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poly(GMA-co-EDMA) functionalized with an HPV-
derived peptide using a thiol–maleimide reaction†
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Castañeda b and Zuly Jenny Rivera-Monroy *a

Metabolites have great potential for the design of biomarkers, since their presence or absence provides

valuable information about a biological system. In this context, polyclonal antibodies are important

metabolites for diagnostic procedures, but in some pathologies, it has been found that these metabolites

are present at low concentrations, so it could be difficult to detect them. In this investigation, an organic

monolithic material of poly(GMA-co-EDMA) was functionalized with a peptide via Michael addition

(thiol–maleimide) click chemistry. The peptide, covalently bound to the monolith, contains the

SPINNTKPHEAR sequence derived from the human papilloma virus L1 protein. It was determined that the

obtained monolithic support allows selectively isolating polyclonal antibodies against the SPINNTKPHEAR

sequence, since they are retained on the chemical surface of the material by an immunoaffinity

interaction. The monolithic material functionalization protocol reported here could be applied to

incorporate any peptide with a terminal cysteine in order to recover a specific analyte. A new method

was developed for isolating and pre-concentrating antibodies using monolithic materials, which could

contribute to the improvement of disease detection strategies based on immunoaffinity interactions.
Introduction

Metabolites can have several different applications, such as
antitumor, anticancer, antibacterial, antifungal, and antioxi-
dant agents.1–5 Another important application of metabolites is
their use as biomarkers,6 making them candidates for the
development of methods for the diagnosis of diseases. Some
metabolites are found in very low concentrations within body
uids, which makes it difficult to detect and obtain them. For
this reason, investigations have been undertaken regarding the
development of methods and materials for the pre-
concentration of metabolites in order to facilitate their detec-
tion.7,8 Among the materials used for the enrichment of
metabolites, organic monolithic supports have gained great
interest, because due to their macroporosity, it is possible for
large molecules to easily ow through their internal structure,
while their mesoporosity facilitates the interaction between the
analyte and the functionalized support.9 Modied monolithic
supports are used to pre-concentrate several large organic
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molecules with high selectivity, mainly using extraction and
microextraction methods.10,11

Cervical cancer is a public health problem worldwide that is
mainly associated with HPV infection. It is the fourth most
common cancer in women around the world, with an estimated
528 000 new cases and 266 000 deaths each year. Currently, the
most important diagnostic method for cervical cancer is the
Papanicolaou (Pap) test, also called vaginal cytology. Thanks to
this test, it has been possible to reduce the mortality caused by
cervical cancer by up to 50%; however, the test only has
a sensitivity between 50% and 60%.12 A signicant risk factor is
a low socioeconomic and educational level, with women from
developing countries being more vulnerable, where cytology
coverage is limited due to technological, medical, and cultural
aspects.13,14

Within this context, there is a need to design a diagnostic
method complementary to cytology, as far as possible with
better sensitivity, less invasive, and easier to apply, in order to
increase coverage, taking into account that in certain asymp-
tomatic and symptomatic episodes of the disease, the level of
antibodies varies, generally being very low. Since the human
papilloma virus L1 protein (HPV-L1) is present in 90% of the
HPV capsid and is directly involved in the process of the virus'
infection of host cells, the aim of the present investigation was
to obtain a monolithic material that would allow enriching
polyclonal antibodies against a peptide derived from HPV-L1,
specically the SPINNTKPHEAR sequence. This sequence is
RSC Adv., 2021, 11, 4247–4255 | 4247
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Table 1 Designed and synthesized peptides derived from SPINNTK-
PHEAR sequence. Characterization by RP-HPLC, MALDI-TOF MS, and
the ELISA test

Code Sequence tR (min) [m/z] ELISAa

1 CG-1SPINNTKPHEAR12-GC 3.2 1682.7 1 : 25 600
2 C-Ahx-1SPINNTKPHEAR12 3.2 1580.1 1 : 25 600
3 C-Ahx-1SPINNTKPHEA11 3.5 1409.7 1 : 12 800
4 C-Ahx-1SPINNTKPHE10 3.4 1339.0 1 : 6400
5 C-Ahx-1SPINNTKPH9 3.6 1211.7 1 : 800
6 C-Ahx-1SPINNTKP8 3.5 1097.8 1 : 200
7 C-Ahx-1SPINNTK7 2.8 877.1 NR
8 C-Ahx-1SPINNT6 2.8 750.7 NR
9 C-Ahx-1SPINN5 3.3 752.3 NR
10 1SPINNTKPHEAR12-Ahx-C 3.2 1580.1 1 : 25 600
11 2PINNTKPHEAR12-Ahx-C 3.4 N.D. 1 : 25 600
12 3INNTKPHEAR12-Ahx-C 3.9 N.D. 1 : 12 800
13 4NNTKPHEAR12-Ahx-C 3.7 N.D. 1 : 6400
14 5NTKPHEAR12-Ahx-C 3.4 N.D. 1 : 800
15 6TKPHEAR12-Ahx-C 3.4 N.D. 1 : 200

a Peptide : antibody (v/v). NR: no recognition.
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recognized by means of antibodies from patients infected with
HPV who present lesions in the cervix.15

In previous reports16 we showed the gold electrode func-
tionalization with peptide C-Ahx-SPINNTKPHEAR in order to
build a biosensor for electrochemistry HPV detection. However,
the biosensor application is limited by the antibodies concen-
tration level in asymptomatic infected patients. In this work, we
synthetized a functionalized monolith material to pre-
concentrate and separate antibodies that could be then detec-
ted by electrochemistry biosensor and/or ELISA assays.

