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Abstract:

Canonical immunoassays rely on highly sensitive and specific capturing of circulating biomarkers by 

interacting biomolecular baits. In this frame, bioprobes immobilization in spatially discrete 3D spots onto 

analytical surfaces by hydrogel encapsulation was shown to provide relevant advantages over conventional 

2D platforms. Yet, the broad application of 3D systems is still hampered by hurdles in matching their 

straightforward fabrication with optimal functional properties. Herein, we report on a composite hydrogel 

obtained by combining a self-assembling peptide (namely Q3 peptide) with low-temperature gelling agarose 

that proved of simple and robust application towards the fabrication of microdroplet arrays, overcoming 

hurdles and limitations commonly associated with 3D hydrogel assays. We demonstrate the real-case 

scenario feasibility of our 3D system in the profiling of Covid-19 patients sera IgG immunoreactivity, which 

showed remarkably improved signal-to-noise ratio over canonical assays in 2D format and exquisite 

specificity. Overall, the new two-components hydrogel widens the perspectives of hydrogel-based arrays and 

represents a step forward towards their routine use in analytical practices. 

Keywords: composite hydrogels; supramolecular chemistry; microarrays; immunoassays; self-assembling 
peptides  

Page 2 of 22

ACS Paragon Plus Environment

ACS Applied Materials & Interfaces

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



Introduction

Recent years have witnessed an increasing interest in hydrogel materials as a consequence of their 

multifaceted application prospects that include, among others, biomaterials, drug delivery systems, and 

biosensing platforms.1–3 A key figure of merit of hydrogels is their versatility: hydrogel properties can indeed 

be conveniently tailored and set to mimic the biological environment where biomolecular interactions occur. 

In this frame, a wide variety of biomolecular (e.g. polysaccharides) and synthetic (polymers, peptides) 

hydrogels are currently being investigated.4,5 To further widen the space of functional properties and 

applications perspectives, a rising interest has recently been put on composite hydrogels (also referred to as 

hybrid hydrogels),6–12 blends of distinct nanostructured (bio)materials with synergically improved properties, 

most often derived by favorable supramolecular interactions between the individual components. 

A growing niche of hydrogels applications is the field of 3D immunoassays, where they are used as 

soft matrices to locally confine biomolecules onto analytical surfaces in solution-mimetic conditions. This 

advanced technology has been recently applied to diverse purposes, including drug screening, enzyme 

activity assays, miRNA detection and high-throughput assessment of biomaterials towards regenerative 

medicine applications.13,14,23–28,15–22 In a broader sense, to be effective in clinical diagnostics, immunoassays 

must achieve low limits of detection and stringent specificity for the target biomarkers even in complex 

biological samples. As such, one of the biggest challenges is to set the sensitivity of analytical platforms, 

including ELISA and microarrays, up to a level where high sample dilution can be used, in order to minimize 

nonspecific interference of the sample matrix and maximize assays specificity.29–31 

In this scenario, the efforts towards next-generation 3D immunoassays are sustained by appealing 

and relevant advantages over conventional planar 2D systems, such as increased loading capacity, lower 

non-specific binding, and enhanced signal-to-noise ratio,32 empowering their potential analytical value 

(Figure 1). As a major drawback, combined features of hydrogel printability, unimpaired analytes diffusion 

through the matrix, and stable probes confinement are not trivial to conciliate towards straightforward 3D 

assays fabrication, and still represent severe obstacles to the widespread use of 3D assays.33 
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Figure 1. Comparative features of planar vs. 3D assays. While 2D platforms are of simple production, immobilized 

bioprobes can significantly suffer from surface phenomena that impair their molecular recognition properties. 

Conversely, 3D systems based on hydrogels are developed to preserve full functionality of confined probes, while 

providing increased loading capacity. On the other hand, their fabrication is not trivial.

Our group has recently contributed to this field using hydrogels based on self-assembling peptides 

(SAP), i.e. peptide “monomers” that spontaneously assemble into hierarchically ordered, entangled 

supramolecular networks with high water-holding capacity and defined viscoelastic properties.33 The 

previous report, entailing the use of the YFQ11 SAP (Ac-YFQQKFQFQFEQQ-conh2), was focused on 

overcoming major limitations in the fabrication of 3D microarrays – mostly in enabling direct hydrogel 

printing, while allowing local confinement of arrayed bioprobes. Yet, assay performances were to some 

extent hampered by sub-optimal stability of the hydrogel droplets. Indeed, we previously reported a 10-30% 

loss of spotted material within the first hour of incubation, which is intrinsically a hurdle towards assays 

requiring prolonged incubation time (many hours to overnight) that may be needed to push the boundaries of 

analytical performances in the case highly diluted analytes or low affinity interactors are under study.

