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ABSTRACT: The use of peptides in paper-based analytics is a highly appealing field, yet it suffers from severe limitations. This is mostly 
due to the loss of effective target recognition properties of this relatively small probes upon nonspecific adsorption onto cellulose sub-
strates. Here, we address this issue by introducing a simple polymer-based strategy to obtain clickable cellulose surfaces, that we exploited 
for the chemoselective bioconjugation of peptide bioprobes. Our method largely outperformed standard adsorption-based immobiliza-
tion strategy in a challenging, real case immunoassay, namely the diagnostic discrimination of Zika+ individuals from healthy controls. 
Of note, the clickable polymeric coating not only allows efficient peptides bioconjugation, but it provides favorable anti-fouling proper-
ties to the cellulosic support. We envisage our strategy to broaden the repertoire of cellulosic materials manipulation and promote a 
renewed interest in peptide-based paper bioassays. 

INTRODUCTION 

Cellulosic materials are widely used substrates in the fabrica-
tion of low-cost, de-centralized, point of care tests .1,-3  Paper-based 
assays are indeed routinely performed to diagnose infections, to 
quantify glucose in urine, to test pregnancy and for blood coagu-
lation screening. 4-9 Analytical bioprobes are typically immobi-
lized on paper by noncovalent physical adsorption, which is 
mainly driven by hydrophobic interactions. Despite the high 
loading capacity provided by cellulose tridimensional structure, 
binding of relatively small-sized biomolecules such as peptides 
may suffer from remarkable variability and can undergo desorp-
tion during iterative assay steps. Also, nonspecific adsorption of 
peptide ligands can mask bio-reactive functionalities resulting in 
decreased target binding affinities and, overall, the analytical per-
formance can be plagued both by low reproducibility and low 
signal-to-background ratio. This has made peptides still un-
derused molecular probes for paper-based immunodiagnostics, 
as witnessed by the very few available commercial assays relying 
on peptide probes. 10 On the other hand, peptides and celluloses 
may represent a powerful partnership for applications in low re-
source settings conditions (e.g. prolonged storage at noncon-
trolled temperature and humidity, no sophisticated lab infra-
structures) given advantageous features in terms of ease of han-
dling, costs, stability. In this direction, there is a high interest in 
developing new enabling strategies to expand the chemical space 
of celluloses and prime cellulosic surfaces for covalent and spa-
tially resolved ligands bioconjugation 11-16 . Of particular interest, 
photo-initiated thiol-yne click chemistry has been recently intro-
duced by the Levkin group to develop micro-patterned 

nanocellulosic substrates. 17 Yet, click-bioconjugation on cellu-
lose materials is still an unexplored venue for the design of paper-
based analytical platforms. Of note, we previously demonstrated 
that peptides chemoselective immobilization on microarray sur-
faces can boost the diagnostic performances in real-case, complex 
bioassays 18,19 and a similar effect could be expected to improve 
the analytical outcomes of paper-based devices  

Here we report a straightforward procedure to obtain clickable 
cellulosic surfaces by means of a user-friendly, polymer-based 
strategy, that we applied to peptide-based microarray serodiagnos-
tics. Our approach proved effective not only to enable the cova-
lent and chemoselective binding of peptides, but also to tailor 
the wettability and anti-fouling properties of the cellulosic sup-
port. We showed that both features are highly beneficial for spe-
cific antibody capturing in challenging, analytical settings,  filling 
the existing gap in peptide-based paper assays. To this aim, we 
took advantage of a recently developed clickable polymer ob-
tained by post-polymerization modification of MCP-2, a commer-
cially available N,N-dimethylacrylamide (DMA), N-acryloyloxy-
succinimide (NAS), and 3-(trimethoxysilyl)-propylmethacrylate 
(MAPS) copolymer 20, 21, using 3-azido-1-propanamine to intro-
duce azido groups 22 (Scheme 1). 

 

EXPERIMENTAL  

Nitrocellullose was coated by immersion in Copoly Azide so-
lution (1% w/v in 0.9M (NH4)2 SO4) for 30 minutes, rinsed with 
water, dried under nitrogen and cured for 15 min under vacuum 
at 80°C. Full experimental details in the Supporting Information



 

 

RESULTS AND DISCUSSION 

Nitrocellulose blotting membranes, a common cellulosic sup-
port for bio-analysis, was coated using a mild dip-and-rinse pro-
tocol by immersion in a polymer aqueous solution (Supporting 
Information). The polymer readily self-adsorbed onto the cellu-
losic substrate (30 minutes), without the need of surface pre-treat-
ments. Efficient polymer adsorption was verified by FT-IR spec-
troscopy, showing the peculiar azide stretching band at 2100 
cm−1   (Figure 1 inset). Scanning electron microscopy (SEM) was 
used to compare the morphology and structure of the cellulosic 
surfaces. The uncoated nitrocellulose membrane is constituted 
by a weaving of fibers, forming elliptic micrometric cavities su-
perimposing on different parallel planes and providing a porous 
structure (Figure 1-a). Moreover, sub-micron small pores can be 
observed along nitrocellulose fibers (indicated by the arrow). 
Such sub-micron porosity is instead lost upon polymeric coating, 
as fibers appear as covered by a layer with a melt morphology 
(Figure 1-b).  