Polyclonal antibodies against the peptide SPINNTKPHEAR
were obtained by immunization of New Zealand rabbits.16 For
obtaining the affinity material, the monolithic copolymer pol-
y(GMA-co-EDMA) was synthesized, and then its surface was
modied, rst with 6-maleimidohexanoic acid and then with
a peptide that contained (i) a cysteine residue, (ii) a spacer, and
(iii) the SPINNTKPHEAR sequence. Through the specic addi-
tion reaction between thiol and the maleimide group, the
peptide was incorporated into the copolymer. It was determined
that the functionalized monolithic support allows selective
isolation of polyclonal antibodies against the SPINNTKPHEAR
sequence, since they are retained on the chemical surface of the
material by an immunoaffinity interaction between the antigen
and the polyclonal antibodies. This investigation contributes to
the development of techniques for bioseparations, using
monolithic supports functionalized with peptides, which allow
the isolation of antibodies by immunoaffinity.

Results and discussion

A new methodology for functionalizing a monolithic material
with an HPV-derived peptide is reported. In the rst research
stage, a twelve-residue sequence, SPINNTKPHEAR, was
selected, which was recognized by antibodies from patients
infected with HPV who were diagnosed with lesions in the
cervix.15 Using the selected sequence, een peptides were
designed (Table 1), as is described as follows: (i) peptide 1:
CGSPINNTKPHEARGC contains two cysteine residues that
allow obtaining the polymeric peptide (CGSPINNTKPHEARGC)n
by oxidation, which was used to immunize New Zealand rabbits
in order to obtain polyclonal antibodies against the SPINNTK-
PHEAR sequence. (ii) Peptides 2 and 10 contain the selected
sequence, a spacer (Ahx), and a cysteine residue at the N-
terminal or C-terminal end, respectively. (iii) Truncated
peptides were designed in order to establish whether there is
a short peptide that has the highest degree of recognition by
polyclonal anti-SPINNTKPHEAR antibodies. For generating
truncated peptides, sequentially each amino acid of the C-
terminal (peptides 3 to 9) or N-terminal (peptides 11 to 15)
end of SPINNTKPHEAR sequence was removed.

Currently, there are several techniques to chemically attach
peptides or proteins to organic monolithic supports,33 some of
the most frequently used are shown in the Fig. S1 (ESI†). These
techniques involve mainly anchoring via amino groups (highly
nucleophilic) that attack the tight 2,3-epoxypropyl ring present
in GMA motif.17 In these methodologies, peptide or protein join
to material could be no specic because these molecules can
4248 | RSC Adv., 2021, 11, 4247–4255
have various amino groups. It is relevant attaching the peptide
to the material through a specic bond for guaranteeing that
peptide antigenic motifs are free, and thus, they allow antigenic
recognizing by the polyclonal antibodies.

All of the designed peptides contained the spacer (Ahx) and
a cysteine residue at the N- or C-terminal end, which allowed
introducing a thiol group for functionalizing the monolithic
material via thiol–maleimide click reaction. This design allows
a specic graing, in which the peptide is going to be bound
only by its terminal cysteine, which allows controlling the
conformational arrangement of the peptide, which is of utmost
importance in immunoaffinity interactions.

The designed peptides were synthesized using SPPS with the
Fmoc/tBu strategy and were puried via RP-SPE and charac-
terized via RP-HPLC andMALDI TOFMS. The recognition of the
peptides by the New Zealand rabbit's serum was tested using
ELISA assays. Table 1 summarizes the analytical characteriza-
tion of the peptides and the ELISA result.

The process of synthesis of all the peptides proceeded
without difficulty, and all the residues were incorporated into
the resin or resin-peptide easily and quickly. In the synthesis of
peptides 1 and 2, the incorporation of Arg, Lys and Ile residues
required only two coupling reaction cycles for their complete
incorporation into the growing chain during SPPS, while the
other amino acids only needed one coupling reaction cycle. The
crude peptides were obtained with nearly 80% purity and were
puried via RP-SPE chromatography, obtaining the peptides
with chromatographic purity greater than 95% for most of them
(Table 1). As an example, the analytical characterization of
peptide 2 is shown in Fig. 1. The chromatographic prole of the
crude and the puried product shows a principal specie at
a retention time (tR) of 3.2 min (Fig. 1A and B), and the MALDI-
TOFmass spectrum has a signal atm/z¼ 1580.1, corresponding
to the specie [M + H]+ of the desired product (Fig. 1C).

