SAM.
Upon SAM formation, MUA functionalized samples were
immersed in an amine coupling solution (0.4 M EDC/0.1 M
NHS in DI water) for 30 min and incubated for 30 min.
Finally, the wafers were thoroughly washed with deionized
water followed by their overnight incubation in a PEG diamine
solution in dimethylformamide, rinsed with DMF, and dried
under Nitrogen.

4.2.5. Preparation of GMA PBs on GaAs (MUBIB−Ep)
through ATRP. Etched GaAs wafers were immersed in a 2 mM
MUBIB solution in degassed ethanol and stirred for 24 h.
Upon incubation, the samples were thoroughly washed with
ethanol and water and dried under a stream of Argon in order
to form the corresponding MUBIB self-assembled monolayer

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://dx.doi.org/10.1021/acsomega.0c04954
ACS Omega 2021, 6, 7286−7295

7292

http://pubs.acs.org/journal/acsodf?ref=pdf
https://dx.doi.org/10.1021/acsomega.0c04954?ref=pdf


(MUBIB−SAM). Upon SAM formation, MUBIB−Ep wafers
were obtained by following a slightly modified procedure of
MUBIB−Ep deposition on initiator-activated glass sub-
strates.19 Briefly, MUBIB (SAM) samples were immersed in
a solution containing 2,2-bipyridyl (Bipy, 30 mM), CuBr2 (15
mM), and GMA (2%, v/v) in methanol/water (1:1 v/v). Right
before polymerization, ascorbic acid was rapidly added (13.5
mM) into the polymerization solution followed by the
immediate capping of the vials and incubation for 2 h under
agitation. Finally, the samples were removed from the
polymerization solution, rinsed thoroughly with 1:1 meth-
anol/water, and dried under a stream of Nitrogen.
4.2.6. Incorporation of Phenylboronic Acid Moieties to

MUBIB−Ep (MUBIB−Ep−PhB). MUBIB−Ep−PhB was pre-
pared following a procedure previously reported where
MUBIB−Ep was deposited on initiator-activated glass
substrates.30 Briefly, MUBIB−Ep wafers were immersed in a
solution containing 3-aminophenylboronic acid (50 mM) in
methanol/water (1:1, v/v) followed by incubation for 1 h at
room temperature under agitation. Finally, the obtained
samples were removed from the solution, thoroughly washed
with 1:1 methanol/water, and dried under a stream of Argon.
4.2.7. Incorporation of Polyethylene Glycol Diamine

Moieties to MUBIB−Ep (MUBIB−Ep−PEG). MUBIB−Ep−
PEG wafers were prepared following a part of PEG PBs
immobilization on glass-type surfaces.37 Briefly, pure and dry
PEG diamine (MW 2000) was directly deposited on MUBIB−
Ep followed by incubation at 75 °C for 36 h. The obtained
samples were then thoroughly washed with water and
methanol and dried under a stream of Argon.
4.3. Antibody Grafting Experiments. 4.3.1. Grafting of

IgG-anti E. coli and L. pneumophila Antibodies onto MUA−
PEG (MUA−PEG−Ab). Antibody incorporation on MUA−PEG
wafers was performed by incubating the samples overnight in a
5 M glutaric anhydride solution in DMF with the purpose of
transforming PEG amino groups into carboxylic acids. Then,
the samples were incubated separately in an amine coupling
solution for 0.5 h. Antibody grafting was achieved by sample
incubation in a 100 μg/mL solution of unconjugated IgG-anti
L. pneumophila antibodies in PBS buffer (1×), followed by
rinsing the substrates with PBS buffer and drying under an
Argon flow. As a final treatment, nonspecific interactions were
minimized by incubating the samples in a 2% BSA solution in
PBS buffer for 0.5 h and by incubation for another 0.5 h in 1 M
ethanolamine solution (pH 8) for 0.5 h in 1 M ethanolamine
solution (pH 8).
4.3.2. Grafting of IgG-anti E coli and L. pneumophila

