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a b s t r a c t

The optoelectronic properties of gallium arsenide (GaAs) hold great promise in biosensing applications,

currently being held back by the lack of methodologies reporting the spatially selective functionalisation

of this material with multiple biomolecules. Here, we exploit the use of a photoreactive crosslinker - a

diazirine derivative - for spatially selective covalent immobilisation of multiple bioreceptors on the

GaAs surface. As a proof of principle we show the immobilisation of two proteins: neutravidin and endo-

sulfine alpha protein. X-ray photoelectron spectroscopy results showed the presence of the biomolecules

on the GaAs regions selectively exposed to ultraviolet light. The approach presented here is applicable to

the covalent attachment of other biomolecules, paving the way for using GaAs as a platform for multi-

plexed biosensing.
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1. Introduction

The use of photoactive molecules as linkers between a solid

support and a biomolecule has been reported for a variety of appli-

cations in biotechnology. An example of a successful application of

this approach is the creation of complex microarrays of nucleic

acids on glass, where nucleotides incorporating photoremovable

protective groups are used for in situ synthesis of oligonucleotides

(Affymetrix GeneChip� technology). Proteins have also been

immobilised on a variety of substrates using light as a facilitator

[1–3], for applications such as biosensing, drug delivery and cell

behaviour studies. Amongst the most popular photosensitive

groups incorporated in crosslinking agents, are the diazirines

[4,5], which offer high crosslinking efficiency at long non-

destructive wavelength ultraviolet (UV) light. The activation of

the diazirine photoreactive group releases nitrogen to produce

highly reactive carbene species, with a lifetime in the order of

nanoseconds [6], which then bond with nearby functional groups

(Fig. S1). Aromatic diazirines are known to produce higher ratios

of carbene over the rearranged diazo byproduct (which presents

longer lifetime and less reactivity), compared to aliphatic diaziri-

nes, and the introduction of a trifluoromethyl group prevents the

carbene from undergoing rearrangements [7,8].

Gallium arsenide (GaAs) is a III-V semiconductor which is lar-

gely investigated for his optoelectronic properties which make it

suitable for several optoelectronic devices such as light sources

and photodetectors. GaAs has been recently proposed as platform

for biosensing applications [9,10]. Most reports on the functional-

isation of the GaAs surface with biomolecules (such as peptides

[11], bacteria [12], virus [13] and proteins [14]) are based on the

creation of alkanethiolate self-assembled monolayers (SAMs)

[11–23], taking advantage of the highly covalent As-S bond [24].

To our knowledge, the use of photoreactive crosslinkers on GaAs

surfaces has not yet been reported and neither has the patterned

functionalisation of this substrate with multiple biomolecules.

In this study, we focus on a photochemical strategy for the spa-

tially selective immobilisation of multiple proteins on GaAs. We

have previously demonstrated the immobilisation of neutravidin

on GaAs, by means of thiol-based dual-component SAMs, followed

by covalent attachment of a biotin derivative [25]. Herein we

develop a simple protocol using a dual-component SAM for the

immobilisation of an aromatic diazirine derivative photoreactive

crosslinker. We then study the spatially selective immobilisation

of two proteins, neutravidin and endosulfine alpha (ENSA) protein,

upon exposure to UV light. These results demonstrate the suitabil-

ity of GaAs as a platform for miniaturised multiplexed biosensing

devices.

2. Materials and Methods

2.1. Materials

GaAs wafers were purchased from Wafer Technology with the

following specs: prime grade, VGF growth, single crystal, orienta-

tion (100) � 0.1�, undoped, single side polished, 3” diameter, 625

� 25 lm thickness. Unless otherwise specified, chemicals were

purchased from Sigma–Aldrich. PBS (phosphate-buffered saline

1x, pH 7.4), BupHTM MES (2-(N-Morpholino) ethanesulfonic acid)

buffered saline pack, and NeutrAvidinTM biotin-binding protein

(neutravidin) were purchased from Fisher Scientific. Sulfo-NHS

(N-hydroxysulfosuccinimide sodium salt) and the photocrosslinker

reagent, 3-[4-(Aminomethyl) phenyl]-3-(trifluoromethyl)-3H-dia

zirine hydrochloride (CAS 1258874–29-1), were purchased from

Tokyo Chemical Industry. Endosulfin alpha (ENSA) (human,

recombinant) protein with a polyhistidine tag at the N-terminus

(His6-ENSA protein) was purchased from SinoBiological. Solvents

of ACS grade were used.