New Zealand rabbits were immunized with the polymeric
peptide (CGSPINNTKPHEARGC)n, in accordance with the
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Analytical characterization of peptide 2: C-Ahx-SPINNTK-
PHEAR. Chromatographic profile of the crude (A) and pure product (B).
MALDI-TOF MS spectrum of pure peptide (C), signal at m/z 1580.1
corresponds to the [M + H]+ species.

Fig. 2 ELISA assays using sera of rabbits immunized with polymeric
peptide (CGSPINNTKPHEARGC)n. Antibody title against the polymeric
peptide (A) and peptide 2 (B). Post-IV serum (black bars) and pre-
immune serum (red bars).

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

1 
Ja

nu
ar

y 
20

21
. D

ow
nl

oa
de

d 
on

 1
1/

12
/2

02
4 

8:
34

:2
7 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
immunization scheme described in the Material and
methods section above. The rabbits were bled, and the sera
containing polyclonal antibodies were separated by centri-
fugation and stored at �20 �C. The ELISA assays were per-
formed in order to establish if the polyclonal antibodies
recognized the designed peptides (peptides 2 to 15). The
results showed that the peptides 2, 10, and 11 exhibited the
highest antibody title, i.e. 1 : 25 600 (peptide : serum post-IV
dilution v/v), being equal to that presented by the polymeric
peptide used as a control (Fig. 2 and Table 1). These results
suggest that the incorporation of the cysteine residue in the
N- or C-terminal of the selected sequence, as well as the
inclusion of the Ahx residue, does not interfere with the
antibody recognition. On the other hand, when an amino
acid from the N- or C-terminal was sequentially removed, the
antibody recognition diminished, suggesting that all of the
amino acids of the SPINNTKPHEAR sequence are important
for antigen–antibody recognition. Only when 1Ser was
removed (peptide 11) was the antibody title similar to that
showed by peptides containing the complete SPINNTK-
PHEAR sequence. Our results suggest that the peptide
epitope is linear instead of conformational. The antibody
© 2021 The Author(s). Published by the Royal Society of Chemistry
title indicates that the post-IV serum contains a high
concentration of the polyclonal antibodies, which specically
recognize the SPINNTKPHEAR compared with the pre-
immune serum. From this research stage, we selected
peptide 2, C-Ahx-SPINNTKPHEAR, since: (i) it presented
a high recognition title against the polyclonal anti-
SPINNTKPHEAR antibodies present in the post-IV serum
(1 : 25 600 v/v), (ii) it showed good synthetic yield, and (iii) it
contains the cysteine residue.

In this investigation, a monolithic material functionalized
with an HPV-L1-derived peptide was synthesized that can be
used for the concentration of antibodies through immu-
noaffinity. Fig. 3 shows the strategy used for obtaining the
monolithic material functionalized with a peptide derived from
L1-HPV: step 1, the monolithic material was synthesized by
reaction between glycidyl methacrylate as the main monomer
and ethylene dimethacrylate (EDMA) as the crosslinking
monomer, obtaining a monolithic material of poly(GMA-co-
EDMA), containing highly reactive 2,3-epoxypropyl groups
exposed on its surface. Step 2, the material's surface was func-
tionalized with the maleimide group; for this, the epoxide ring
opening reaction was used, and poly(GMA-co-EDMA) was
treated with 6-maleimidohexanoic acid in the presence of tet-
rabutylammonium chloride in DMF. Step 3, nally, in order to
obtain the monolithic material functionalized with peptide 2,
the copolymer containing the maleimide motif was treated with
the peptide whose sequence included a cysteine residue at the
RSC Adv., 2021, 11, 4247–4255 | 4249
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Fig. 3 General scheme for the synthesis of the organic monolithic support of poly(GMA-co-EDMA) chemically modified with a peptide. Step 1:
GMA-EDMA polymerization to obtain poly(GMA-co-EDMA). Step 2: grafting of poly(GMA-co-EDMA) with 6-maleimidohexanoic acid to obtain
poly(GMA-co-EDMA)-Mhx. Step 3: functionalization of poly(GMA-co-EDMA)-Mhx with a peptide containing a cysteine and 6-aminohexanoic
residues and a sequence derived from L1-HPV protein.
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N-terminal end in order to allow the selective reaction between
the double bond of the maleimide group and the thiol group by
Michael's addition reaction.18

The poly(GMA-co-EDMA) monolith material was obtained
following the protocol reported by Okanda et al.,17 as described
in the method (Fig. 3, step 1). The synthesized monolith was
characterized via scanning electron microscopy (SEM), showing
that the material exhibits a granular morphology, probably due
to the nucleation and nuclei precipitation during the polymer-
ization process. Also, the SEM microscopy showed that the
material had mesopores (<50 nm) and macropores (>50 nm),
Fig. 4A. Additionally, the material obtained has good mechan-
ical stability, homogeneity, and ease of handling, and has an
appearance similar to that obtained by other authors.19

The granular morphology denotes a bimodal structure
formed by macropores and mesopores. This can be an advan-
tage when considering the use of this material to obtain
immunoaffinity columns, since the analytes are usually large
macromolecules that have difficulty in owing through
Fig. 4 SEM images of monolithic materials: non-functionalized poly(GM

4250 | RSC Adv., 2021, 11, 4247–4255
columns packed with small pore size, requiring extremely high
pressures to achieve ow. The macropores of this material allow
the efficient ow of large analytes, which facilitates its interac-
tion with the active sites of the material; additionally, the
mesoporosity allows a good interaction between the analyte and
the functionalized material, since it has a large surface area.