To tackle this limitation and further advance this field, herein we report on the use of a composite 

hydrogel for microarray applications obtained through the combination of a SAP, namely Q3 (sequence Ac-

YFQQQFK-conh2), with low-temperature gelling agarose. In this light, we were inspired by previous reports 

on the favorable properties of hydrogels obtained by mixing SAP with other biopolymers.7,8,11,34 This strategy 

exploits low-cost, commercially available agarose as hydrogel core structural component, while Q3 addition 

is crucial to balance out its rheological properties and easily introduce bio-functionalization. Besides proving 

stable, robust, and of straightforward application, we demonstrate that the use of the composite hydrogel in 

model 3D immunoassays largely outperform the conventional 2D format. Additionally, we show the superior 

analytical performances of 3D vs. planar assays in a real-case scenario by validating our platform in the 

profiling of Covid-19 patients sera immunoreactivity against an immunoreactive peptide epitope. Of note, 

our 3D system reached a discriminatory signal for Covid19-positive individuals down to 1:50000 serum 

dilution, which is at the operative edges of the most advanced digital detection based systems. 

2. Results and discussion

2.1. Strategy design

Key hydrogel features for 3D microarrays are well-balanced properties in terms of microarray manufacturing 

(hydrogel printability), unimpaired biomolecules diffusion through the gel matrix and microdroplets stability 

in operative assay conditions, a fine balance which is non-trivial to achieve. As a result, many of the 

currently employed strategies for 3D systems include in situ hydrogel formation upon precursor solution(s) 

printing and cross-link.20,24,35,36 Importantly, cross-linking often results in thick hydrogels with poor 

biomolecules kinetics diffusion profile or, even worse, can detrimentally affect entrapped bioprobes.  

In this light, we previously relied on supramolecular peptide hydrogels that, on the other hand, may 

suffer of other limitations. Indeed, using the YFQ11 peptide, we experienced both a sub-optimal stability 
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under prolonged incubation steps and the tendence to form insoluble aggregates over time upon medium-

term storage in the lyophilized powder state. In addressing these issues, we explored the possible use of 

composite materials with improved robustness by mixing YF-Q11 with biopolymers of common use. Indeed, 

the combination of SAPs with (bio)polymers of general use (e.g. polysaccharides, polyalcohols) affording 

supramolecular blends with mutually improved properties has recently been put under the spotlight as a way 

to expand the range of functional properties of monocomponent systems.34,37–42 Yet, our attempts were 

unsuccessful, as the mixtures resulted in opalescent and aggregation-prone gels (Figure S1). 

We were then prompted to investigate alternative sequences and to evaluate a small panel of YFQ11-

derived peptides. This led us to identify the 7-mer sequence Ac-YFQQQFK-conh2, that we named Q3. 

Guiding principles for Q3 design were to use a short, amphipathic yet highly soluble peptide motif, with N-

terminus acetylation and C-terminus polar head group as integral elements to support facile self-assembly.43 

A preliminary evaluation in terms of gelling propensity and feasibility of mixing with other components 

proved promising (see next paragraph).   

As a counterpart, low temperature gelling agarose (hereafter referred to as Aga) was instead selected 

being a well-known and cheap gelling agent. While Aga can promptly form stiff hydrogels under typical 

usage conditions (1-1.5% w/v), these show a brittle behavior (i.e. low fracture point) and they lack of 

selective and straightforward biofunctionalization strategies. Also, of particular interest towards microarray 

applications, biomolecules diffusion rates through Aga gel matrix are negligible without the application of an 

external stimulus.44

In our vision, we figured that Aga gel amalgamation with the Q3 nanofibrillar network, at certain 

ratios, could result in a mildly viscous yet resistant gel matrix that possesses those peculiar properties 

required for 3D microarrays. In this strategy, SAP addition may provide the Aga hydrogel with improved 

physical properties, also allowing convenient functionalization with bio-reactive moieties (Figure 2).  
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Figure 2. Conceptualized strategy used to produce 3D hydrogel arrays: i) Q3 peptide units are mixed with epitope-

modified Q3 peptide to afford self-assembled functionalized Q3 fibrils; epitopes are introduced as immunoreactive 

probes for immunoassays ii) these are subsequently blended with agarose to yield composite hydrogels that are directly 

printed onto a microarray chip.    