2.2. Methods

2.2.1. Samples preparation

GaAs wafers were cleaved into 0.5 cm x 0.5 cm pieces using a

diamond scriber. Samples were cleaned with subsequent ultra-

sonic baths (5 min each) in acetone, ethanol and isopropanol,

respectively, and dried with N2 flow. Immediately before samples

functionalisation with thiols, the GaAs oxide layer was removed

by an acidic bath (2 min in HCl 1.0 N) followed by rinsing with

water and ethanol. For SAM formation, the samples were incu-

bated in a freshly prepared thiol solution for 24 h, under gentle agi-

tation (by means of an orbital shaker). A mixture of ethanol and

water (2:1) with 10 % (v/v) of acetic acid was used as solvent for

the two thiols: carboxyl-OEG-thiol (CAS 866889–02-3) and

hydroxyl-OEG-thiol (CAS 130727–41-2). The thiols were in solu-

tion at a final concentration of 95 lM for the carboxyl-OEG-thiol

and 5 lM for the hydroxyl-OEG-thiol. The carboxyl groups are used

for the immobilisation of the photocrosslinker molecule via car-

bodiimide crosslinking, with the hydroxyl groups act as spacers.

After SAM formation, the samples were rinsed with the same sol-

vent mixture and dried with N2 flow.

For the attachment of the photocrosslinker molecule, the

samples were incubated for 30 min in a freshly prepared mixture

of N-hydroxysulfosuccinimide (sulfo-NHS) and N-(3-Dimethylami

nopropyl)-N’-ethylcarbodiimide hydrochloride (EDC) in MES

0.1 M, pH 4.7. The final concentration of sulfo-NHS in solution

was 50 mM, and EDC final concentration was 200 mM. The samples

were thoroughly rinsed with the same buffer (MES) to remove

excess products and by-products. Afterwards, the samples were

rinsed with PBS to raise the surface pH and then incubated with

the photocrosslinker solution (50 lg/L in PBS) for 2 h. The samples

were then rinsed with flowing PBS and dried with N2 flow.

To demonstrate the feasibility of this photochemical approach

for multiplexed functionalisation, we promoted the immobilisa-
tion of two proteins on the same GaAs sample in two different

regions of the sample, as illustrated in Fig. 1. The sample function-

alised with photocrosslinker was firstly covered with a drop of

neutravidin solution (50 lg/mL of protein diluted in PBST, i.e.

PBS with 0.05 % TWEEN�20, pH 6.3) and then area A was exposed

Fig. 1. Functionalisation strategy for the immobilisation of two proteins, neutra-

vidin and Ni-ENSA, on selected areas (A and B) of a GaAs sample upon localised UV

exposure. This strategy involves the creation of a monolayer (M) (1), followed by

the immobilisation of a photoreactive crosslinker (PL) (2); the sample is then

covered with neutravidin solution and area A is selectively exposed to long

wavelength UV light (3) for activation of the PL; after rinsing, the unbound

neutravidin molecules are removed from the surface, leaving area A functionalised

with neutravidin (4); the sample is then covered with ENSA solution and area B is

selectively exposed to UV (5) for PL activation and reaction with the protein; after

rinsing, the unbound molecules of ENSA are removed from the surface, leaving area

B functionalised with ENSA.

Bárbara Santos Gomes and F. Masia Journal of Colloid and Interface Science 625 (2022) 743–749

744



to UV, while area B remained protected from UV exposure by being

covered with aluminium foil. In this way, only the photocrosslinker

molecules in region A have been activated, resulting in the immo-

bilisation of neutravidin in this area. After thorough rinse with a

sequence of PBST and PBS (2 mL PBST flow followed by 4 x 2 mL

PBS flow, then repeating 3 times), and drying with N2 flow, the

sample was then covered with the Ni-ENSA protein solution and

area B was exposed to UV, this time with area A being protected

from UV (again by being covered with foil). Covering area A was

required to avoid attachment of Ni-ENSA to available PL groups

in this area, as they maintain their binding capability if they did

not react in a previous exposure (see SI Sec. 4). The sample was

then rinsed (PBST and PBS washes as described above) and dried

with N2 flow.