The step 2, corresponding to the functionalization of the
poly(GMA-co-EDMA) monolithic support (Fig. 3), was performed
through an epoxide ring opening reaction between the 2,3-
epoxypropyl group and the 6-maleimidohexanoic acid (Mhx),
generating the poly(GMA-co-EDMA)-Mhx material. The IR
spectrum of the poly(GMA-co-EDMA)-Mhx showed signals
similar to those found for poly(GMA-co-EDMA), Fig. 5: carbonyl
group (1729.57 cm�1), tense C–O stretching (908.39 cm�1) and
C]C stretching (2958.85 cm�1). However, in the IR spectrum of
poly(GMA-co-EDMA)-Mhx, a signal at 1604.48 cm�1 was
observed (Fig. 5B, red arrow), which corresponds to C]O
stretching of the imide group, which was reported as charac-
teristic of the Mhx group,20 suggesting the presence of Mhx
A-co-EDMA) (A) and poly(GMA-co-EDMA)-Mhx (B).

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Elemental analysis of the poly(GMA-co-EDMA) and poly(-
GMA-co-EDMA)-Mhx polymeric material

% w/w

Poly(GMA-co-EDMA) Poly(GMA-co-EDMA)-Mhx

Nitrogen 0.00 0.90
Carbon 61.19 58.79
Hydrogen 7.59 6.90
6-MhxA 0.00 12.54
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moiety in the monolithic material. The poly(GMA-co-EDMA)
and poly(GMA-co-EDMA)-Mhx monolithic materials were also
analyzed using Raman spectroscopy (Fig. 5C and D). In the
poly(GMA-co-EDMA)-Mhx spectrum, a signal at 1606.42 cm�1

was observed, which corresponds to the C]O bond of the imide
group, which is in accordance with the infrared spectrum for
this material. The IR and Raman analyses conrm the presence
of Mhx on the material's surface, indicating that the poly(GMA-
co-EDMA)-Mhx material was successfully obtained.

The composition of the poly(GMA-co-EDMA) and poly(GMA-
co-EDMA)-Mhx monolithic materials was determined using
elemental analysis; the materials had similar carbon and
hydrogen content (% w/w), Table 2. It was observed that only the
poly(GMA-co-EDMA)-Mhx monolithic support contains
nitrogen, due to the presence of the maleimide group. The
nitrogen content percentage was 0.91% w/w, which indicates
that 12.5% w/w of the poly(GMA-co-EDMA) surface was func-
tionalized with theMhx group. Assuming that the poly(GMA-co-
EDMA)-Mhx functionalization process was 100%, the total
nitrogen content should be 20%, so it can be concluded that
63% of the glycidyl groups were functionalized with the Mhx
molecule. This behavior could be related to the glycidyl groups
exposed over the material's surface. According to previous
reports, this functionalization percentage is a favorable result.21

The poly(GMA-co-EDMA)-Mhx monolithic support was
analyzed via SEM (Fig. 4B). As can be seen, the material retains
the same morphological properties as poly(GMA-co-EDMA):
a granular structure with the presence of nuclei, mesopores,
and macropores. In summary, the infrared, Raman and
elemental analyses indicate that 63% of the monolithic surface
of poly(GMA-co-EDMA) was functionalized with Mhx. Addition-
ally, the characterization via SEM shows that the poly(GMA-co-
Fig. 5 Analysis of poly(GMA-co-EDMA) (top) and poly(GMA-co-EDMA)-M
D). The red arrow indicates signals belonging to the maleimide group.

© 2021 The Author(s). Published by the Royal Society of Chemistry
EDMA)-Mhx support exhibits morphological and structural
macropores and mesopores, which facilitates the peptide's
functionalization as well the ux of the solution through the
material, making it useful in chromatography.