2.2. Q3 self-assembly and composite Aga-Q3 hydrogels characterization

At first, to assess self-assembling properties of Q3 peptide, 1 mM solutions were prepared in PBS buffer and 

overnight incubated. Transparent gels were obtained, as determined by oscillatory rheological measurements 

(Figure 4A). Serial dilution of Q3 solution in PBS revealed that gel-like behavior (G'>G'') persisted down to 

100 M concentration. Q3 self-assembling properties were corroborated by transmission electron 

microscopy (TEM) experiments showing the formation of entangled nanofibrillar networks (Figure S2); 

remarkably peptide nanofibrils could be detected down to 25 M concentration. 

To elucidate the assembly model of Q3 peptide, molecular dynamics simulations (MD) were 

performed.45,46 MD calculations highlighted the formation of beta sheets, with the most stable configuration 

featuring i) parallel arrangement ii) N-to C symmetry (i.e. antiparallel arrangement between facing beta 

sheets) and iii) face-to-face pairing (Figure 3 and Figure S3). These features correspond to a Class 1 steric 

zipper. 47 The parallel beta-sheets are stabilized by backbone hydrogen bonds (HBs), with an average 

distance of 4.82  0.02 Å, typical of amyloid architectures. In the self-assembly of Q3, facing beta-sheets 

share a common interface by means of interdigitation of their side chains. Specifically, from MD simulations 

two different steric zipper interfaces can be distinguished, both belonging to Class 1 and featuring distances 

of 12.81  0.14 Å and 11.84  0.43 Å. Intermolecular HBs involving the self-complementary side chains 

stabilize the steric zipper motif. Further confirmation of the Q3 propensity to self-assemble in beta-sheets 

came from powder X-ray diffraction (PXRD) of freeze-dried Q3 hydrogels (Figure S4); indeed, the 

diffraction pattern displays a peak at 2 = 18.54° consistent with the spacing between hydrogen-bonded β-

strands within β-sheets (about 4.8 Å). In addition, another peak at lower angles (2 = 7.10°) nicely correlates 

with the typical distances of facing β-sheets that form the well-known “steric zipper” motif (about 12 Å). 

Overall, these experimental data are fully coherent with MD predictions.

Page 6 of 22

ACS Paragon Plus Environment

ACS Applied Materials & Interfaces

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



Figure 3. MD simulation of Q3. A) Linear structure of Q3 peptide (Ac-YFQQQFK-conh2); B) Q3 self-assembly, showing 

two distinct steric zippers; C) Highlight of a single β-sheet, consisting in the parallel stacking of Q3 strands. 

Intramolecular hydrogen bonds involving tyrosine and glutamines at positions 3 and 5 fix the peptide molecules in their 

fully extended conformation. Within the beta-sheets, in addition to the ubiquitous N-H···O contacts, a series of 

intermolecular HBs between glutamine residues stabilize the parallel packing. Also, a strong contribution of π- π stacking 

between Phe and Tyr rings further enforces this secondary structure. Hydrogen bonds and other noncovalent forces are 

depicted as dotted black lines. Color code: Carbon, light blue and green; oxygen, red; Nitrogen, violet. Hydrogen atoms 

have been omitted for clarity.

 

Page 7 of 22

ACS Paragon Plus Environment

ACS Applied Materials & Interfaces

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



Figure 4. (A) Strain sweep experiment (Linear Visco Elastic Region) for different concentrations of Q3 in PBS. 

Oscillation amplitude table: frequency 0.3000 Hz, 10 samples per decade. Detailed view of the stabilizing interaction 

within the Q3 fibril. (B) Time sweeps experiments (0.3 Hz, 0.01 Pa) and TEM images (C) of Aga 0.05% w/v as mono-

component, Aga-Q3 0.05% w/v-25M mixture and Q3 25μM as mono-component. Scalebars correspond to 200 nm. 

On these premises, we moved to probe the properties of Aga-Q3 hydrogels by mixing Q3 and Aga in 

variable ratios. Based on our previous findings, a G' reference value of < 10 Pa is to be considered for direct 

microarray printing.33 In the case of low-gelling agarose (Aga), such a requirement is satisfied only for 

highly diluted (≤ 0.2% w/v) Aga solutions (Figure S4). 1 mM Q3 peptide stock aliquots were then directly 

diluted at different final concentrations (25-100 M) in Aga solution (0.05-0.2% w/v) in PBS and the 

rheology of Aga-Q3 blends was thoroughly characterized (Figure S5). All tested samples behaved like 

typical viscoelastic fluids and, within the linear viscoelastic region (LVER), changes to the gel 

microstructures are reversibly and rapidly recovered, as shown by stress-recovery experiments (Figure S6).

