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A B S T R A C T

Nucleic acids (NAs) identification is key for diagnosis, but also are contaminants in processes where the highest 
quality of water is required. In both cases, NAs must be removed from the medium containing them. Magnetic 
nanoparticles (MNPs) are applied in diagnosis and purification due to the ease of withdrawal by applying an 
external magnetic field. The covering of MNPs with adequate ligands improves their activity and selectivity. 
Herein, we report the modification of MNPs with multivalent dendritic carbosilane (CBS) systems, dendrimers 
and dendrons of different generation, containing a variety of functionalities (carboxylate, ammonium and 
guanidinium). The effects of dendritic topology, generation, and functional groups on the interaction between 
the MNPs and NAs were investigated. The results highlight the importance of selecting a combination of these 
factors to enhance the interaction between the MNPs and the NAs, according to the application. Also, compe
tition tests with a protein, such as bovine serum albumin (BSA), have been carried out to determine the selec
tivity of the MNPs towards NAs. Finally, an assay in clinical samples to evaluate infection by COVID were done. 
These findings provide valuable insights for designing MNPs for efficient NAs capture and release with potential 
applications in diagnosis, NAs delivery or water purification.

Introduction

Nucleic acids (NAs) contain the essential information, such as the 
genomic information, of any microorganism or cell. This information is 
unique to each of them, and the identification of a specific NA allows the 
identification of any organism. In particular, the detection of a variety of 
infectious diseases caused by pathogenic microorganisms has been 
achieved through the identification of their unique NAs, as was recently 
demonstrated during the COVID-19 pandemic [1]. Usually, NAs are 
extracted from complex biological mixtures, containing small amounts 
of them, and after treatment, the NAs are replicated using PCR for 

identification. Hence, it is primordial to use extractive systems with the 
highest selectivity for NAs, although these systems must also be able to 
release the NAs for PCR identification without degradation [2]. A 
drawback of these systems is the reusability, but the precautions 
required with the clinical samples make this issue far from reaching.

Mutations during gene replication or damage to chromosomes due to 
environmental factors can be responsible for genetic disorders that lead 
to human health problems. Gene therapy, which involves introducing a 
functional gene copy, is a solution to these diseases [3,4]. The stabili
zation of this NA is very important for gene therapy, which implies the 
carrying of NAs to target cells, where NAs modulates gene expression. 
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For this, NAs have to be linked to carriers during their route to avoid 
degradation by RNAase or DNAase enzymes. As part of this mission, 
carriers must also avoid the displacement of NAs from the carrier/NA 
complexes by surrounding proteins [5–8]. Although the stability of these 
complexes is very important, the interaction must be broken once the 
target is reached, and thus, fine tuning to achieve this goal is mandatory.

On the other hand, residual NAs are related with inflammation 
processes. Cell-free DNA in blood, exogenous, for example from residual 
bacterial DNA [9,10] or endogenous, from mitochondria or cell nuclei 
[11], can act as etiopathogenic agents, causing chronic inflammation in 
patients with chronic kidney disease (CKD). And as consequence, the 
risk of developing cardiovascular diseases is high [10]. Traces of DNA 
cannot be removed from dialysis water and these patients use large 
amounts of water, 300–800 L/week depending on their prescription 
[12]. For this reason, improving the elimination of this residual bacterial 
DNA will bring important health benefits to these patients. Among other 
requirements, these systems have to be robust enough to avoid their 
incorporation to the water current, therefore modifications on them 
must be done through strong interactions. However, recyclability can be 
here considered as a positive achievement to reduce costs of the process.

For all the applications mentioned above, nanomaterials are very 
appealing, since their high surface/volume relationship favours in
teractions with target molecules such as NAs [7]. Magnetic nano
particles (MNPs) are among the most relevant nanosystems. Together 
with previous properties, their magnetism clearly upgrades the manip
ulation of the mixture, since the simple application of an external 
magnetic field allows the separation of the MNPs from complex mixtures 
[13 14]. The design of the MNPs must consider the residue/compound to 
be extracted and the manipulation conditions, avoiding degradation of 
the MNPs itself. Moreover, recyclability has become a priority. Bare 
MNPs are common for water purification of metals and other elements, 
being even included in continuous-flow system where the MNPs were 
retained with permanent magnets in the tube walls[15]. For this type of 
system, a controlled change of pH can regenerate the starting material.