Interestingly, these results were duplicated using Whatman 
brand chromatography 1 paper (see Supplementary Information, 
Figure S1) suggesting applicability of the method to any cellulosic 
materials; however given our envisaged use of clickable paper 
supports for microarray immunoassays, we concentrated on the 
use of ready-to-use, 16-pads nitrocellulose layered on glass slides 
for microarrays. The wettability properties of untreated and click-
able nitrocellulose were compared by static water contact angle 
measurements (WCAhst). 

 

t  
Figure	1:	SEM	images	and	FT-IR	spectra	(inset)	of	the	surfaces	of	(a)	
unmodified	nitrocellulose	and	(b)	copoly	Azide	coated	nitrocellulose	
(scale	bar	1	μm).	The	distinctive	azide	stretching	band	at	2100	cm−1	is	
clearly	detectable	on	polymer	treated	nitrocellulose.	Full	FT-IR	spectra	
of	the	functionalized	nitrocellulose/polymer	containing	nitrocellulose	
are	provided	in	Supplementary	information.	However,	no	major	mor-
phological	alterations	are	visible	and	the	high	porosity	of	the	nitrocel-
lulose	3D	structure	is	preserved.

Scheme	1:	cellulose	modification	by	copoly	Azide	allows	immobilization	of	yne-modified	peptides	via	copper-catalyzed-azide-alkyne-cycloaddition	
(CuAAC).	In	contrast	to	random	adsorption	to	unmodified	cellulose,	the	clickable	cellulose	allows	chemoselective	binding	of	peptides	and	enhanced	
immunoreactivity	of	probes	by	cooperative	interaction	resulting	upon	proximal	peptide	co-immobilization	



 

 

Figure 2 shows a remarkably different wettability for the un-
modified and polymer-coated paper, with WCAhst values of 
77.9° and 19.2°, respectively. It is evident that the thin polymeric 
coating sensibly increased the surface hydrophilicity. This is in 
accordance with our previous findings on MCP-2 coated surface 
of silicon and glass. We anticipated that the observed coating-
induced hydrophilization could have an impact on the anti-foul-
ing properties of the cellulosic surface, as the WCAhst was com-
parable to that of cellulose treated with BSA, commonly used to 
suppress the background noise. We verified the stability of the 
polymeric coating by repeating WCAhst measurements after pro-
longed exposure to water, which showed unaltered behaviour 
(WCAhst value of 16.4° after 4 days). 

 
Figure	2	Water	Contact	Angle	(WCA)	measurements	(a)	of	uncoated	
(b)	and	polymer	coated	nitrocellulose	at	day	1	(c)	and	after	4	days	(d).	
Wettability	after	polymer	coating	is	similar	to	that	obtained	after	treat-
ment	with	BSA	(e).	

The analytical performances of clickable and uncoated nitro-
cellulose were then compared in a real-case microarray immuno-
assay to reveal  arbovirus  infections by detection of antibodies 
directed against the Zika viral antigen NS1. To validate our plat-
form, we selected a small panel of known NS1-antigen-derived 
immunoreactive peptides (Scheme 1). While peptide P1 is reac-
tive as single molecular entity, we previously demonstrated that 
the effective discrimination of Zika positive  individuals by pep-
tides P2 and P3 relies on their cooperative interaction resulting 
upon spatially proximal co-immobilization (Scheme 1). 23 In this 
latter and more demanding case, a fine control of peptidic probes 
display inducing a cooperative binding mechanism is crucial to 
efficiently capture Zika virus antibodies. To enable click biocon-
jugation onto azido-modified nitrocellulose, P1-P3 peptides were 
modified with a short-chain PEG spacer (O2Oc) including a ter-
minal alkyne moiety. Peptides were arrayed by a piezoelectric 
spotter, either dissolved in PBS to allow spontaneous adsorption 
on uncoated nitrocellulose or reacted via CuACC to provide 
chemoselective covalent binding (See Supporting Information). 
To suppress nonspecific interactions during the assays, untreated 
nitrocelluloses were preliminary incubated with a 2% w/v BSA 
solution, whereas azido-modified surfaces, due to the expected 
favorable anti-fouling properties provided by the polymeric coat-
ing, were simply washed in a 2 mM EDTA aqueous solution. The 
two 16-pads nitrocellulose slides were incubated with Zika posi-
tive human sera and captured antibodies were detected using an 
alkaline phosphatase (AP) labelled secondary antibody to provide 
colorimetric quantification of peptide immune-recognition, us-
ing nitro blue tetrazolium/5-bromo-4-chloro-3-indolyl phosphate 
(NBT/BCIP). We could immediately assess a striking difference  