Of note, we could identify a threshold in Aga concentration (0.1% w/v) above which Q3 addition 

weakens the hydrogel network (elastic modulus G' is lowered); on the other hand, a wider LVER is observed, 

along with a smoother transition out of the linear range (Figure S4), suggesting that gel blends are more 

tolerant to an extended deformation. Oppositely, at lower Aga concentrations (≤0.1% w/v), the blend with 

Q3 resulted in mutually strengthened properties, with increased G' modulus with respect to those of the 

monocomponent systems, suggesting a maximized and synergic interaction of the dual network of fibrils. 

This is particularly evident in highly diluted conditions, in which both monocomponent 25 M Q3 and 

Page 8 of 22

ACS Paragon Plus Environment

ACS Applied Materials & Interfaces

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



0.05% w/v Aga revealed a fluid behavior (G'' >G'), while the blended material shows predominant elastic 

properties (G''>G', Figure 4b). 

The investigation of the nanostructural features of hydrogel samples by TEM showed that Aga-Q3 

blends consist in intricate fibril networks, where the two components retain their own morphological features 

(Figure 4c). Larger Q3 fibrils crossing through the Aga matrix, hence strengthening the overall fibril 

network, likely account for the enhanced rheological features of the composite hydrogel. Nanofibers 

distribution analysis as calculated from TEM image analysis is reported in Figure S7. Aga fibrils display a 

mean diameter of 16 ± 4 nm, resulting from a narrow Lorentzian curve. Q3 fibrils are larger and show higher 

polydispersity, with a mean diameter of 24 ± 6 nm. Of note, comparable results were obtained analyzing 

both samples containing the single components and the hybrid hydrogel, further confirming that the two 

materials retain their structural features once blended. The morphology of the supramolecular structures 

composing the hydrogel network was also investigated in solution by means of small angle X-ray scattering 

(SAXS). The scattering patterns for both Aga and Aga-Q3 were fitted using a flexible cylinder model, 

consistent with TEM imaging and confirming that the Aga matrix maintains its morphology even when 

mixed with Q3 (Figure S8). 

Overall, as already described for other composite hydrogels,48–50 it is assumed that the Aga-Q3 

observed rheological behaviour is the result of electrostatic interactions as well as hydrogen bonding and 

hydrophobic interactions between the two separate species. While these can be very complex to finely 

dissect, we speculate that the interwoven Q3 fibrils could provide a scaffold for the formation of an extended 

supramolecular network via noncovalent interactions with the Aga network, thus resulting in a composite 

hydrogel with high mechanical deformability.

2.3. Set up of microarray fabrication and assay conditions by model antibody-peptide recognition test

Both Q3 and composite hydrogels were screened for the fabrication of microdroplet arrays on silicon slides 

coated by MCP-2,51 a commercial polymer used to suppress non-specific background interactions in the 

microdroplets surroundings thanks to its anti-fouling properties. Gels rheological properties proved fully 

compatible with the microfluidic circuits and actuation of a non-contact piezoelectric robotic arrayer - 20 

microdroplets (approximate volume 8 nL) for each spot were deposited. For composite matrices, microarray 

printing was feasible for Aga concentration below 0.2% w/v (8 Pa) in combination with variable Q3 amounts 

(25-250 M). Upon deposition, 3D spots rapidly dried out but could be reversibly rehydrated when slides 

were immediately soaked into aqueous buffer (Figure 5a). Of note, monocomponent Q3 microspots showed 

non-reproducible stability on the chip surface upon incubation in PBS and therefore were abandoned from 

being further tested, while Aga-Q3 microspots were stably anchored and clearly visible even after prolonged 

incubation in active solution mixing (> 12 h). The 3D microspot stability was further corroborated by 

functional assays (see next paragraph). This feature is highly relevant since active mixing is widely used in 
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immunoassay protocols to accelerate the binding kinetics and avoid assay limitations in terms of analyte 

diffusion.

Two-photon excitated fluorescence (TPEF) microscopy experiments with fluorescein-labelled 

antibodies added to the hydrogel matrix prior to spotting were performed in aqueous environment to estimate 

the deposited microspots shape and size in wet conditions (Figure 5b). Multiple images were directly 

captured in water using a 1 m pitch in the Z direction and 3D-rendering confirmed that spotted 

microdroplets assume a disc-like shape with a height of approximately 7 m (8nL spot, Figure 5b).