However, grafting onto the MNPs surfaces of systems with prefer
ential affinity toward the targets enhances the performance of these 
nanomaterials [16,17]. In this direction, multivalent ligands such as 
polymers or dendrimers are the most suitable, since they have an 
increased affinity when appropriately modified toward NAs than 
monovalent ligands [18]. These polymers can impart other properties to 
the new systems, such temperature and pH sensitivity [19], controlling 
also the aggregation and dispersion of MNPs [16].

Dendritic systems are macromolecules mainly of spherical shape 
(dendrimers) or conical shape (dendrons) with their surfaces covered 
with the active groups. They are obtained through controlled step by 
step synthesis leading to well-defined sizes and shapes, which allows for 
better establishment of structure/activity relationships. These charac
teristics make them very attractive for biomedical applications [20]. 
Particularly, the interaction of NAs with dendritic systems (dendrimers 
and dendrons) have been deeply explored [21–23].

Carbosilane (CBS) dendrimers and dendrons contain a framework 
made of C–C and C-Si bonds, which provides high stability and hydro
phobicity [24]. Previously, we have published that grafting cationic CBS 
dendrimers to MNPs was effective at removing bacteria from water 
dispersions [25] or to extract proteins from cheese whey [26], while 
grafting carboxylate CBS dendrimers was effective for reducing HIV 
infection by interacting with the HIV-1 virus [27]. These findings indi
cated that MNPs supporting CBS dendritic systems were able to interact 
with microorganisms, due to the presence of the dendritic systems, and 
that the magnetic core allowed the separation from the media. Since 
dendritic systems are known to interact with biomacromolecules such as 
proteins and nucleic acids [24], we decided to study whether MNPs 
covered with CBS dendritic systems can behave as nucleic acid trapping 
agents. Additionally, the nanosize of the MNPs is in the order of the size 
of nucleic acids, a fact that will help to establish better interactions 
between both systems.

For this, we have modified MNPs (Fe3O4) with a library of CBS 
dendritic systems and explored their interactions with NAs. The effects 
of topology (dendrimer or dendron) and number (generation Gn) and 
type of active groups (anionic carboxylate, neutral amine –NMe2 and 
–NH2, and cationic guanidinium (GUA) and ammonium − NMe3

+) have 
been evaluated. These modifications should give information about the 
best combinations, generation, type of groups, or possible modifications, 
to accomplish with the higher standards for the applications here 
studied. In addition, studies on NAs release and replication have been 
performed, to evaluate the applicability of these systems for diagnosis, 
including final assays with swab samples from COVID patients.

Finally, other point of interest is that the surface of the MNPs here 
employed, Fe3O4, contains hydroxyl groups, which modification is 
analogous to other metal oxides materials (ceramics) or cellulose, very 
common in membranes of filtration/purification systems [28,29]. Also, 
metal oxides are widely used in various biomedical applications, being 
grafted to different polymeric materials through these hydroxyl groups 
[30]. Hence, we can expect that the results here obtained regarding 
modification/activity of these MNPs with CBS dendrimers are a proof of 
concept for implementation of related materials within the application 
fields here described.

Results and discussion

As commented above, in this work, we have compared the behaviour 
of different dendritic systems attached to iron oxide (Fe3O4) MNPs. We 
have previously described MNPs covered with cationic (–NMe3

+) G2 and 
G3 dendrons (MNP@D2(NMe3

þ)4 and MNP@D3(NMe3
þ)8) and G1 

dendrimers (MNP@G1(NMe3
þ)7) (Fig. S1, [25]). To complete the family 

of MNPs necessary for the assays proposed here, we need to graft a li
brary of G2 CBS dendrimers (with the double of groups than G1 den
drimers) to the MNPs, as the dendrimers modified with − NMe3

+ groups, 
but also with neutral amine –NMe2 and –NH2, cationic guanidinium 
(GUA+) and anionic carboxylate (CO2

–) functions (Fig. S2). All these 
systems were built with the same approach, by silanization reactions 
between heterofunctionalized CBS dendrimers containing one trie
thoxysilyl moiety and the hydroxyl groups on the MNPs surface. Hence, 
it is necessary to prepare these heterofunctional dendrimers with one 
silyl moiety and the desired peripheral functions or their precursors. 
These functions are carboxylic acids (–CO2H), and amines –NMe2 and 
–NH2, which were precursors of carboxylate CO2

–, ammonium –NMe3
+

and guanidinium –NHC(NH2)NH2
+ (GUA+) functions, respectively.