The Michael addition reaction between the thiol group
(cysteine) and the maleimido group (click chemistry) is
frequently used to label proteins;22 however, this reaction has
been little used to functionalize porous polymeric materials.23

Therefore, it was decided to rst study the reaction in solution,
in order to determine the optimal experimental conditions for
the reaction over the monolith's surface. The reaction between
peptide 2 and 6-maleimidohexanoic acid (6-MhxA) (1 : 1 eq.) was
performed in methanol at RT and was monitored via RP-HPLC
(Fig. 6). Aer 1 minute of reaction time in the chromatographic
prole (Fig. 6A), signals corresponding to peptide 2 (tR ¼ 3.2
min) and 6-MhxA reagent (tR ¼ 4.3 min) were observed. Aer 24
hours of reaction, no peptide was observed, and therefore the
Michael reaction was complete (Fig. 6B). Two new signals were
observed at 4.0 and 4.1 min, which correspond to addition
reaction products. These results indicate that the Michael
addition reaction between peptide 2 and the 6-MhxA reagent: (i)
hx (bottom) materials by means of FT-IR (A and B) and RAMAN (C and

RSC Adv., 2021, 11, 4247–4255 | 4251
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Fig. 6 Monitoring via RP-HPLC of the reaction in solution between
peptide 2 (C-Ahx-SPINNTKPHEAR) and the 6-maleimidohexanoic acid
(6-MhxA). Reaction time: 1 min (A) and 24 hours (B).

Fig. 7 IR spectrum of poly(GMA-co-EDMA)-Mhx-C-Ahx-
SPINNTKPHEAR.

Fig. 8 Antigen–antibody interaction assays of functionalized mono-
lithic material. (A) Post-IV serum incubated in the absence of
a monolith; (B) post-IV serum incubated with poly(GMA-co-EDMA);
poly(GMA-co-EDMA)-Mhx-C-Ahx-SPINNTKPHEAR incubated with
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is quantitative, (ii) requires 24 h reaction time to be complete,
and (iii) two products were formed, possibly attributable to the
tautomerism between the amino group and the thiol group of
cysteine, which does not interfere with the antigen–antibody
interaction, since it does not compromise the peptide epitope.24

It was also performed the reaction between the 6-MhxA and
peptide 10, which contains a cysteine residue at C-terminal end.
This reaction presented the same behavior that reaction
described for peptide 2 (Fig. 6). Specically, the reaction chro-
matographic prole showed two products between 4.0–4.1
minutes. This result indicated that Michael addition occurred
with cysteine residue at N or C-terminal with no differences.

The Michael reaction between poly(GMA-co-EDMA)-Mhx and
peptide 2 to obtain the functionalizedmaterial poly(GMA-co-EDMA)-
Mhx-C-Ahx-SPINNTKPHEAR was carried out in methanol at RT for
24 h. Then the material was thoroughly washed and dried with
a vacuum gun to constant weight. The monolithic material func-
tionalized with peptide 2 was analyzed via IR spectroscopy (Fig. 7).

The IR spectrum (Fig. 7) showed a broad signal around
3500 cm�1, which can be attributed to NH stretches of the
amide group corresponding to a peptide bond and/or OH
stretching groups of side chains of threonine and serine resi-
dues. Furthermore, the IR spectrum showed a signal at
1606.10 cm�1, which corresponds to C]O stretching of the imide
group, which was also observed in the poly(GMA-co-EDMA) IR
spectrum. This signal is characteristic of themaleimide group.25The
IR spectra of the functionalized monolith suggest the presence of
peptide 2 attached to the material. In order to corroborate this
result, the interaction between poly(GMA-co-EDMA)-Mhx-C-Ahx-
SPINNTKPHEAR material and polyclonal anti-SPINNTKPHEAR
antibodies (1–12) was determined via ELISA assays, since this
technique has high sensitivity and specicity.

The monolithic material was placed in an Eppendorf tube,
and the ELISA assay was carried out using post-IV serum in
4252 | RSC Adv., 2021, 11, 4247–4255
accordance with the Material and methods section (Fig. 8D).
Three controls were used: (i) the empty Eppendorf tube, in order
to determine if there are nonspecic interactions of the anti-
bodies with the tube material (polypropylene) (Fig. 8A). (ii)
Poly(GMA-co-EDMA) monolith, in order to establish the non-
specic interaction of the polyclonal antibodies with the
monolithic material without functionalizing (Fig. 8C), and (iii)
poly(GMA-co-EDMA)-Mhx-C-Ahx-SPINNTKPHEAR monolith
treated with pre-immune serum to determine nonspecic
interactions (Fig. 8D). The procedure was similar to that used in
the ELISA assays, and the Eppendorf tubes containing the
solution were centrifuged in order to eliminate the washing
solution and the excess of the primary and secondary anti-
bodies. For poly(GMA-co-EDMA)-Mhx-C-Ahx-SPINNTKPHEAR
incubated with the post-IV serum (D), a blue coloration in the
solution and the monolithic material was observed, and the
absorbance measured was 0.4, while for the controls (A, B, and
C) the absorbance values were lower than 0.10. The anti-
SPINNTKPHEAR polyclonal antibodies present in the post-IV
serum recognized the sequence attached on the surface of the
monolithic support, clearly indicating the presence of peptide 2
in the material. The antibodies were not captured by the
Eppendorf material nor the non-funtionalizated monolithic
preimmune serum, PI (C) or post-IV serum (D).

