
Journal Pre-proof

Picomolar detection of carbohydrate-lectin interactions on piezoelectrically printed
microcantilever array

Oren Cooper, Hoang-Phuong Phan, Tom Fitzpatrick, Toan Dinh, Han Huang, Nam-
Trung Nguyen, Joe Tiralongo

PII: S0956-5663(22)00128-2

DOI: https://doi.org/10.1016/j.bios.2022.114088

Reference: BIOS 114088

To appear in: Biosensors and Bioelectronics

Received Date: 18 November 2021

Revised Date: 1 February 2022

Accepted Date: 8 February 2022

Please cite this article as: Cooper, O., Phan, H.-P., Fitzpatrick, T., Dinh, T., Huang, H., Nguyen,
N.-T., Tiralongo, J., Picomolar detection of carbohydrate-lectin interactions on piezoelectrically
printed microcantilever array, Biosensors and Bioelectronics (2022), doi: https://doi.org/10.1016/
j.bios.2022.114088.

This is a PDF file of an article that has undergone enhancements after acceptance, such as the addition
of a cover page and metadata, and formatting for readability, but it is not yet the definitive version of
record. This version will undergo additional copyediting, typesetting and review before it is published
in its final form, but we are providing this version to give early visibility of the article. Please note that,
during the production process, errors may be discovered which could affect the content, and all legal
disclaimers that apply to the journal pertain.

© 2022 Published by Elsevier B.V.

https://doi.org/10.1016/j.bios.2022.114088
https://doi.org/10.1016/j.bios.2022.114088
https://doi.org/10.1016/j.bios.2022.114088


CRediT author statement 
 
Oren Cooper: Investigation, Writing - Original Draft, Visualization, Formal analysis, 
Methodology, Conceptualization Hoang-Phuong Phan: Investigation, Visualization, Formal 
analysis, Methodology, Writing - Review & Editing Tom Fitzpatrick: Investigation, 
Methodology Toan Dinh: Investigation, Formal analysis Han Huang: Investigation Nam-
Trung Nguyen: Resources, Writing - Review & Editing Joe Tiralongo: Conceptualization, 
Supervision, Methodology, Resources, Writing - Review & Editing 

 

Jo
urn

al 
Pre-

pro
of



 1 

Picomolar Detection of Carbohydrate-Lectin Interactions on Piezoe-

lectrically Printed Microcantilever Array  

Oren Coopera, Hoang-Phuong Phanb, Tom Fitzpatrickc, Toan Dinhd, Han Huange Nam-Trung Nguyenb, 

Joe Tiralongoa* 

a Institute for Glycomics, Griffith University, Gold Coast Campus, QLD 4215, Australia 

b Micro and Nanotechnology Centre, Griffith University, Nathan Campus, QLD 4111, Australia 

c School of Environment and Science, Griffith University, Gold Coast Campus, QLD 4215, Australia 

d School of Mechanical and Electrical Engineering, University of Southern Queensland, Springfield Campus, QLD, 4300 

e School of Mechanical and Mining Engineering, University of Queensland, St Lucia Campus, QLD 4072, Australia 

KEYWORDS Chemical Vapor Deposition, 3(Glycidyloxypropyl)-trimethoxysilane, Glycomics, Microcantilever Array, Mi-

cro-electromechanical Systems, Self-assembled Monolayers.  

ABSTRACT: Recent advances in micro-electromechanical systems (MEMS) has allowed unprecedent perspectives for label-free 

detection (LFD) of biological and chemical analytes. Additionally, these LFD technologies offer the potential to design high resolu-

tion and high throughput sensing platforms, with the promise of further miniaturization. However, the immobilization of biomolecules 

onto inorganic surfaces without impacting their sensing abilities is crucial for designing these LFD technologies. Currently, covalent 

functionalization of self-assembled monolayers (SAMs) present promising pathways for improving assay sensitivity, reproduc-