Synthesis of heterofunctional CBS dendrimers

The triethoxysilyl moiety was introduced into the dendrimer by a 
reaction between a primary amine group –NH2 of the dendrimer and 
(EtO)3Si(CH2)3NCO, in which the isocyanate fragment reacted selec
tively with the primary amine group. This primary amine and the second 
functional groups in the heterofunctional dendrimers were linked using 
thiol-ene additions, starting from the CBS vinyl dendrimer G2V16. These 
two reactions are known by their selectivity, do not generate by- 
products and the yields are almost quantitative, which made them 
very useful for dendrimer synthesis. Although the target dendrimers are 
structurally similar, differing only in the functional groups, the order of 
introduction of the fragments depended on these groups to avoid side 
reactions between them and the triethoxysilyl moiety (see experimental 
part for full description and Scheme 1).

The formation of dendrimer G2V15(Si(OEt)3) was used as a model to 
confirm the presence of the linker unit by 1H NMR spectroscopy 
(Figs. S3-S6). The resonances of this branch are not hidden by the rest of 
resonances in this dendrimer, situation that occurs when the other vinyl 
functions are modified by the addition of the other thiols to complete the 
dendrimer functionalization. The addition of 2-aminoethanethiol to 
introduce the grafting unit formed a new chain, SiCH2CH2S, which 
corresponds with signals around 0.90 and 2.50 ppm (Fig. S3). 
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Additionally, resonances for the chain SCH2CH2N were also observed at 
3.12 (SCH2) and 3.25 ppm (CH2NHCO). The second methylene bonded 
to the urea group appears at 3.35 ppm. The total modification of the 
dendrimer periphery implied the disappearance of the vinyl resonances 
(around 5.70 and 6.10 ppm) and the appearance of the resonances of the 
new functions attached to the dendrimers (triethoxysilyl, amine − NMe2) 
and of the new chains introduced (SCH2CH2CO2H (Fig. S4) and 
SCH2CH2N (Fig. S5 and S6)), for which the chemical shifts are similar to 
those described above (see experimental and supporting information). 
These results are in agreement with related CBS dendrons and den
drimers described for us previously to modify MNPs or silica surfaces 
[25,27,31].

Synthesis of dendritic MNPs

The Fe3O4 core of the MNPs was obtained by the described co- 
precipitation method [27]. These pristine MNPs obtained in this way 
(MNP-0) were also used in all the assays for comparison with the 
modified MNPs. As discussed above, the newly modified MNPs, 
MNP@G2(CO2H)15, MNP@G2(NMe2)15, and MNP@G2(NH2)15, were 
produced by the reaction between MNP-0 and excess of the dendrimers 
modified with the triethoxysilyl units (Scheme 2).

These MNPs were precursors of the corresponding anionic carbox
ylate MNPs MNP@G2(CO2

–)15, after basification of MNP@G2(CO2H)15 
with NaHCO3, cationic ammonium MNP@G2(NMe3

þ)15, after MeI 
addition to MNP@G2(NMe2)15, and cationic guanidium 
MNP@G2(GUAþ)15, after guanidium exchange between 1H-pyrazole-1- 

Scheme 1. Synthesis of triethoxysilane dendrimers. i) HS(CH2)2NH3Cl, DMPA, hv. NaHCO3; ii) (EtO)3Si(CH2)3NCO; iii) HS(CH2)2NH3Cl, HS(CH2)2NMe2HCl, DMPA, 
hv. NaHCO3; iv) (EtO)3Si(CH2)3NCO; v) HS(CH2)2NH3Cl, DMPA, hv. Et3N; vi) (EtO)3Si(CH2)3NCO; vii) HS(CH2)2CO2H, DMPA, hv.
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carboxamidine hydrochloride and MNP@G2(NH2)15, respectively 
(Scheme 2). All these MNPs were characterized by transmission electron 
microscopy (TEM), thermal gravimetric analysis (TGA), zeta potential 

(ZP) and infrared spectroscopy (FTIR) (data in Table 1).
a) Molar ratio (Fe3O4/L) obtained by TGA; b) Diameter (nm) obtained 

by TEM (Figs. S7-S11); c) Number of dendrimers per MNP; d) Number of 

Scheme 2. Surface functionalization of MNPs. i) G2Si(NH2)15(Si(OEt)3); ii) 1H-pyrazole-1-carboxamidine hydrochloride; iii) G2Si(NMe2)15(Si(OEt)3); iv) MeI; v) 
G2Si(CO2H)15(Si(OEt)3); vi) NaHCO3.