© 2021 The Author(s). Published by the Royal Society of Chemistry
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support poly(GMA-co-EDMA) monolith, indicating that the
antibody interaction was specic to the SPINNTKPHEAR
sequence. On the other hand, poly(GMA-co-EDMA)-Mhx-C-Ahx-
SPINNTKPHEAR incubated with the preimmune sera showed
that it has a pale blue coloration that is very faint compared to
the monolith incubated with the post-IV serum. Our results
suggest that the polyclonal antibodies can be attached speci-
cally to themonolithic support poly(GMA-co-EDMA)-Mhx-C-Ahx-
SPINNTKPHEAR, allowing their separation from other proteins
and/or molecules that are contained in the sera.

We envisage that the methodology presented here could be
used to functionalize materials with linear, dimeric, tetrameric,
cyclic or dendrimeric peptides which have at least one thiol group in
their sequence, making this approach versatile and useful to get
materials for immunoaffinity columns. Regarding proteins, we
consider that this possibility could also be explored; however, the
number of cysteines present in the protein could limit the specicity
of the material functionalization.

Our results showed that it was possible to obtain a monolithic
material functionalized with an HPV derived peptide. Besides,
polyclonal antibodies of rabbit antisera recognized thismaterial.We
envision that this methodology could be applied to attach derived
peptides from immunogenic regions from HPV-L1 and HPV-L2
proteins (16 and/or 18 serotypes) and, later on, to establish if HPV
infected patients sera could recognize the functionalized material.
In this research, great importance is given to the synthesis and
chemical characterization, since we consider that presented design
is innovative, it is a graing type that had not been done before and
it, unlike other graing techniques, allowed attach the peptide in
a specic way.33 The peptide attached was chemically join by its end
facilitating the interaction antibody–antigen recognizing.
Material and methods

The resin Rink amide and the reagents Fmoc-Ser(tBu)-OH, Fmoc-
Pro-OH, Fmoc-Ile-OH, Fmoc-Asn(Trt)-OH, Fmoc-Thr(tBu)-OH,
Fmoc-Lys(Boc)-OH, Fmoc-His(Trt)-OH, Fmoc-Glu(OtBu)-OH,
Fmoc-Ala-OH, Fmoc-Arg(Pbf)-OH, Fmoc-Cys(Trt)-OH, Fmoc-6-
aminohexanoic acid (Fmoc-Ahx-OH), dicyclohexylcarbodiimide, and
1-hydroxy-6-chlorobenzotriazole were purchased from AAPPTec
(Louisville, KY, USA). The reagents acetonitrile, triuoroacetic acid,
dichloromethane, diisopropylethylamine, N,N-dimethylformamide,
ethanedithiol, isopropanol, methanol, and triisopropylsilane were
purchased from Merck (Darmstadt, Germany). SPE columns
Supelclean™, 6-maleimidohexanoic acid (6-MhxA), tetrabutylammo-
nium chloride, glycidyl methacrylate (GMA), ethylene dimethacrylate
(EDMA), cyclohexanol, dodecanol, 1,10-azobis(cyclohexanecarboni-
trile), silica gel, Tween 20, and 3,30,5,50-tetramethylbenzidine (Liquid
Substrate System for ELISA) were purchased from Sigma-Aldrich (St.
Louis, MO, USA). Potassium diacid phosphate, sodium acid phos-
phate, sodium chloride, and potassium chloride were purchased
from AppliChem Panreac (Barcelona, Spain).
Peptide synthesis

To obtain the designed molecules, the solid-phase peptide
synthesismethod was used, specically via the Fmoc/tBu strategy,26
© 2021 The Author(s). Published by the Royal Society of Chemistry
according to the protocol established in our group (Table 1).27,28 For
this, Rink amide resin (0.46 meq. g�1), which allows obtaining
peptides with the amide group at the C-terminal end, was subjected
to a swelling process by treatment with N,N-dimethylformamide
(DMF) and dichloromethane (DCM). The Fmoc-amino acids were
attached to the solid support or the growing peptide-resin
sequentially until the sequence was complete. The peptide
synthesis involved sequential reactions, as follows: (step 1) Fmoc
group removal, (step 2) Fmoc-amino acid coupling reaction. Step 1
was carried out by treating the resin or the peptide-resin with 20%
v/v 4-methylpiperidine in DMF for 10 min at RT, twice. Step 2
consisted of a peptide bond formation reaction (coupling) between
the free amino group in the resin or peptide resin and the
carboxylic group from the Fmoc amino acid to be incorporated. The
Fmoc-amino acid was previously activated by treatment with DCC/
6-Cl-HOBt in DMF for 15 min at RT, and then the reaction mixture
was added to the resin or peptide-resin and the reaction mixture
was gently stirred for 2 h at RT. The reactions weremonitored using
the Kaiser test in accordance with the method reported by Kaiser
et al.29 When the sequence was complete, the removal of the amino
acid side chains protecting groups and the peptide separation from
the resin (cleavage) was carried out. This reaction was performed by
treating the dry peptide-resin with a cocktail containing TFA/TIS/
water (95/2.5/2.5% v/v) for 3 h at RT. Then the reaction mixture
was ltered and the solution was treated with cool ethyl ether and
stored at 4 �C for 20 min in order to allow the formation of the
precipitate. All the peptides were puried via RP-SPE and charac-
terized via RP-HPLC and MALDI-TOF MS, as will be described
below. The polymerization of the precursor peptide CGSPINNTK-
PHEARGC was carried out by dissolving the peptide in DMSO 10%
(v/v) in water (15 mgmL�1), and solid ammonium bicarbonate was
added until the pH was 8.0. Then the reaction mixture was gently
stirred for 24 h until the peptide oxidation was complete, as
determined by Ellman's test.16
Analytical methods