ibility, surface stability and proximity of binding sites to the sensor surface. Herein, we investigate the use of chemical 
vapour deposition of 3-(glycidyloxypropyl)-trimethoxysilane (GOPTS) as a versatile SAM for the covalent functionalization 
of a SiO2 microcantilever array (MCA) for carbohydrate-lectin interactions with picogram sensitivity. Additionally, we 
demonstrate glycan immobilization to MCA is feasible using traditional piezoelectric microarray printer technology. Given 
the complexity of the glycome, the ability to spot samples in a high-throughput manner establishes our MCA as robust, 
label-free, and scalable means to analyze carbohydrate-protein interactions  These findings demonstrate that GOPTS 
SAMs provide a suitable biofunctionalization route for MEMS and provides the proof of principle that can be extended to 
various LFD technologies toward a truly high-throughput and high-resolution platform. 

INTRODUCTION 

Biological detection and measurement systems, such as label-

based arrays and label-free surface plasmon resonance are in-

creasingly recognised as critical components of the drug discov-

ery and development toolbox. In the last decade, novel micro-

technologies such as Micro-Electromechanical Systems 

(MEMS) and micro-plasmonics systems have rapidly emerged, 

offering the potential for high-resolution, high-throughput la-

bel-free sensing of biological and chemical analytes. Both these 

platforms have been used to show antigen-antibody interac-

tions,1, 2 protein-protein binding,3, 4 DNA hybridization,5-7 and 

carbohydrate-protein interactions, 8-10 with unparalleled sensi-

tivity. These studies provide the framework for the design of 

label-free detection (LFD) platforms that can allow for rapid 

screening, drug/pathogen binding kinetics, hit confirmation 

and/or receptor detection in biomedical research. 

MEMS are promising candidates for LFD systems as they can 

provide quantitative measurements in small volumes of sample 

without the need for fluorescent, photochemical or radioisotope 

tags. For screening of large libraries, labelling is both expensive 

and limited by the size and position of the tag, which can limit 

the probes ability to target structures effectively.11 Though this 

is not the case for LFD systems, they are still limited by surface 

functionalization of the inorganic/organic heterointerface. This 

process is crucial as it can directly influence the surface and in-

terfacial energetics for both subsequent immobilization of func-

tional biomolecules as well as the electronic 12 and plasmonic 13 

properties of the heterostructure. Additionally, surface func-

tionalization and biomolecule immobilization of microcantile-

vers lead to changes in surface stress that can induce defection 

of the mechanical element.14 As such, careful attention to the 

fabrication of these devices is crucial for both sensitive and re-

producible generation of binding events. 

To address this, silane self-assembled monolayers (SAM) 

have been shown to generate inorganic/organic heterointerfaces 

suitable for biomolecule immobilization and LFD perfor-

mance.15-20 Here, alkoxy groups from organosilane molecules 

easily form SAMs on surfaces terminated with hydroxyl 

groups.21 This can be easily achieved through oxygen (O2) 

plasma cleaning on semiconductor surfaces such as gold (Au)22, 

silicon (Si)23 and silicon carbide (SiC).24 Organosilane SAMs 

capable of specific biomolecule recognition have been gener-

ated through either chemical liquid deposition 25-28 or chemical 

vapor deposition (CVD).29-33 Importantly, unlike liquid deposi-

tion techniques, which can result in the formation of multilayers 

with variable thickness and submicron aggregates or islands on 

Jo
urn

al 
Pre-

pro
of



 2 

the material surface, CVD has been shown to be more repro-

ducible and allows for nanometer thick organosilanes SAMs.34, 

35  

CVD is advantageous whenever it is necessary to coat irregu-

lar shapes, or channels in microfluidic devices as liquid coating 

is limited due to capillary forces. For MEMS, stiction from un-

intentional adhesion of microstructures to nearby interfacial 

forces such as water, van der Waals, chemical or electrostatic 

attractions are commonly cited as major failure points for mi-

crodevices.36 Fortunately, organosilane SAMs represent prom-

ising anti-stiction coatings due to their low surface energy and 

low friction forces that significantly reduce adhesion in micro 

and nanostructures.37, 38 Finally, the CVD of organosilanes gen-

erally only requires the silane itself in relatively small quantities 

(≤ 1 mL), and is therefore an affordable route for large scale 

functionalization. Taken together, this suggests that CVD orga-

nosilane coatings capable of biomolecule immobilization with-

out affecting the inherent sensing ability of MEMS or plas-

monic devices are crucial for the development of LFD biosen-

sors. 