Antibodies onto MUBIB−Ep−PhB (MUBIB−Ep−PhB−Ab.
MUBIB−Ep−PhB samples were incubated for 1 h in a 100
μg/mL unconjugated IgG-anti L. pneumophila solution in PBS.
As a final treatment, nonspecific interactions were minimized
by two consecutive blocking steps using a 2% BSA solution in
PBS buffer for 0.5 h and by incubation for another 0.5 h in 1 M
ethanolamine solution (pH 8).
4.3.3. Grafting of IgG-anti E. coli and L. pneumophila

Antibodies onto MUBIB−Ep−PEG (MUBIB−Ep−PEG−Ab).
Antibody incorporation on MUBIB−Ep−PEG substrates was
performed by separately activating the antibodies’ carboxylic
groups by incubating in a solution containing EDC (0.64 M)
and NHS (0.13 M) in 0.1 M MES buffer at pH 4.5 for 2 h.
Then, MUBIB−Ep−PEG substrates were immersed for 1 h in
a 100 μg/mL unconjugated IgG-anti L. pneumophila solution
in PBS. As a final treatment, nonspecific interactions were

minimized by incubating the samples in a 2% BSA solution in
PBS buffer for 0.5 h and by incubation for another 0.5 h in 1 M
ethanolamine solution (pH 8) for 0.5 h in 1 M ethanolamine
solution (pH 8).

4.3.4. Bacteria Capture Experiments. Antibody-function-
alized substrates were incubated in suspensions of 105 CFU
mL−1 and 103 CFU mL−1 of green fluorescent protein-labeled
E. coli prepared in 1× PBS (pH 7.4) obtained, following
dilution of a freshly prepared culture in LB. Upon incubation,
the substrates were rinsed three times with 1× PBS (pH 7.4)
and deionized water.

4.4. Sample Characterization. 4.4.1. Ellipsometry. Film
thickness measurements were performed using a Plasmos
SD2000 single wavelength (632 nm) multiangle ellipsometer.

4.4.2. Contact Angle. Static contact angle measurements
were performed with a goniometer equipped with a CCD
camera (iuVCR software). High purity deionized water
(resistivity 18 MΩ·cm−1) was used, and a drop volume was
approximately at 5 μL. The average contact angle values were
estimated in the drop analysis module from ImageJ software.

4.4.3. FTIR Spectroscopy. FTIR transmission spectra of
functionalized GaAs samples with PBs were recorded with a
Bruker Vertex 70v spectrometer equipped with a RockSolid
interferometer and a wide-range Globar IR source covering
6000 to 50 cm−1. The signal was collected with a liquid
nitrogen-cooled MCT (mercury cadmium telluride) IR
detector. The spectral resolution was set to 4 cm−1, all
measurements were carried out under vacuum, and spectra
were collected with 256 scans and by using an aperture of 1.5
mm. The spectrum of an etched GaAs (100) sample was used
as a blank and subtracted from SAM spectra.

4.4.4. Atomic Force Microscopy. High-resolution imaging
was carried out with an atomic force microscope (AFM, Veeco
Dimension 3000) under air, using tapping mode. The AFM
cantilever had a nominal resonance frequency of 330 kHz,
force constant of 42 N/m, a length of 125 μm, and a mean
width of 30 μm. Scans of different dimensions were recorded
in order to have a representative sampling of the surface.

4.4.5. Fluorescence Microscopy. Fluorescence-labeled anti-
body and GFP E. coli coverage was recorded using an Olympus
IX71 fluorescence microscope. Six to eight images were taken
per sample at different sample sites with a magnification of 20×
using the fluorescein isothiocyanate (FITC) filter, providing
excitation and emission wavelengths of approximately 495/519
nm. The number of antibodies was determined following an
ImageJ protocol for antibody counting.

4.4.6. X-ray Photoelectron Spectroscopy. XPS was
performed by using a Kratos analytical model Axis Ultra
DLD, using monochromatic aluminum Ka X-rays at 140 W.
XPS data were analyzed using CASAXPS software.
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