Supported by the favorable properties shown by the Aga-Q3 blends, we designed cognate antibody-

peptide recognition tests in order to optimize the experimental conditions and preliminary compare the 

analytical performance of 3D vs. 2D microarrays. As a further element of comparison, the previously 

introduced YFQ11-based hydrogel assay was also included in our tests using the reported optimized 

conditions.33 Specifically, the immunorecognition between panflavivirus peptide epitope E01 and polyclonal 

rabbit antibodies (Anti-E01) spiked into human serum was used as a model interaction.52 In 3D experimental 

settings, E01 epitope was immobilized within the Aga-Q3 gel matrix by means of a previously reported 

strategy entailing co-assembly of Q3 monomers and E01-conjugated Q3 units obtained by click chemistry,33 

which was followed by subsequent blend with Aga solutions (strategy as conceptualized in Figure 2). 

Optimized conditions were 25 µM Q3-E01/0.05% w/v Aga. Hydrogels were then probed with Anti-E01 

antibody spiked into human serum and the interaction revealed by chemiluminescence (CL) produced by a 

Horse Radish Peroxidase (HRP) conjugated secondary IgG (Figure 5c). Chemiluminescence, that is 

enzymatically produced in wet conditions, was selected as the detection method as operating conditions could 

benefit more from the hydrated 3D environment. 
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Figure 5. a) Microarray slides spotted with Aga-Q3 hydrogel in the dry (left) and wet (right) state. Regions of locally 

increased wettability are clearly detectable, corresponding to hydrogel spots b) TPEF images showing the average 

intensity projection on the sagittal (xz) plane of a 3D rendered single spotted microdroplets (top) and six 2D (xy) images 

collected at selected z-stack positions where z = 0µm is the optical substrate (bottom); a fluorescein tagged antibody was 

mixed to the preformed hydrogel prior to spotting, so that to estimate the microdroplet width and high in wet conditions  

c) Schematic representation of 3D and planar assays. The printed arrays are first incubated with antibodies spiked into 

human serum (Abs), or serum (Covid-19 test), washed and then incubated with anti IgG HRP-labelled secondary antibody 

for signal detection.  

Several sample incubation times were tested by following the saturation curve of CL signal 

corresponding to the E01-Anti-E01 antibody pair (Figure 6a), which reached the 50% of maximum intensity 

within 2 hours and plateaued at roughly 4 hours. This lag time in the maximum intensity is likely due to the 

time required by the Anti-E01 antibody to thoroughly diffuse within the gel microspot. Such a protocol is 
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compliant with time-to-result values typical of many ELISA and microarray tests and in line with previously 

reported range for 3D systems.14 Empty control spots (microdroplets lacking of the E01 epitope probe for the 

target) were used as a way to confirm that the hydrogel matrix is not prone to nonspecific interactions with 

serum components and that the detected signal arises only as a consequence of a selective molecular 

recognition event. Indeed, only negligible signals were detectable in empty control spots. 

Subsequently, the 3D assay sensitivity was compared against equivalent assays performed in the 

YFQ11 configuration and in the 2D format. In the latter case, an equal (25M) concentration of the E01 peptide 

was spotted directly onto the microarray surface without encapsulation in the hydrogel matrix. Spiking of Anti-

E01 antibody into human serum (0 to 32 µg/mL) was then used to compare CL intensity detected for the planar 

2D and 3D assays. (Figure 6b). Results clearly highlighted more favorable signal-to-noise ratio, LOD and 

wider detection dynamic range for the Aga-Q3 3D system. For both 3D assays, the standard curve did not 

reach the saturation phase at the highest applied analyte concentration of 32 g/mL, whereas in the case of the 

2D system the upper LOD was reached at 16 g/mL. These trends suggest a favorable loading capacity proper 

of the 3D environment. The lower LODs for anti -E01 Ab were instead calculated by extrapolation from the 

linear part of the curves (Figure 6c) and are respectively 24 pM (Aga-Q3), 292 pM (2D) and 305 pM (YFQ11), 

which highlight an approximative 10 fold increase in sensitivity of the Aga-Q3 system for this assay with 

respect to the 2D format. Based on these results and other assay parameters, a comparative table with other 

hydrogel-based immunoassay platforms is reported in SI (see Table S2). In this sense, our proposed system 

matches other cutting-edge technologies, provided the variability introduced by the use of different 

immunoreagents and biological samples. 