The Ni-ENSA protein solution was prepared by mixing equal

volumes of His6-ENSA protein (100 ug/mL in PBS) and Ni(NO3)2
(0.8 mM aqueous solution), and leaving it overnight under gentle

agitation by means of an orbital shaker. Even if unreacted residual

Ni(NO3)2 is present in the protein solution, it is unlikely that such

molecules attach to the activated carbene, as the preferable reac-

tions for this group are insertions into CH bonds. The samples were

exposed to UV for 8 min (LED 365 nm; intensity measured at sam-

ple position: 0.24 W/cm2, equivalent to an exposure dose of 115 J/

cm2 for 8 min exposure time) while fully covered with a drop of

protein solution (either neutravidin or Ni-ENSA). The concentra-

tion of the protein in solution and the exposure time were opti-

mised to obtain the highest protein coverage and limit the non-

specific adsorption of protein on the surface (see SI, Table S1).

Table 1 summarises the samples analysed at different stages of

functionalisation.

2.2.2. X-ray Photoelectron Spectroscopy (XPS)

XPS measurements were performed using a Thermo Scientific

K-alpha+ system with a monochromatic Al Ka source

(1486.68 eV). Charge compensation (at low power, to avoid degra-

dation) was applied to prevent sample charging. An X-ray spot size

of 400 lm and take-off angle of 90 degrees were used. High reso-

lution spectra were acquired at a pass energy of 40 eV (20 scans,

dwell time 0.05 s). CasaXPS software (version 2.3.23rev1.1 N)

was used for peak fitting using a least-squares method. For each

selected region of a scan, either linear or 2 parameter Tougaard

(so called U2 Tougaard) backgrounds were applied and peak mod-

els were created using LA (Lorentzian asymmetric) lineshapes

[26,27], which provided a good fit to the data, i.e. low residual

standard deviation values (see SI, Table S3).The corrected peak

areas were calculated by the software and include Scofield cross-

sections, a transmission function correction and an escape depth

correction. The Scofield cross-sections are used to scale photoelec-

tron peak areas to account for differences in peak intensity due to

the scattering of electrons by photons of a given energy. Since

photo-emitted electrons are subject to inelastic scattering before

escaping the surface while travelling to the detection system, an

escape depth correction is also necessary and this was achieved

by dividing the peak intensity by KE0.6, with KE being the kinetic

energy. This value assigned for the escape depth correction is com-

monly used for Thermo Scientific XPS instruments. For the calcula-

tion of the C 1s spectral components, the position (i.e. binding

energy) of each component was fixed and the full width at half

maximum (FWHM) was constrained to be the same for all the

components [28]. The area for the N 1s component was calculated

by applying position and FWHM constrains (allowing to move �

0.2 eV) to the overlapping peaks coming from the substrate. These

were assessed from the GaAs-M (#1) scans and also verified by a

high resolution scan of GaAs acquired just after in situ oxide layer

removal with argon clusters [25].

3. Results

XPS analysis was used as evidence of GaAs functionalisation by

providing chemical information of the outmost surface layer at

each functionalisation step. To differentiate between the two bio-

molecules - neutravidin and ENSA protein - we promoted the bind-

ing of nickel ions [29,30] to the hexahistidine (His6)-tagged ENSA

protein. In this way, nickel acted as a XPS marker for the ENSA pro-

tein, while being absent for neutravidin. A schematic representa-

tion of the functionalisation strategy followed in this study is

shown in Fig. 2. The spatially localised attachment of the analyte

receptor is achieved by preventing the illumination of the crosslin-

ker by using an opaque mask.