We have previously shown that 3(Glycidyloxypropyl)-tri-

methoxysilane (GOPTS) SAMs are suitable for the functional-

ization of SiC films. Here, proof-of-principle using SiC micro-

array chips functionalized with GOPTS were compared to com-

mercially available microarray surfaces.39 Our GOPTS func-

tionalized SiC revealed specific lectin-glycan interaction with 

similar signal intensities and decreased noise due to minimal 

non-specific interactions to the substrate. Additionally the I−V 

characteristics of SiC remained unchanged after silanization, 

implying that the chemical treatment in our GOPTS process did 

not alter the electrical properties of the SiC film.39 Based on 

these findings, we sort to further investigate whether our 

GOPTS SAM is suitable to functionalize MEMS biosensors. 

Here, we report on the use of GOPTS SAMs to functionalize Si 

microcantilevers to provide the framework for the development 

of novel array-based LFD platforms. For the generation of a 

novel MCA, glycans as our model biomolecule were immobi-

lized onto GOPTS-functionalized microcantilevers using stand-

ard piezoelectric microarray printer technology. Picogram de-

tection of specific glycan-lectin interactions was confirmed 

through resonance frequency measurements and validated using 

COMSOL Multiphysics simulations.  

MATERIALS AND METHODS 

Microcantilever Array Functionalization 

All chemicals unless specified were purchased from Sigma-

Aldrich. Octosensis Microcantilever Arrays (Micromotive 

GmbH, Mainz, Germany) were O2 plasma activated using a 

Tergeo plus Benchtop Plasma Cleaner (PIE Scientific) to allow 

covalent functionalization of GOPTS SAMs. The chamber was 

first purged and then left with O2 (50 sscm) for 10 min before 

plasma was ignited at 100 RF for 15 min followed by a second 

O2 purge for 10 min. The samples were carefully removed and 

quickly sealed to prevent dust contamination. CVD of GOPTS 

was performed in a B-580 Glass Titrator Oven (Büchi) as pre-

viously described.39 In brief, a glass vial with 1 mL of GOPTS 

and 2% N,N-Diisopropylethylamine (DIPEA) was placed next 

to the MCA, to the back of the oven, away from the vacuum 

line. The oven was pressurized to 25 mmHg and heated to 150 

°C to generate vapor. MCA were allowed to silanize overnight 

(16 hr). Subsequently, the oven was allowed to cool back to 

room temperature before being vented of any left-over methox-

ysilane. These microcantilevers were used in following experi-

ments to determine whether GOPTS functionalization for bio-

molecule immobilization and detection is appropriate for 

MEMS.

Scheme 1: Synthesis route for GOPTS functionalization of SiO2 microcantilevers. (1) CVD of GOPTS: 2% N,N-diisopro-

pylethylamine in GOPTS, 25 mmHg, 150 °C, 16 h. (2) Aminated Glycan (either N-acetylglucosamine or mannose) is immobi-

lized using a piezoelectric printer: overnight. (3) Epoxide neutralization to prevent ring closing: anhydrous methanol, acetic 

anhydride, 4 °C, 15 min. R group indicates position of acetyl moiety after acetylation. 

 

Holding Jig Fabrication 

A Marathon Argus Inkjet Printer (Arrayjet, Roslin, UK), was 

used to robotically print onto the micro-cantilever array (MCA). 