In this frame, it is also of note that peptides, though appealing recognition elements in terms of 

versatility, stability, and ease of handling, are particularly prone to suffer from detrimental interfacial effects 

such as loss of target recognition properties upon uncontrolled binding onto the analytical surface.51,53,54 

Traditionally, this is accompanied by limited sensitivity of peptide-based assays,  hampering their widespread 

use. Here, we speculate that the observed superior sensitivity reached by the Aga-Q3 system could be 

connected the 3D geometry and to a more favorable probe-ligand interaction thanks to the minimization of 

non-specific ligand-surface interactions in the wet environment, resulting in a combined increased loading 

capacity. Indeed, in 2D systems, molecular probes properties can be altered by drying or other surface-induced 

effect while, in contrast, the hydrophilic environment provided by the hydrogel better preserves bioprobes 

integrity and function. It is also worth noticing that the similar sensitivity observed between the YFQ11 and 

the 2D system is likely the result of the remarkably longer incubation times applied to the 2D assay, which are 

instead not feasible in the YFQ11 format due to microspots instability. 
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Figure 6. a) Saturation curve for the relative chemiluminescence intensity (RCI), showing how different sample 

incubation times (assay first step) reflects upon signal intensity. The maximum is reached within 4 hours of incubation 

and maintained even after prolonged incubation times, corroborating the stability of the 3D spots; b) Detection of 

different concentrations (0 -32 ug/mL) of anti-E01 antibody spiked into human serum. The chemiluminescence signals 

for the 2D and 3D assays are compared, showing increased signal to noise ratio and wider detection dynamic range for 

the 3D system; c) linear portion of curves shown in panel b were used to extrapolate the LODs for the tested systems. 

2.4. 3D assays provide increased performance in SARS-CoV-2 IgG detection

We then moved to investigate the use of the selected hydrogels in a real analytical context, specifically 

the serological profiling in Covid-19 patients’ of IgG reactivity against a peptide epitope from the SARS-CoV-

2 N protein region 156-170 (hereafter named N01, sequence AIVLQLPQGTTLPKG).55 As assay performance 

references, the equivalent 2D microarray format was used in order to compare similar (overnight) incubation 

times for the samples under analysis.

The N01 epitope was immobilized within Aga-Q3 gels by means of the same strategy previously 

described for E01 epitope. First, in order to estimate the ideal hydrogel probe content, decreasing amounts 

(from 25 M to 1 M) of N01 epitope within the gel matrix were tested by incubation with a set of pooled 

Covid-19 positive (CoV+) sera (1:1000 dilution) (Figure S9). CL signal remained unaltered down to 5 M 

epitope concentration, though only a slight decrease in intensity could be observed even at 1 M N01 content. 

Conversely, in the 2D assay format, the signal was almost negligible already at 10 M. We then evaluated how 

the features provided by the 3D assay could be translated into sensitivity advantages by probing the detection 

of antibodies in highly diluted clinical samples. Thus, pooled CoV+ sera were tested at progressive dilution 
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and, remarkably, we could show that the 3D settings largely outperform the analogous 2D assay (Figure 7a)  

Indeed, while the 2D system was able to appreciate a distinctive signal only down to a 1:5.000 sera dilution 

(lower calculated detectable dilution factor : 9.7*10-4, Figure 7c), the 3D configuration proved approximately 

10 fold more sensitive (lower calculated detectable dilution factor: 1.5*10-5, figure 7b and 7c). Overall, 

antibody titers could be experimentally quantified in serum in the dilution range 1:100-1:50.000 (Figure 7a). 

It is noteworthy that being able to operate at such samples dilution is of great advantage in terms of 

immunoassays specificity31 and indicative of the ability of the assay to detect even extremely low antibody 

titers, often associated to mild/asymptomatic SARS-CoV-2 infections .56   

As final validation, the immunoreactivity of two panels of serum samples (N = 12) from healthy 

donors (CTRL) and Covid-19 positive patients were screened against the N01 epitope in 3D format, using 

empty Aga-Q3 spots (without N01) as control. Upon CL detection, N01-functionalized hydrogel spots 

showed intense signals for all the Covid-19 positive samples whereas negligible signals were observed upon 

incubation with all the healthy control samples (Figure 7d), resulting in 100% sensitivity and specificity of 

this test. This is indicative of an effective molecular recognition of N01 epitope within the hydrogel matrix 

by patients’ antibodies. Results of this clinical scenario were evaluated by unpaired t test, showing 

discrimination between the two populations at a statistically significant level (p<0.001), meaning that the 

assay is highly discriminatory (i.e. there is less than 1/1000 chance of error). The negligible 

chemiluminescence signals in the control samples suggests absence of non-specific interactions involving the 

hydrogel matrix. This is remarkable for complex biological samples, especially if considering the amount of 

potentially interfering biomolecules in human serum and complexity of immune-response in infectious 

diseases. 
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 Figure 7.  a) Detection of IgG reactivity against N01 peptide epitope in a pool of Covid+ patients’ sera on the 2D and 

3D settings. Serial dilutions of the sample were analyzed showing the capability of the 3D platform to detect a distinct 

CL signal down to a dilution equal to 1:50.000; b): dilution curves for the pool of Covid+ patients’ sera on the 2D and 

3D platforms; c) linear portion of curves shown in panel b were used to extrapolate the lower detectable dilution factors 

for the 2D and 3D systems; d) IgG reactivity against N01 epitope in a panel of 12 Covid+ patients’ sera (CoV+) 

compared to that in healthy controls (CTRL). Left panel shows representative images of the array of 3D spots; right 

panel shows CL signals detected for the two panels. The test was able to discriminate the two populations at a 

statistically significant level (p<0.0001) with 100% specificity and sensitivity. 