3.1. SAM formation and immobilisation of the photocrosslinker

The GaAs surface was firstly functionalised with dual-

component oligo(ethyl glycol)-containing (OEG)- alkanethiolate

films, the first component being a hydroxyl-OEG-thiol and the sec-

ond a carboxyl-OEG-thiol (molecular structures shown in Fig. S2).

The carboxyl groups displayed on the surface were then used for

covalent attachment of the photocrosslinker (PL) molecule via car-

bodiimide crosslinking chemistry, while the hydroxyl chains func-

tion was to act as spacer molecules (molecular structures shown in

Fig. S3). The characterisation of a dual-component SAM formed

from these 2 thiols, using an equimolar thiol solution, has been

previously reported by us [25]. In the study here reported, a solu-

tion with higher molar fraction of the carboxyl-OEG-thiol (0.95)

was used. This choice was based on wettability experiments that

showed lower amount of protein attached to the surface (after acti-

vation of the photocrosslinker) for the SAM formed from an

equimolar thiol solution, when compared to the carboxyl-

enriched SAM (see SI, Fig. S4).

High resolution XPS scans acquired for the SAM formed on GaAs

(#1) and further immobilisation of the photocrosslinker (#2) are

shown in Fig. 3. Table 2 shows the ratios of the areas of the N 1s

Table 1

Overview of the samples investigated. M denotes monolayer, PL photocrosslinker, N

neutravidin. ENSA refers to Ni-ENSA. #3 was divided in two areas (A and B), each of

them being exposed to UV while incubated with a distinct protein (neutravidin or Ni-

ENSA), as illustrated in Fig. 1.

ID Stage

#1 GaAs-M

#2 GaAs-M-PL

#3A GaAs-M-PL-N(UV)-ENSA(no UV)

#3B GaAs-M-PL-N(no UV)-ENSA(UV)

#4 GaAs-M-PL-ENSA(no UV)

#5 GaAs-M-PL-N(no UV)

Fig. 2. Light-facilitated immobilisation of biomolecules on GaAs. This strategy

involves the immobilisation of a photoreactive crosslinker (PL) onto a monolayer

(M) exhibiting carboxyl groups, followed by localised exposure to long wavelength

UV light for attachment of the desired bio-receptor (R).
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and C 1s to Ga 2p3/2 peaks, while the C 1s component ratios, calcu-

lated from the high resolution scans, are given in Table 3. Addi-

tional XPS data fit parameters can be found in SI (Table S2 and

Table S3).

The presence of carboxyl groups on the surface after SAM for-

mation is confirmed by the C 1s component at � 289eV [31]

(Fig. 3a). As expected, there is no nitrogen present on this surface,

as this element is not a constituent of the thiol molecules (SI,

Fig. S2), with the Ga LMM auger components [32] - which overlap

the N 1s region - being the only peaks observed here (Fig. 3b). The

absence of fluorine, element only present in the photocrosslinker

molecule, was also confirmed (Fig. 3c). Scans acquired for the S

2p region constitute additional evidence of SAM formation (shown

in SI, Fig. S6).

Fig. 3. XPS high resolution scans for C 1s (a, d), N 1s (b, e) and F 1s (c, f) spectral regions for stage #1 (top row: a-c) and #2 (bottom row: d-f), respectively. The background

baseline is shown in grey. Fitted components for C 1s include C � C and C � H (green), C � OH, C � O�C and C � N (blue), C = O (magenta) and O � C = O (cyan), respectively,

with the dashed red line being their sum; this region is overlapped by As LMM Auger peaks (not fitted). The inset plot in aÞ is a magnification of the O � C = O peak fitting and

the inset plot in dÞ is a magnification of the C = O peak fitting, the vertical dashed lines showing the binding energies of each peak. The N 1s region includes the fit for C-N

(green), overlapped by Ga LMM Auger peaks (also fitted), with the dashed red line being their sum. Additional plots for the N 1s region are shown in SI, Fig. S5.

Table 2

Ratio of N 1s, C 1s and Ni 2p3/2 to Ga 2p3/2. These were calculated from the fitted peak

areas (corrected for the transmission function, mean free path and sensitivity factors)

of XPS high resolution scans. The values are the average of measurements on

triplicate samples, with the errors representing the standard deviation. Where no

evident peak was present, an upper limit for the ratio was estimated by fitting a peak

to the residual; these values are shown in brackets.