This was originally designed to print microarrays using the di-

mensions of a laboratory slide. We customized the printer with 

a jig of equal dimension (75mm x 25mm) to enable printing 

onto MCA. The jig was fabricated out of 1.5 mm thick trans-

parent cast acrylic sheet using a Trotec Speedy 300 (90-watt 

CO2 laser). The MCA was held in place inside of an engraved 

slot corresponding to its package outline. With this jig, the mi-

crocantilever placement was measured to be accurate to within 

5 µm and precise to within 10 µm across the 3 jigs tested. A 

detailed approach presented in the Supporting Information, was 
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specifically employed so that the edges of the slot bed were kept 

vertical all the way down to the bottom of the slot bed, while 

the bed of the slot remained flat. This allowed for tight toler-

ances between the MCA and the jig.  

Printing on Microcantilever Array 

Using our MCA holding jig, a series of GOPTS functional-

ized MCAs were printed with either 1 mM Rhodamine B, α1-

3-Mannobiose (Man-α1-3-Man) (Dextra, UK) or N,N',N'',N'''-

Tetraacetyl chitotetraose ((GlcNAc-1,4-GlcNAc)4) (Dextra, 

UK) using the Marathon Argus Inkjet Printer (Arrayjet). For 

printing, glycans were amine functionalized as previously pub-

lished by Day et al. (2009) 40 and suspended in 1:1 

DMF:Dimethyl sulfoxide (DMSO) at a concentration of 500 

µM. 200 pL of each glycans was piezoelectrically printed onto 

three separate cantilevers arrays, at 50% relative humidity at 

room temperature. Finally, printed glycan MCAs were carefully 

removed and sealed in a desiccator to prevent dust contamina-

tion. Printed MCAs are allowed to cure overnight to ensure the 

amine reacts with the open epoxide ring to form a secondary 

amine. Glycan MCAs were subsequently acetylated in 25% 

(v/v) acetic anhydride in methanol at 4 ˚C for 15 min, and then 

neutralized in 1:1 ethanolamine:DMF for 1 hr (see scheme 1). 

Here, unreacted epoxy rings are in a closed state and  are unable 

able to react with acetic anhydride. On the other hand, acetyla-

tion of the free hydroxyl group of the opened epoxy ring is per-

formed with acetic anhydride to prevent the epoxide ring open-

ing in the presence of nucleophiles such as water. 39  Glycan 

MCAs were washed with 100% ethanol and then gently dried 

under vacuum. Fluorescent image acquisition of Rhodamine B 

printed microcantilevers was performed using an Innoscan 

1100AL microarray scanner across the Cy3 channel. The 

printed microcantilevers was imaged using 5 mV laser power 

and 50% photomultiplier gain, in 5 µm steps, and image analy-

sis was carried out using MAPIX (Innopsys) software.  

Glycan Microcantilever Array Resonance Frequency 

Measurements  

The resonance frequencies of each cantilever were monitored 

using a MSA-400 Laser Doppler Vibrometer (Polytec GmbH, 

Germany), in vacuum condition. 41 Measurement under vacuum 

reduces air damping, which enables the observation of resonant 

frequency of Si cantilevers self-actuated by their Brownian mo-

tion. The dynamic mode of MSA 400 was used to analyse the 

microcantilever beam under a continuous domain model. On 

separate microcantilevers, the resonance frequency of “un-

loaded” MCA after cleaning and GOPTS silanization, was com-

pared. To confirm glycan-lectin interactions on our glycan 

MCA, we monitored the shift in resonance of the fundamental 

frequency on the same microcantilever over the course of ex-

periment.  Here, the resonant frequency of each microcantilever 

was measured after glycan printing. The shift in the resonant 

frequency can quantify the amount of glycan. Subsequently, the 

same MCA were blocked in 0.5 % BSA in 50 mM phosphate 

buffered saline (PBS), pH 7.4 for 5 min at RT. After washing 

with PBS, the glycan MCA were probed with wheat germ ag-

glutinin (WGA, 1 μg) in 50 mM array PBS (PBS with 1.8 mM 

MgCl2 and 1.8 mM CaCl2), pH 7.4 containing 0.5 % BSA and 

allowed to hybridize for 15 min at RT. Following hybridization, 

MCAs were gently washed three times with 50 mM array PBS. 