 

on the extent of captured antibodies between clickable  and 
uncoated nitrocellulose. While for untreated nitrocellulose col-
ored spots were indeed barely detectable and inhomogeneous, 
i.e. highlighting poor immune recognition, the chemoselectively 
bound probes were efficiently recognized giving rise to dark-blue 
colored regular spots (Figure 3-a) . This is mostly indicative that 
peptides affinity to their target antibodies is strongly compro-
mised by a nonspecific strategy of immobilization, where im-
mune-reactive regions are sacrificed upon surface adsorption. 
This may be particularly relevant in all of those demanding assays 
that do not rely on an exquisite affinity of the immobilized bi-
oprobe for the target antibody. We then confirmed that the pre-
served immunoreactivity of P1, P2, P3  probes on the clickable 
nitrocellulose support could be translated into efficient discrim-
ination between Zika positive individuals and healthy controls 
(Figure 3-b). As we previously observed, the combined presenta-
tion of peptides P2 and P3 (probe C) proved the most effective 
in providing statistically relevant discrimination between the two 
groups with p<0.01 (Figure 3-c). 

 
Figure	3.		a):	representative	clickable	and	uncoated	nitrocellulose	pads	
spotted	with	peptide	arrays	after	incubation	with	a	Zika	positive	sam-
ple,	 dark-blue	 regular	 spots	 are	 detectable	 only	 on	 polymer	 coated	
pads.	b):	representative	coated	and	uncoated	nitrocellulose	pads	spot-
ted	with	peptide	arrays	(see	spotting	scheme	on	the	right)	after	incu-
bation	with	a	Zika	positive	sample	and	an	healthy	control,	discrimina-
tion	between	infected	and	healthy	serum	is	only	possible	on	clickable	
nitrocellulose.	c):	Scatter	plots	reporting	mean	immunoreactivity	with	
SD	of	Zika	positive	and	healthy	control	 individuals	and	results	of	the	
unpaired	t	Test	Zika	infection	diagnosis		probe	P1,	P2,	P3	and	C	(com-
bination	 of	 peptides	 P2	 and	 P3).	 ns	 =	 not	 significant.	 Significant:	
p<0.05;	*	=	p<0.05;	**	=	p<0.01.	Photographs	of	whole	16-pad	microar-
ray	slides	available	in		the	Supporting	Information	(Figure	S3	and	S4)	

This underlines the possibility to finely control peptidic 
probes surface display even on cellulosic supports, which is, to 
the best of our knowledge, an unprecedented result in paper-
based bioassays. It is also worth underlining that, in the same 
assay, an alternative oriented bioconjugation strategy based on 
biotinylated peptides and streptavidin functionalized 



 

nitrocellulose resulted in poor immunoreactivity and incon-
sistent discrimination between healthy and infected samples 
(Supporting Information, Figure S5).  These results are  worth of 
particular consideration as celluloses are rather complex sub-
strates, mostly due to peculiar porosity properties and related 
high surface-to-volume ratio that can amplify interface effects 
such as nonspecific interactions and the formation of interfering 
multiple bioprobe layers.  

 

CONCLUSIONS 

Here, we move beyond current limitations of paper-based bio-
assays by introducing an easy and user-friendly method for pep-
tide chemoselective bioconjugation onto nitrocellulose supports 
based on a clickable polymeric coating. We demonstrate that our 
strategy is suitable for peptide probes stable binding while avoid-
ing to compromise their immunoreactivity to  target antibodies, 
since nonspecific interactions with the nitrocellulose support are 
abolished. The structural  properties of nitrocellulose are main-
tained, but the wettability and anti-fouling properties provided 
by the polymeric coating are effective in suppressing background 
noise signal even when complex biological samples, such as sera 
(see Supplementary Information Figure S6). We demonstrate 
that these favorable features can be exploited to perform sophis-
ticated molecular bioassays, in this case the serological discrimi-
nation between Zika positive individuals and healthy controls, 
using a peptide-based assay. Overall, our results enrich the 
toolbox for the controlled manipulation of cellulosic material in-
terfacial properties, broadening their compatibility with small-
sized peptide molecular probes. 
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