Conclusions

Herein  we exploited a composite peptide-agarose hydrogel for developing high-performance 3D 

immunoassays. The two distinct hydrogel components favorably combine to provide a novel material entailing 

unique features towards 3D assays, as here demonstrated in microdroplet arrays fabrication. The proposed 

strategy indeed overcomes those limitations that impair the broad use of hydrogels for 3D immunoassays such 

as complex fabrication, poor biomolecules diffusion, nonspecific interactions, and overall proved user-

friendly, robust and cost-effective. Importantly, the 3D assay format showed greatly superior performances 

with respect to conventional planar 2D assays, as here demonstrated both in model antibody-epitope 

recognition and in real case scenario IgG immunoreactivity profiling of Covid-19 patients. Of particular note 

the system allows for immunoreactivity analysis directly on complex biological matrices without affecting the 

molecular recognition properties of entrapped probes nor showing relevant non-specific interactions. Overall, 

our results consolidate the rationales driving the demand for 3D analytical platforms and represent a step 

forward towards new generation bioassays.

Experimental section 

Peptide synthesis

A comprehensive description of all synthetic procedures is provided in the Supplementary Information 

section.

Hydrogel preparation

Freshly lyophilized Q3 aliquots were dissolved in PBS buffer (pH=7.4) to 1mM concentration, sonicated for 

5 min and eventually diluted in PBS or agarose solution to final desired concentration and ratios. The 

obtained samples were then incubated at 25°C overnight and the resulting hydrogels directly used. The same 

procedure was used to obtain epitope functionalized hydrogels by adding freshly dissolved Q3-E01 or Q3-
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N01 aliquots at desired concentration prior to overnight incubation. Same protocols for hydrogels 

preparation applied for the YFQ11 gels.33

Transmission electron microscopy

Transmission electron microscopy (TEM) images were collected using a Delong Instruments LVEM5 

microscope, equipped with a field-emission gun and operating at 5 kV. Samples were prepared by placing 5 

μL of hydrogels (Q3 and Ag as single component, as well as Q3-Ag mixtures) on 200 mesh carbon-coated 

copper grids and then removing the excess of solvent after one minute. 

Hydrogel rheology

All rheology tests were performed using a KINEXUS Pro+ rheometer (MalvernPanalytical, UK). Samples 

were pre-formed and directly transferred on the bottom rheometer plate. The upper geometry Cone 60mm, was 

lowered until it was in conformal contact with the top surface of the hydrogel, corresponding to gap distances 

of 1.0-1.5 mm. Temperature was controlled with a Peltier device and maintained at 25°C. All the oscillatory 

measurements were performed within the linear viscoelastic range. Each analysis was repeated at least 3 times, 

and representative measures are reported.

Molecular modelling 

The starting structures of Q3 fibrils are based on amyloid-like β-sheets, similar to other SAP 57–59. The fibril 

models were generated using the 10 possible amyloid configurations geometries taken from Eisenberg et al. 
60. The resulting systems were characterized by 8 x 8 peptides, with an intra-sheet distance of 5 Å and an 

interface distance of 12 Å, according to X-ray crystals structure of similar systems 60–62. Molecular dynamics 

simulations are performed following protocols used in previous studies.45,46 Briefly, the systems were solvated 

in TIP3 water, resulting in systems of ≈70’000 atoms. The systems were minimized and equilibrated for 400 

ps using NAMD63. The production run was performed for a total time of 100 ns for each configuration. The 

global evolution of each system was assessed by monitoring the root mean square deviation (RMSD) of peptide 

backbone, the root means square fluctuation (RMSF) of alpha carbons, and the native contacts. Further details 

are provided in the Supplementary Information.