Microcantilevers were allowed to dry under vacuum prior to 

resonant frequency measurements. 

RESULTS AND DISCUSSION 

Piezoelectric Printing on Microcantilever  

Conventional biosensors require complex electronics inter-

facing, regular maintenance and extensive packing. MEMS 

technologies such as microcantilevers offer enormous potential 

for the detection of various analytes due to their high specific-

ity, sensitivity, low cost and low analyte requirement.42-46. The 

generation of a MCA has yet to be realized due to the inability 

to specifically immobilize ligands in a high throughput manner. 

To provide the framework for a high throughput MCAs, we 

demonstrate the capacity of piezoelectric printing for function-

alization of individual cantilevers. Designing based on commer-

cially available microcantilevers, we developed a microarray 

slide holding jig that enabled direct printing on GOPTS-

functionalized microcantilevers (see Supporting Information 

Figure 1). To visualize successful printing and immobilization 

to the cantilever surface, we employed Rhodamine B as the 

printing biomaterial that allowed for fluorescent detection.  

Here, the alignment of the microcantilevers using the holding 

jig is paramount, as cantilevers need to be aligned parallel to 

ensure printing on each individual cantilever. Using a conven-

tional microarray scanner (Figure 1A), the spot appears off cen-

tre. However, further visualization using fluorescence micros-

copy indicates the printed spots are well defined and deposited 

in the centre of the cantilever (Figure 1B). The precise printing 

and alignment of Rhodamine B on Si cantilevers were possible 

due to the high resolution of the Marathon Argus printer (± 10 

µm). The same method was applied to functionalize subsequent 

MCAs. Here, glycan immobilization was confirmed through 

optical microscopy (see Supporting Information Figure 2) as 

well as monitoring changes in resonance frequency. 

 

1000 μm 200 μm
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Figure 1: Piezoelectric printing of Rhodamine B onto Si microcantilevers. (A) Microarray scanner imaging of Rhodamine B printed micro-

cantilevers; (B) Fluorescence microscopy imaging of Rhodamine B printed microcantilevers. 

Figure 2: Representative frequency spectra of separate microcantilevers before (black) and after printing (blue). Unloaded microcantilever 

(black) Frequency 1: 1.5875 kHz (0.256 mm/s), Frequency 2: 10.05 kHz (2.436 mm/s), Frequency 3: 28.175 kHz (3.218 mm/s); Rhodamine 

B printed microcantilever (blue) Frequency 1: 1.4625 kHz (0.208 mm/s), Frequency 2: 9.05 kHz (1.216 mm/s), Frequency 3: 25.35 kHz 

(3.171 mm/s). Left shift of resonant frequency is indicated by black arrow.

Label Free Detection of Rhodamine B 

To determine the effect that printing has on microcantilevers, 

the resonant frequency of unloaded and rhodamine B printed 

microcantilever was compared. Here, resonant frequency shifts 

were acquired from separate microcantilevers chips and as such 

are representative only. Nonetheless, informative qualitative 

data from changes in mass loading and surface stress can be 

monitored. Importantly, variations in the peak amplitude reflect 

minor changes in the position of the laser beam that leads to 

different angular motion read out. However. these changes do 

not affect resonant frequency on the spring constant (𝑘), and the 

mass, (𝑚). Finally, the substrate peak was monitored through-

out the experiment to ensure the integrity of each array. Initial 

measurements on the unloaded microcantilever revealed three 

separate frequencies between 0 and 30 kHz, corresponding to 

the first three eigenmodes of resonance (Figure 2). We also ob-

served a different mechanical response of another microcantile-

ver printed with Rhodamine B. Here, the experimental results 

showed a left shift in all first three modes of the resonant fre-

quencies. This left-shift is reasonable as the resonance fre-

quency of an unloaded cantilever is given by: 