Table 1 
Data of characterization of MNPs.

Fe3O4/La Db N Lc Nfunc
d δ(L)e δFunc

f ZPg

MNP-0 − 13.1 − − − − –23
MNP@D2(NMe3

þ)4 42:1 11.9 224 896 0.59 2.36 +29
MNP@D3(NMe3

þ)8 34:1 11.8 274 2190 0.72 5.76 +30
MNP@G1(NMe3

þ)7 149:1 12.3 83 579 0.18 1.27 +26
MNP@G2(NMe2)15 153:1 11.8 76 1140 0.17 2.61 −

MNP@G2(NH2)15 141:1 12.0 87 1305 0.19 2.86 −

MNP@G2(CO2
–)15 161:1 12.3 82 1230 0.17 2.59 − 37

MNP@G2(NMe3
þ)15 155:1 12.1 80 1200 0.17 2.61 +25

MNP@G2(GUAþ)15 152:1 11.4 69 1035 0.17 2.54 +42
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functions per MNP e) Density of dendrimers (L) per nm2 on the MNP surface; 
f) Density of functions per nm2 (Fun/nm2) on the MNP surface; g) Zeta 
potential (mV).

The diameter of all the MNPs was ca. 12 nm, similar to the starting 
MNP-0, as can be expected since TEM analysis only shows the Fe3O4 
core, meaning this observation that the core does not undergo trans
formation during the reactions of grafting dendrimers and their modi
fications (Figs. S7-S11).

The FTIR spectroscopy (Fig. 1) showed the FeO stretching vibration 
of the magnetite cores, by mean of strong bands at ca. 580 cm− 1. The 
grafting of the CBS dendrimers led to the appearance of bands at about 
2900 cm− 1, which corresponds with C–H stretching vibrations. For 
MNP@G2(CO2

–)15, the bands about 1580 cm− 1 and 1450 cm− 1 confirm 
the presence of the carboxylate functions, belonging these bands to the 
asymmetric and symmetric stretching of this function, respectively. In 
MNP@G2(GUAþ)15, a broad band centred in 1650 cm− 1 includes C-N 
vibrations for the symmetric and antisymmetric stretching and defor
mation vibrations, and bending vibrations of NH bonds.

TGA analyses revealed that all the MNPs incorporated a similar 
number of G2 dendrimers after the silanization reaction and hence, they 
contained similar amounts of functional groups, and more importantly, 
a similar surface density of functional groups. The number of dendrimers 
on the MNPs surface was close to that reported previously for MNPs 
covered with smaller G1 cationic dendrimers, MNP@G1(NMe3

þ)7 [25], 
although due to the lesser number of functions in this example, the 
surface density of groups is ca. the half for MNP@G1(NMe3

þ)7.
A remarkable situation was observed when the MNPs covered with 

G2 dendrimers were compared with MNPs covered with G3 dendrons 
MNP@D3(NMe3

þ)8 [25], with fifteen functions per dendrimer vs. eight 
functions per dendron respectively. In this case, the surface of 
MNP@D3(NMe3

þ)8 were clearly more crowded than that of the MNPs 
modified with G2 dendrimers. This important difference can be attrib
uted to the differences in the length of the anchoring chain. The longer 
anchoring chain at the focal point of the dendron in MNP@D3(NMe3

þ)8 
would allow for a better dendron accommodation on the surface of the 
MNPs than the shorter anchoring branch of the heterofunctionalized 
dendrimers in MNP@G2(NMe3

þ)15. A similar situation was observed for 
the MNPs modified with G2 dendrons, MNP@D2(NMe3

þ)4, which also 

showed higher density of ligands on the MNPs surface, although in this 
case the number of functions was close to those in the MNPs modified 
with dendrimers MNP@G2(X)15, (X = CO2H, NH2, NMe2) owing to the 
higher number of functions in the G2 dendrimers.