Reverse-phase HPLC. The peptides (1 mg mL�1, 10 mL) were
analyzed on an Agilent 1200 liquid chromatograph (Omaha,
Nebraska, USA) with a UV-Vis detector (210 nm). A Merck
Chromolith® C18 (50 � 4.6 mm) column was used, and a linear
gradient was applied from 5% v/v to 50% v/v solvent B (0.05%
TFA in ACN) in solvent A (0.05% v/v TFA in water), with
a gradient time of 8 min at a ow rate of 2.0 mL min�1 at RT.

Peptide purication. The molecules were puried using
solid-phase extraction (SPE) columns (Supelclean™, 2 g, 45 mm,
60 Å). The SPE columns were activated and equilibrated prior to
use. 40mg of crude peptide was dissolved in 0.5 mL of solvent A,
and the solution was loaded onto the column. The peptide was
then eluted with solutions with an increasing percentage of
solvent B.30 The collected fractions were analyzed using RP-
HPLC (as described above). The fractions that contained the
pure product were mixed and lyophilized.

MALDI-TOF MS. This analysis was performed on a Microex
TOF mass spectrometer (Bruker Daltonics, Bremen, Germany)
in linear mode. 2 mL of peptide solution (1 mg mL�1) was mixed
with 18 mL of matrix solution (10 mg mL�1), and then the
RSC Adv., 2021, 11, 4247–4255 | 4253
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mixture (1 mL) was seeded on a polished steel target (Bruker
Daltonics) and dried. a-Cyano-4-hydroxycinnamic acid was used
as a matrix, with a laser of 500 shots and 25–30% power.

Synthesis of the copolymer poly(GMA-co-EDMA)

The preparation of the copolymer was performed following the
protocol reported by ref. 17, 25 and 31. Briey, rst the mono-
mer inhibitor (hydroquinone monomethyl ether, MEHQ) was
removed from monomers glycidyl methacrylate (GMA) and
ethylene glycol dimethacrylate (EDMA), using a silica gel
column (0.5 g mL�1 of monomer). Then a mixture of 18% GMA,
12% EDMA, 58.8% cyclohexanol, and 11.2% dodecanol (% w/w)
was prepared. Aerward, the initiator 1,1-azobis(cyclohex-
anecarbonitrile) (ABCN) was added in a proportion of 1% with
respect to the GMA. The nal mixture was purged with nitrogen
for 5 minutes and then incubated at 57 �C for 24 h. Next, the
polymer was thoroughly washed with methanol and dried in
a vacuum trap. The copolymer was characterized via IR (ATR),
elemental analysis, and SEM.

Poly(GMA-co-EDMA) surface modication

Copolymer surface functionalization with maleimide group.
Copolymer 2,3-epoxypropyl groups were functionalized using
the procedure reported by M. H. Nasirtabrizi et al.,32 with some
modications. Briey, 1.68 mmol of 6-maleimidohexanoic acid
(Mhx) was mixed with tetrabutylammonium chloride (1.68
mmol) in DMF, and this mixture was shaken at RT for 30 min.
This solution was then slowly added to the poly(GMA-co-EDMA)
monolith material (containing 0.33 mmol of GMA). The reac-
tion mixture was le under N2 atmosphere and stirred for 24 h
at RT. Aer this, the supernatant was removed and the solid was
thoroughly washed with DMF and ethanol. Finally, the solid
product, poly(GMA-co-EDMA)-Mhx, was dried with an air gun to
constant weight. The modied copolymer was characterized via
IR (ATR), elemental analysis, and SEM.

Incorporation of a L1-HPV derived peptide to the copolymer.
Peptide 2: C-Ahx-SPINNTKPHEAR (0.0060 mmol; 10 mg mL�1)
was dissolved in methanol, and then poly(GMA-co-EDMA)-Mhx
(5 mg: 0.0030 mmol of Mhx) was added. The reaction mixture
was stirred for 24 h, obtaining poly(GMA-co-EDMA)-Mhx-C-Ahx-
SPINNTKPHEAR material. Then the reaction mixture was
centrifuged at 15 000 rpm for 5 min. Finally, the supernatant
was discarded, and the precipitate was exhaustively washed
with methanol and ethyl ether and stored at RT in a desiccator.