𝑓 =
1

2𝜋
 ×  √

𝑘

𝑚
    (1)  

where 𝑘, is the spring constant and 𝑚 is the effective mass of 

the microcantilever. Printing the Rhodamine B onto the cantile-

ver will increase total mass (m), leading to a decrease in the res-

onant frequency (unloaded frequency: 1.5875 kHz; Rhodamine 

loaded frequency: 1.4625 kHz). Additionally, as Rhodamine B 

was locally printed with only one spot of the cantilever, we as-

sumed that no significant surface stress was induced from the 

bio-printing process and all changes in frequency can be di-

rectly attributed to mass loading. This was confirmed through 

calculation of the f1:f2:f3 ratios which were in good agreement 

with the theoretical ones, validating the accuracy of our meas-

urements (see Table 1).  

Table 1: Comparison of theoretical and experimental canti-

lever vibration resonant frequency ratios. 

Frequency 
Experimental Ratio Theoretical 

 Ratio Unloaded Rhodamine B 

f1:f2 6.33 6.19 6.27 

f1:f3 17.75 17.33 17.55 

 

Label Free Glycan Microcantilever Array 

From our investigation of resonance frequency shifts due to 

GOPTS functionalization and Rhodamine B printing, we de-

cided to use the fundamental frequency (the first mode resonant 

frequency of a vibrating object) to monitor changes in mass 

loading for a biologically relevant interaction. For proof-of-

principle, we used well characterised glycan-lectin interactions 

to highlight the sensitivity of our MCA because these interac-

tions are usually low affinity and due to labelling, inherently 

difficult to study.47, 48 To quantitively detect glycan-lectin bind-

ing interactions as a function of mass, resonant frequency shifts 

from the same MCA were measured after glycan printing and 

after lectin (wheat germ agglutinin, WGA) hybridization. 

Here α1-3-Mannobiose and N,N',N'',N'''-Tetraacetyl chito-

tetraose (hereafter referred to as (GlcNAc-1,4-GlcNAc) were 

printed on alternate microcantilevers in triplicate. Figure 3A-B 

shows the frequency spectra of a α1-3-Mannobiose printed can-

tilever before (black) and after WGA hybridization (blue). No 

significant change in the resonant frequency was observed, in-

dicating no interaction between the mannose coated cantilever 

and WGA. Figure 3C-D shows the response of the GlcNAc 

coated microcantilevers before and after WGA hybridization. 

The frequency spectra clearly show a left shift of the first mode 

frequency from 1.437kHz (before) to 1.343kHz (after hybridi-

zation). This result is consistent with our theoretical estimation, 

as WGA binds specifically to terminal N-acetylglucosamine 

and not to mannose terminated glycans.49, 50 Taken together the 

detection of mass loading from only specific glycan-lectin in-

teractions indicates successful immobilisation of functional gly-

cans. For a rectangular-shaped cantilever, the loading mass 

(Δ𝑚) can be calculated from the change in the resonant fre-

quency 51: 

Δ𝑚 =
𝑘

(2𝜋)2 (
1

𝑓1
2 −  

1

𝑓0
2)   (2) 

where 𝑓0 is the initial fundamental frequency of glycan 

printed microcantilevers, and 𝑓1 is the shift due to WGA inter-

actions with glycan microcantilevers. Here, we used the spring 

constant provided by the manufacturer. Note that changes in 

spring constant can occur through absorbed molecules that may 

alter the cantilever stiffness or to changes in dimensions caused 
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by the interfacial organic layer.52, 53 However, in our case, these 

influences are minimal assuming the SAM is evenly absorbed 

on the cantilever surface and does not affect the stiffness of the 

cantilever. In respect to MEMS, silane SAMs have demon-

strated reduced adhesion and friction54, 55 thereby improving 

performance and reliability. As previously demonstrated that 

CVD of our GOPTS monolayer is uniform 39, therefore adsorp-

tion induced changes in spring constant can be negligible. In 

addition, by printing on just the terminal end of the cantilever, 

the contribution from differential surface stress can be further 

minimized, as such resonant frequency can be mainly attributed 

to mass loading.51 Taking these assumptions into consideration, 

we estimated the mass of a WGA binding across the three Glc-

NAc coated microcantilevers to be approximately 15.25 ± 6.88 

pg (see Supporting Information Table S2).