The neutral MNPs MNP@G2(X)15 were poorly dispersed in water, 
and their Z potential values could not be obtained. However, after the 
corresponding modification that led to charged MNPs, they dispersed 
properly, and the Z potential could be measured. The type of value 
(positive or negative) was in accordance with the type of functional 
group, highlighting the clearly more positive Z potential of the guani
dinium system MNP@G2(GUAþ)15 than that of the ammonium 
MNP@G2(NMe3

þ)15. For the MNPs covered with cationic − NMe3
+

functions, there were not a correlation between the density of functions 
and the Z potential, being all the values similar among them.

DNA capture with MNPs

To evaluate the capture capacity of the different MNPs, an explor
atory quantitative assay was performed, using salmon DNA (ca. 2000 
base pairs, 50 ppm) and MNPs (500 ppm), measuring the absorbance of 
the DNA solution before and after treatment with the MNPs (Fig. 2, 
Table 2). Firstly, we used this test with the family of MNPs modified with 
cationic − NMe3

+ dendritic systems, which gave us hints about the in
fluence of topology (dendron vs. dendrimer) and generation (number of 
functional groups) on the interaction of the MNPs with DNA (Table 1, 
entries 1–4).

The results highlighted that the size of the dendritic systems covering 
MNPs plays the main role, since MNP@D3(NMe3

þ)8 (entry 2) and 
MNP@G2(NMe3

þ)15 (entry 4) were the MNPs with higher affinity to
ward DNA, but the second was covered with half of the functions than 
the first. This assessment was also supported by the behaviour observed 
for MNP@D2(NMe3

þ)4 and MNP@G1(NMe3
þ)7. MNP@D2(NMe3

þ)4 
contains ca. 50 % more functions than MNP@G1(NMe3

þ)7, but 
MNP@D2(NMe3

þ)4 was inactive (entry 1), whereas MNP@G1(NMe3
þ)7 

showed some activity (entry 3). That is, dendrimers spread out of the 
active moieties from the NPs surface, due to their bigger size, favouring 
the interaction with DNA. Other authors have demonstrated that 
increasing the number of amine groups on MNPs favours interaction 

Fig. 1. FTIR spectra of MNPs.
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with NAs, and selectivity between DNA and RNA can be modulated 
depending on amine density [32].

Based on these results, the next step was the comparison of the MNPs 
covered with G2 dendrimers modified with different functions (anionic 
carboxylate CO2

–, neutral amine –NMe2 and –NH2, and cationic –NMe3
+

and guanidinium –NHC(NH2)NH2
+ (GUA+)) (experiments were done in 

the same conditions, Fig. 1 and Table 2). All these MNPs contain similar 
number of active groups.

Of all of them, the most active systems were the cationic MNPs, 
reaching 38 % and 46 % of DNA retention with MNP@G2(NMe3

þ)15 
(entry 4) and MNP@G2(GUAþ)15 (entry 5), respectively. Neutral MNPs 
MNP@G2(NMe2)15 (entry 6) and MNP@G2(NH2)15 (entry 7) captured 
less amounts of DNA (below 20 %). This result can be justified by pure 
electrostatic interaction between cationic dendrimers and anionic DNA, 
being MNP@G2(GUAþ)15 the MNPs with more positive Z potential. 
Finally, for anionic MNP@G2(CO2

–)15 we did not observe capture of 
DNA at all (entry 8). However, it has been described that polymers and 
other materials containing carboxylate moieties are able to trap NAs 
through formation of Na+ cations bridges between the carboxylate and 
the phosphate groups of NAs [33,34], which is the base of commercial 
NAs extraction systems. This interaction is weak and, probably, in our 
case there are few carboxylate functions in the medium to capture a 
measurable quantity of NAs by this technique. With these data of NAs 
capture, we chose the most active MNPs, MNP@G2(GUAþ)15, for sub
sequent experiments. Moreover, from a synthetic point of view, the G2 
CBS dendrimer was built in fewer steps than the G3 CBS dendron.

Once DNA was captured, the possibility of DNA release from the 
conjugate was analysed. In Table 3 (Fig. 3) we collected the information 

on this assay using the negative polysaccharide dextran as releasing 
agent, at 1 % and 2 % and at 25 ◦C and 90 ◦C. We managed to release all 
the DNA trapped with 2 % dextran at 90 ◦C (entry 13). A similar assay 
using the surfactant SDS or Tris buffer failed to release any detectable 
quantity of DNA.