Obtaining polyclonal antibodies anti-L1 HPV (1–12). The
polyclonal antibodies were obtained following the protocol
described below.16 250 mL of a solution of the polymeric peptide
(CGSPINNTKPHEARGC)n (2 mgmL�1) was mixed with 250 mL of
Freund's complete adjuvant (rst immunization, day 1) and
with incomplete Freund's adjuvant for the second, third, and
fourth immunization. New Zealand rabbits were immunized
intraperitoneally in the inguinal area, with 150 mL of the
emulsied mixture, on days 1, 20, 40, and 60. Bleeding was
performed on days 0 (preimmune), 39 (post II) and 59 (post III),
and 79 (post IV). The sera were obtained by plasma centrifu-
gation (5 min) at 2000 rpm and stored at �20 �C.
4254 | RSC Adv., 2021, 11, 4247–4255
ELISA assay. The peptide (10 mg mL�1) was dissolved in PBS
and ltered through a hydrophilic PTFE membrane (0.45 mm).
100 mL of this solution was added to each well of a 96-well multi-
well box (F16 Maxisorp loose nunc-immuno module, Thermo
Scientic), and was capped and incubated at 37 �C for 1 h. Then
the multi-well box was stored at 4 �C overnight. The solution
was then discarded and the wells were washed three times with
washing solution (0.5% Tween 20 in PBS, v/v) and three times
with distilled water. The box was dried, and in each well 200 mL
of blocking solution (0.5 g of de-lactated and skimmed milk
prepared in 10 mL of washing solution) were added. The incu-
bation, washing, and drying processes were repeated as
described above. Then the primary antibody solution (post IV
serum diluted in blocking solution, 1 : 100 v/v), was added, and
the box was incubated at 37 �C for 2 h, washed, and dried.
Subsequently, 100 mL of secondary antibody solution (anti-
rabbit IgG-Sigma A0545 coupled to peroxidase, 1 : 5000, v/v, in
blocking solution) was added, and the incubation, washing, and
drying process was repeated. Finally, 100 mL of development
solution (TMB and hydrogen peroxide (H2O2) at 30%, 1 : 1 v/v)
was added to each well and le to stand in the dark for 5
minutes. The absorbance of each well was read at 620 nm.

Immunoaffinity interaction between poly(GMA-co-EDMA)-
Mhx-C-Ahx-SPINNTKPHEAR and polyclonal antibodies anti-
SPINNTKPHEAR. Poly(GMA-co-EDMA)-Mhx-C-Ahx-
SPINNTKPHEAR material (5 mg mL�1) was treated with 200
mL of blocking solution and incubated at 37 �C for 1 h. Then the
reaction mixture was centrifuged at 15 000 rpm for 5 min and
the supernatant was discarded. The resulting solid was washed
5 times with 1 mL of washing solution and 5 times with 1 mL of
distilled water. Subsequently, 100 mL of the primary antibody
solution (serum post IV, 1 : 100 v/v) was added and incubated at
37 �C for 1 h. Aer incubation, it was centrifuged at 15 000 rpm
for 5 min, the supernatant was discarded, and the washings
were performed in the same manner as described above. Next,
100 mL of secondary antibody (1 : 5000 v/v) was added, and the
incubation and washing processes were repeated as described.
Finally, 500 mL of developing solution was added, stirred for 20
seconds, and centrifuged at 15 000 rpm for 5 minutes. As
a control, the following was used: poly(GMA-co-EDMA)-Mhx-C-
Ahx-SPINNTKPHEAR with pre-immune serum and the Eppen-
dorf treated with post IV serum.

Conclusions

A copolymer of GMA and EDMA, poly(GMA-co-EDMA), was
produced and characterized via scanning electron microscopy
(SEM) and RAMAN and ATR-FTIR spectroscopy. The copolymer
was treated with 6-maleimidohexanoic acid, and the ATR-FTIR
and Raman spectroscopy results showed that the maleimide
group was successfully introduced through an ester bond,
generating poly(GMA-co-EDMA)-Mhx monolithic material. The
elemental analysis indicated that this functionalization had
a yield of 63%. Then, via Michael addition (thiol–maleimide)
click chemistry over the monolithic surface of poly(GMA-co-
EDMA)-Mhx, a peptide derived from L1-HPV protein was
attached. It was determined that the resulting monolithic
© 2021 The Author(s). Published by the Royal Society of Chemistry
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support, poly(GMA-co-EDMA)-Mhx-C-Ahx-SPINNTKPHEAR,
allows selectively isolating polyclonal anti-SPINNTKPHEAR
antibodies, since they were retained on the chemical surface
of the material by an immunoaffinity interaction.

The material obtained in this research is interesting since it
could be subsequently studied in human sera from people
infected with HPV, as a contribution to an alternative strategy
for the early diagnosis of this disease. Additionally, this new
graing method is a model that could be extrapolated to other
peptides of biological interest, incorporating an Ahx and
a cysteine in the N or C terminal position. Our results suggest
that the material functionalized through of this methodology
could be used for the separation and concentration of anti-
bodies from sera of people infected with HPV contributing in
the development of HPV detection methods. Additionally, this
graing method could be extrapolated using other antigenic or
immunogenic peptides of other pathogens.
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