3D Microarrays: general procedure 

Silicon slides (SVM, Sunnyvail, CA) were coated with MCP2 (Lucidant Polymers) according to previous 

protocols51 and hydrogels spotted using a noncontact microarray spotter (Scienion sciFLEXARRAYER S12) 

using an 80μM noozle, 20 droplets are deposited for each spot (approximately volume 8 nL). Spotted slides 

are incubated in a humid chamber for two hours before blocking with 50 mM ethanolamine in Tris/HCl 1M 

pH 9 for 2 hours, washed with water and dried under a stream of nitrogen. For 2D microarrays, 25M 

peptide epitopes (E01 or N01) were spotted on MCP2 coated silicon slides, incubated in a humid chamber 

for two hours and blocked as described above.
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Two-photon fluorescence microscopy 

For two-photon excited fluorescence (TPEF) microscopy, hydrogel microdroplets were spotted on 0.170 mm 

glass coverslips. A fluorescein-labelled antibody (conc. 0.1mg/ml) was entrapped within the gel matrix prior 

to spotting. A home-build multimodal nonlinear microscope coupled with a mode-locked Erbium:fiber laser 

(FemtoFiberPro NIR, Toptica) was used.64 The microscope works in transmission, so a couple of high 

magnification objectives (LD EC Epiplan-Neofluar 100x/0,75, Zeiss) is used to focus the excitation beam, at 

780 nm, on the sample and to collect the two-photon fluorescent signal, then detected by a photomultiplier 

tube (Hamamatsu: R3896). The sample is placed on a raster scanning stage composed by a 2-axis (x-y plane) 

motorized translation stage (Standa: model 8MTF-102LS05), that allows to scan the sample in the focal 

plane, and a single-axis (z-axis) motorized translation stage (Mad City Labs Inc.: model MMP1), that allows 

to change the focal plane and perform z-stack acquisitions. Images of 400 x 400 µm2 were acquired using 

lateral step size of 2 µm, 30 mW of laser power and 5 ms pixel dwell time. The z-stack was made by 

acquiring 17 different images collected at different focal planes, each at 1.0 µm distance, over a total length 

of 16 µm. 3D rendering image processing was performed using Fiji-ImagJ.65

Model Immunoassays 

25µM Q3-E01/0.05% w/v Agarose for the 3D microarray, 25µM YFQ11-E01 and 25µM E01 for the 2D 

assay were spotted on MCP2 slides treated as described above. The resulting microarrays were incubated for 

4 hours at room temperature (RT) under active mixing with Rabbit anti-E01 polyclonal antibody spiked in 

serum (1:100) in incubation buffer (Tris/HCl 0.05 M pH 7.6, NaCl 0.15 M, Tween 20 0.02%) with 1% w/v 

BSA, washed with washing buffer (Tris/HCl 0.05 M pH 9, NaCl 0.25 M, Tween 20 0.05%) for 10 minutes 

and incubated overnight at RT with Horse Radish Peroxidase conjugated anti-rabbit I gG (Jackson 

ImmunoResearch) diluted 1:1000 in incubation buffer/BSA. For the YFQ11 assay, incubation times for both 

steps were kept at 5 minutes as from optimized protocol33 due to microdroplet stability reasons. After 

washing with washing buffer, array slides were incubated with Clarity Western ECL Substrate (Bio-Rad 

Hercules CA) for 2 minutes at RT to develop chemiluminescence and imaged using a Chemidoc XRS+ (Bio-

Rad Hercules CA, acquisition time 21.6 seconds). Chemiluminescence intensities were corrected for spot-

specific background, values for replicate spots were averaged. LOD was extrapolated using the linear 

regression line from the intensity value of blank samples plus three standard deviations (3).

Clinical immunoassays 

Serum samples used in this study were leftovers from previously purchased samples66 (Cerba Xpert, France); 

these both included samples collected from healthy subjects before 2018  that were used as controls and 

serum samples from subjects with diagnosis of SARS-CoV-2 infection. Samples were screened for 

immunoreactivity on Aga/Q3-N01 3D microarrays and N01 2D microarrays prepared as described above 

Serums were diluted 1:1000 incubation in buffer with 1% BSA and incubated over active mixing for 4 hours 

at RT. Slides were then washed with washing buffer, incubated with Horse Radish Peroxidase conjugated 

anti-human IgG (Jackson ImmunoResearch) diluted 1:1000 in incubation buffer with BSA overnight at RT. 
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After washing with washing buffer, array slides were incubated with chemiluminescence was detected using 

Clarity Western ECL Substrate (Bio-Rad Hercules CA) for 2 minutes at RT to develop chemiluminescence 

and imaged using a Chemidoc XRS+ (Bio-Rad Hercules CA, acquisition time 31.6 seconds). 

Chemiluminescence intensities were corrected for spot-specific background, values for replicate spots were 

averaged and data analyzed for statistical significance by GraphPad Prism 7. 

Supporting Information

Additional experimental procedures and additional figures are available in the Supporting Information file.
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