 

Figure 3: Representative frequency spectra of the microcantilevers after; GOPTS silanization (blue); Glycan Printing (black); WGA 

Hybridization (red). (A) Microcantilever after GOPTS silanization (blue), Frequency: 1.4375 Khz (0.263 mm/s) and subsequent α1-

3-Mannobiose printing (black), Frequency: 1.40625 Khz (0.244 mm/s); (B) α1-3-Mannobiose printed microcantilever (black), Fre-

quency: 1.40625 Khz (0.244 mm/s)  and subsequent WGA hybridization (red), Frequency: 1.40625 Khz (0.560 mm/s); (C) Micro-

cantilever after GOPTS silanization (blue), Frequency: 1.4375 Khz (0.368 mm/s) and subsequent GlcNAc printing Frequency: 1.375 

Khz (0.196 mm/s),  (D) GlcNAc printed microcantilever (black), Frequency: 1.4375 Khz (0.307 mm/s) and subsequent WGA hy-

bridization (red), Frequency: 1.34375 Khz (0.613 mm/s). Left shift of resonance frequency is indicated by black arrow. Full resonance 

frequency spectrums are provided in the Supporting Information, Figure S3-6. 

Table 2: Dimensions and Properties of the Microcantilever 

beam and Glycan object generated in COMSOL Multiphys-

ics. 

*Density was varied as a function of mass change 

To confirm the results of the MCA resonant frequency meas-

urements, simulation and eigenfrequency modelling were per-

formed using COMSOL Multiphysics (5.6 Build 341). In the 

model, the cantilever was constrained at one end and freely sus-

pended at the other end, Figure 4. The simulation was per-

formed on a microcantilever beam with the dimensions and 

properties provided in Table 1, using a finite element model 

(FEMs). These dimensions were calculated in accordance to the 

manufacturer specifications. The Young’s modulus (E) for Si 

was set at 165 – 175 GPa in our simulation as the (110) crystal 

orientation is preferred in most Si based resonators due to its 

large E. This range of E provided power to our simulation as 

FEMs are highly dependent upon the elastic modulus and thick-

ness of the thin films 56, 57 The printed glycan was modelled by 

adding a mass (as described in Table 1) at a distance of 250 µm 

from the free end of the cantilever. To simplify our model the E 

and Poisson’s ratio of our object was matched to Si. The density 

of the spot was varied by incrementally altering picogram mass 

on the cantilever and keeping the object volume constant. This 

ensured that changes to the eigenfrequency were directly at-

tributed to mass loading on the microcantilever. To create an 

accurate model that best validates the printing data, we simu-

lated a range of glycan mass’ (10 – 20 pg, referred to hereafter 

as ‘print’). The average eigenfrequency was calculated across 

the different E to create a model to simulate microcantilever 

printing (Table S1).This data was used to generate box and 

whisker plots of the eigenfrequencies to identify the model that 

best describes the E from our laser doppler vibrometer data. 

To validate the picogram shifts in our experimental data due 

to lectin binding, an equivalent mass (as determined experimen-

tally) was investigated. Here, a range of lectin probe mass (25 

– 35 pg referred to hereafter as ‘probe’) were modelled at the 

various E (165, 170 and 175 GPa) and likewise plotted against 

our experimental data (Figure 5). Here, the results from the sim-
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Dimensions/ 

Properties 

Microcantilever 

(SiO2) 
Glycan (object) 