Stage N1s
Ga2p3=2

C1s
Ga2p3=2

Ni 2p3=2
Ga2p3=2

C1s
N1s

#1 (-) 1.28 �0:47 (-)

#2 0.09 �0:01 1.77 �0:48 (-) 19.4

#3A 0.29 �0:12 1.89 �0:74 0.01 �0:01 6.6

#3B 0.94 �0:19 6.19 �0:16 0.23 �0:03 6.6

#4 0.42 �0:09 3.52 �0:23 (0.006) 8.4

#5 0.08 �0:04 2.40 �0:32 (-) 30.3

Table 3

C 1s relative component percentages, showing the bonds assigned to each component, with C1 detected at 284.8 eV, C2 detected at 286.2 eV, C3 detected at 288.1 eV and C4

detected at 289.0 eV. These relative ratios were calculated from the fitted peak areas (corrected for the transmission function, mean free path and sensitivity factors) of XPS high

resolution scans. The values are the average of measurements on triplicate samples, with the errors representing the standard deviation. Where no evident peak was present, an

upper limit for the ratio was estimated by fitting a peak to the residual; these values are shown in brackets.

Stage C 1s components

C1 C2 C3 C4

C � C C � OH, C � N C = O O � C = O

C � H C � O � C

#1 77 �5 20 �3 0 3 �1

#2 72 �2 23 �1 5 �2 (0.6)

#3A 63 �4 23 �2 13 �3 1 �1

#3B 59 �1 23 �0 17 �1 1 �1

#4 55 �2 30 �0 15 �1 (-)

#5 63 �4 32 �3 4 �1 (-)
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The successful immobilisation of the photoreactive crosslinker

via carbodiimide crosslinking is demonstrated by the presence of

nitrogen (Fig. 3e, with additional stacked plots shown in SI,

Fig. S5) and the presence of a modest fluorine peak at 687.6 eV

(Fig. 3f), assigned to an organic fluorine [33]. In addition, the C 1s

component assigned to O � C = O bonds is not observed in #2,

being replaced by the component assigned to C = O bonds, as a

result of the crosslinking reaction of the carboxyl groups with

the amine groups of the photocrosslinker molecule via carbodi-

imide chemistry. The components corresponding to the CF3 group

[34] and the p-p* transition shake-up [35] from the pho-

tocrosslinker aromatic ring, expected at 292.5 eV and 291 eV, over-

lap with the As LMM Auger peak [36] (not fitted).

3.2. Multiplexed spatially selective immobilisation of proteins

Two distinct proteins, neutravidin and Ni-ENSA, were immo-

bilised on the GaAs surface by spatially selective activation of the

photocrosslinker upon exposure to UV light (Fig. 1).

XPS high resolution scans for #3A and #3B are shown in Fig. 4,

focusing on C 1s, N 1s and Ni 2p regions, to demonstrate protein

attachment. The correspondent ratios of the peak areas are shown

in Table 2, while the C 1s component ratios are given in Table 3.

The attachment of the proteins is confirmed by an increase in C

to Ga and N to Ga ratios and also by a dramatic change in the C to N

ratio, comparing with the surface functionalised with PL (#2).

While a theoretical ratio of C to N close to 3 is expected for a

neutravidin molecule, this ratio is of 9.6 for the surface where

the PL is attached to the monolayer (see molecular structure

shown in Fig. S3), assuming each carboxyl group reacted with a

PL molecule and taking into account the 0.05 M fraction of

hydroxyl-OEG-thiol in solution when creating the mixed mono-

layer. Therefore, a decrease factor of � 3.2 is expected after protein

attachment, if neglecting signal contribution from the layers

underneath. A reduction factor of 2.9 (as a result of the ratio of

the XPS relative areas for the C 1s and N 1s peak for the sample

#2 (19.4) and #3 (6.6)) was observed, in line with the expected.