Then, we explored the amount of MNP@G2(GUAþ)15 necessary to 
trap 100 % of the DNA employed (that is, 50 ppm). As can be seen in 
Table 4 and Fig. 4, we required 2000 ppm of the MNPs for it, being able 
to release only the 55 % of this DNA (entry 16).

It is also important to determine whether the released DNA can be 
useful for replication by PCR. With this goal, we performed a similar 
capture experiment with bacterial DNA from Escherichia coli (ca. 1500 
bp), due to the relevance of bacterial DNA as an ethiopatogenic agent in 
inflammatory processes. The capture results with this bacterial DNA 
were similar to those previously obtained with salmon DNA (Fig. 5), and 
after treatment for DNA release, we carried out PCR with the superna
tant, which was unsuccessful (Fig. 6). This probably means that the 
extraction procedure required for it degrades the DNA, as demonstrated 
by a blank experiment treating the DNA with the extraction procedure, 
in the absence of dextran, which showed the integrity of DNA. However, 

Fig. 2. Graphical representation of DNA capture percentages by different MNPs 
(from Table 2 (n = 3)). Salmon DNA 50 ppm; MNPs 500 ppm.

Table 2 
Capture percentage of salmon DNA (50 ppm) with MNPs (500 ppm) (n = 3).

Entry MNP Capture (%)

1 MNP@D2(NMe3
þ)4 0

2 MNP@D3(NMe3
þ)8 39 ± 2

3 MNP@G1(NMe3
þ)7 9 ± 7

4 MNP@G2(NMe3
þ)15 38 ± 2

5 MNP@G2(GUAþ)15 46 ± 1
6 MNP@G2(NMe2)15 19 ± 3
7 MNP@G2(NH2)15 17 ± 2
8 MNP@G2(CO2

–)15 0
9 MNP-0 0

Table 3 
Capture and release percentage of salmon DNA (starting with 50 ppm of DNA) 
with MNP@G2(GUAþ)15 (500 ppm) (n = 3). The release was done with dextran 
(Dex)).

Entry Capture (%) Release conditions Release (%)

10 35 ± 6 Dex 1 %, 25 ◦C 45 ± 6
11 37 ± 2 Dex 1 %, 90 ◦C 63 ± 5
12 36 ± 2 Dex 2 %, 25 ◦C 61 ± 5
13 39 ± 2 Dex 2 %, 90 ◦C 99 ± 3

Fig. 3. Effect of dextran (Dex) concentration and temperature on DNA capture 
and release by MNP@G2 (GUA+)15 (from Table 3 (n = 3)). Salmon DNA, 50 
ppm; MNP@G2(GUAþ)15, 500 ppm.

Table 4 
Percentage of capture and release of salmon DNA (50 ppm) with 
MNP@G2(GUAþ)15 (n = 3) with different amounts of MNPs. The release was 
done with 2 % of dextran at 95 ◦C.

Entry MNP@G2(GUAþ)15 Capture (%) Release (%)

14 500 35 ± 1 90 ± 3
15 1000 63 ± 1 60 ± 7
16 2000 98 ± 1 55 ± 2
17 4000 99 ± 1 55 ± 5
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it is known that the presence of dextran in the proportions used in our 
experiments inhibits the PCR [35].

Analysis of DNA/MNP interaction by DLS and Z potential

The interaction between MNP@G2(GUAþ)15 and DNA was analysed 
by DLS and Z potential measurements. These experiments were per
formed at a constant concentration of MNPs (500 ppm) by adding 1 ppm 
of salmon DNA for each measurement (Fig. 7). For the first addition, the 
DLS showed an important increase in size, from 140 to 333 nm, corre
sponding with a remarkable reduction of the Z potential from + 42 mv 
to + 9.1 mV. Simultaneously, the turbidity of the dispersion increased 
notably, indicating the formation of aggregates with lower solubility. 
This phenomenon is produced probably because the net charge is closer 
to zero, minimizing charge repulsion between MNP/DNA complexes, 
which favours aggregates formation. Additionally, the positive charge 
corresponds to the presence of CBS dendrimers on the outer surface of 
these aggregates, and with low charge, the highly hydrophobic CBS 
framework reduces notably the dispersibility of the complexes. How
ever, after the second addition, the size of the complex was reduced to 
ca. 200 nm while the Z potential shifted to negative values (− 13.4 mV), 

at the same time than turbidity decreased. The addition of more DNA 
barely modified the size, whereas the Z potential changed slightly to 
more negative values. It seems that addition of these few amounts of 
DNA is enough to hide the MNPs surface, favouring the redispersion of 
the MNP/DNA complexes. However, the fact that this concentration of 

Fig. 4. Effect of MNP@G2 (GUA+)15 concentration on DNA capture and release 
(data from Table 4 (n = 3)). Salmon DNA employed for capture, 50 ppm. The 
release was done with 2 % dextran solution at 95 ◦C.