Width 9 x 10−5 m 9 x 10−5 m 

Length 0.001 m 9 x 10−5 m 

Thickness 1.1 x 10−6 m 1 x 10−7 m 

Volume - 8.1 10−16 m3 

Density 2316 kg/m3 Mass / volume * 

Young's Modu-

lus 
165, 170, 175 GPa 

Poisson's Ratio 0.31 
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ulation for both the ‘print’ and ‘probe’ indicate that Si micro-

cantilevers with an E of 175 GPa are the best model for our ex-

perimental data. Importantly this model relies on a range of 

‘print’ and ‘probe’ picogram masses to best account for the ex-

perimental error from both glycan printing and subsequent lec-

tin interactions to the printed MCA. Additionally, quantitative 

assessment of the data revealed no significant differences be-

tween the experimental results and all their respective simulated 

cantilevers as determined by two-way ANOVA (P < 0.05). 

Taken together this simulation validates our MCA resonant fre-

quency changes which demonstrated picogram sensitivity for 

our carbohydrate-lectin interaction.

 

Figure 4: The view of the microcantilever using the structural mechanics application mode of MEMS module of COMSOL Multiphysics. 

(A) The generated microcantilever beam used to test the effect of mass loading on eigenfrequency. The printed spot area is indicated by the 

square and fixed end of the cantilever indicated in blue; (B) Example of eigenfrequency measurement readout, after COMSOL Multiphysics 

simulation. Here, the eigenfrequency of the uncoated microcantilever with an E of 165 GPa was determined to be 1448.4 Hz 

Our results demonstrate the glycan MCA can reliably detect 

picomolar concentrations of WGA, while the sensor signal can 

be used to discriminate between specific glycan-lectin interac-

tions. Our findings compare well with previous glycan micro-

cantilever setups which have demonstrated high sensitivity and 

selectivity 8, 9. In these reports, real-time measurements were 

performed on oligomannose cantilever sensors to detect either 

cyanovirin-N 8 or Escherichia coli strains with distinct manno-

side binding properties.9 In both instances the authors used an 

array of liquid-filled microcapillaries to functionalize micro-

cantilevers with glycans and had to optimize exposure time to 

ensure maximum glycan deposition. Although highlighting the 

potential of real time LFD, the techniques employed were lim-

ited in their ability to generate high-throughput MCAs. Our 

work exemplifies the utility of non-contact piezoelectric print-

ing for precise printing on to individual microcantilevers. Our 

method also provides the framework for label-free, high 

throughput glycan MCAs capable of picogram sensitivity.  

 

Figure 5: Box and whisker plot of experimental (grey) and simula-

tion (white) data. Each simulation is grouped by their E (165, 170, 

175 GPa) to determine the model that best explains our experi-

mental microcantilevers. Non-significant differences between the 

experimental and simulated cantilevers were determined by two-

way ANOVA (P < 0.05) followed by multiple pairwise compari-

sons with the Dunn’s post-hoc test (due to unbalanced sample size) 

with p-values adjusted using the Bonferroni method. Normality and 

homoscedasticity assumptions were tested using Dago’s test and 

Levene’s tests (P < 0.05), respectively. 

CONCLSUION 

We present the framework and optimization of GOPTS SAMs 

for immobilization of the generation of novel glycan MCA. 

Here, GOPTS functionalisation route using CVD, enabled uni-

form deposition across the tested microstructures. Our work de-

signing a glycan MCA, demonstrates for the first time that pie-

zoelectric printing is a suitable route for the realisation of a high 

throughput LFD platform. We have shown proof-of-principle 

of a glycan functionalised array of individual microcantilevers 

to probe specific lectin interactions, with picomolar sensitivity. 

Importantly our approach using GOPTS SAMs and epoxide-

based chemistry permits not only immobilisation glycans but 

also a variety of other biomolecules including proteins, antibod-

ies and nucleic acids among others. More generally, this work 

demonstrates that CVD of silane SAMs represent a promising 

functionalisation route for next generation miniaturized self-

sensing devices for a wide range of biomolecules.  
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Document contains methods for fabrication of microcantilever ar-

ray holding jig, COMSOL Multiphysics Simulation data, Light mi-

croscopy images of immobilized glycans to microcantilever array 

and full resonance frequency spectrums. 
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