The relative ratio of carbon components also changed after protein

attachment, with an increase of C = O bonds being observed. The

negligible amount of Ni (Fig. 4c) suggests the absence of Ni-ENSA

on #3A, while the presence of a prominent peak Ni on #3B

(Fig. 4f) confirms the attachment of the Ni-ENSA on area B after

UV exposure. These results suggest the efficiency of the pho-

tocrosslinker activation under UV exposure and its reaction with

the proteins and demonstrate the success of this functionalisation

strategy for the spatially selective attachment of two distinct pro-

teins on the GaAs surface.

The higher ratio of C to Ga and N to Ga observed for #3B com-

paring with #3A (Table 2) indicates that the surface coverage with

protein is higher for area B. Ni-ENSA is a smaller protein than neu-

travidin (18 kDa vs. 60 kDa) which might contribute for a higher

amount of this protein being attached to the surface as a result

of less steric hindrance effects. In addition, there might be a contri-

bution from non-specific binding, discussed below.

3.3. Non-specific binding

The presence of non-specific binding of the proteins onto the

layer functionalised with PL was investigated by incubating this

surface with the protein solution (Ni-ENSA solution for #4 and

Fig. 4. XPS high resolution scans for C 1s (a, d), N 1s (b, e) and Ni 2p (c, f) regions for two distinct areas of sample #3, A (top row: a-c) and B (bottom row: d-f), where A was

exposed to UV light while covered with neutravidin solution, and B was exposed to UV light while covered with Ni-ENSA solution. The background baseline is shown in grey.

Fitted components for C 1s include C � C and C � H (green), C � OH, C � O�C and C � N (blue), C = O (magenta) and O � C = O (cyan), respectively, with the dashed red line

being their sum; this region is overlapped by As LMM Auger peaks (not fitted). The N 1s region includes the fit for C-N (green), overlapped by Ga LMM Auger peaks (also

fitted), with the dashed red line being their sum. The Ni 2p3/2 peak region, overlapped by a satellite [37], was used for quantification of this element.
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neutravidin solution for #5) without UV light exposure, i.e. without

activating the photocrosslinker. XPS high resolution scans for these

are shown in Fig. 5 and elemental ratios in Table 2 and Table 3.

Despite the absence of Ni, the increase in N to Ga and C to Ga

ratios observed for control #4 comparing with #2, suggests that

a certain amount of Ni-ENSA is attached to the surface. However,

this is a lower amount of protein attachment comparing with

#3B, exposed to UV light, since the observed ratios of N to Ga

and C to Ga are smaller in the absence of UV light exposure. The

fact that no Ni is visible might be an indication that the protein

adopts a different conformation when attached non-specifically

(by means of electrostatic interactions, for example) comparing

with the attachment via the photocrosslinker. The absence of Ni

in XPS scans concerning low surface concentration of Ni-tagged

proteins has been previously reported [38].

Conversely, the results for control #5 suggest the absence of

non-specific binding of neutravidin onto the layer functionalised

with PL, as the N to Ga ratio is similar to the one observed for

#2. It is important to note that the pH of the rinsing buffer was

selected in accordance with the isoelectric point (pI) of neutravidin

(6.3). This is likely to be the reason why this buffer is more effec-

tive in reducing non-specific binding of neutravidin, and highlights

the importance of optimising the washing procedure in accordance

with the bioreceptor being immobilised.

4. Conclusions

This is the first study reporting the spatially localised function-

alisation of GaAs with multiple biomolecules. Based on XPS analy-

sis, we have demonstrated the feasibility of using a diazirine

derivative photocrosslinker for immobilising two different proteins

on different selected areas of GaAs surface, using UV light as the

facilitator. The method can be easily expanded to multiple biore-

ceptors with an expected spatial resolution of K350nm using a

standard lithography approach. The use of Ni as a marker for the

ENSA protein allowed the confirmation of site specificity for this

method. The functionalisation method here described can be fol-

lowed for the covalent attachment of a wide range of biomolecules

and the dual-component SAM offers flexibility for controlling the

density of biomolecules on the surface. We expect that given GaAs

optoelectric properties, this study can be a valuable tool for the

development of GaAs biosensors with multiplexed capability.
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