Fig. 5. UV spectra showing the decrease in Escherichia coli DNA absorbance 
after treatment with MNP@G2(GUAþ)15 (with 50 ppm of DNA and 1000 ppm 
of MNPs).

Fig. 6. PCR amplification of DNA from Escherichia coli. NZY VII was used as the 
molecular weight marker. All the assays were done at the same conditions. 
Untreated control, without MNPs but in the same assay conditions (S) and 
samples after DNA capture and release treatment (M2 and M5).

Fig. 7. Variation of size by DLS (top) and Z potential (bottom) of 
MNP@G2(GUAþ)15 with the addition of salmon DNA.
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MNPs is able to capture DNA up to ca. 17 ppm probably means that DNA 
rearranges on the MNPs surface to optimize interaction, from a spread 
situation over MNPs surface (at low DNA concentration) to a partial 
interaction to accommodate additional DNA molecules, until saturation 
of the surface is achieved (at high DNA concentration).

Competition DNA/BSA

The presence of proteins in the treatment of biological samples could 
interfere with the extraction process of NAs, since the abundance of NAs 
is clearly smaller. In addition, the use of NAs in the field of nano
medicine is of striking relevance for gene therapy treatments. The 
dendriplex in charge of this transport has to support competition to 
remove the NAs from the carrier, mainly by proteins such as albumin. 
For these, we tested the ability of MNP@G2(GUAþ)15 to trap DNA in the 
presence of a model albumin (bovine serum albumin, BSA). According to 
the results obtained (Table 5), these MNPs were selective toward the 
trapping of DNA even in the presence of excess BSA. In the assay con
ditions and due to the structures of these biomacromolecules and the net 
positive charge of the MNPs, the negative charge of DNA clearly surpass 
that of BSA, so this result is reasonable. Only huge excess of albumin-like 
proteins could avoid the interaction of highly positive nanosystems with 
negative NAs, as has been discussed for the formation of stable com
plexes with NAs. On the other hand, stronger the complex is, more 
difficult it is to remove or deliver the NAs from it [21].

Capture of DNA with anionic MNPs

The analysis by UV spectroscopy of the DNA capture with the library 
of MNPs did not show any capture with the anionic MNP@G2(CO2

–)15. 
This assay was positive for cationic MNPs, albeit the release procedure of 
DNA from them degraded the DNA making it unusable for PCR detec
tion. Because of this and that DNA capture by anionic systems is well 
known, we checked if the anionic MNP@G2(CO2

–)15 could be able to trap 
traces of DNA for replication by PCR technique, and the results were 
compared with the commercial magnetic extraction kit Magnetic Bead 
Viral 200C (Seegene). As for MNP@G2(GUAþ)15, we carried out the 
experiment with bacterial DNA from E. coli, following the experimental 
conditions described in Table 2, with an ionic strength of 1 M NaCl. In 
this case, the PCR assay gave positive result (Fig. 8), meaning that the 
anionic MNP@G2(CO2

–)15 captured traces of DNA through clearly 
weaker interaction than the cationic MNPs. The result obtained was 
similar than using the commercial system.

Use of anionic MNP@G2(CO2
–)15 for identification of COVID in real 

samples

Since MNP@G2(CO2
–)15 were able to capture DNA for PCR replica

tion, we tested these MNPs with real samples of patients COVID positive 
to evaluate these MNPs for possible real applications. These samples had 
been previously analysed and classified according to their threshold 
cycle (CT), below 30 or over 30 (control value, MagCore® system). The 
results were also compared with the commercial system Magnetic Bead 
Viral 200C (Seegene), in both cases using the same protocol treatment. 
For this assay, we selected five samples with a CT less than 30 and four 

samples with a CT greater than 30, for a total of 30 replicates. The results 
obtained are shown in Tables S1-S11.

The results obtained from comparing the use of commercial and 
modified MNPs with anionic dendritic systems indicate that both exhibit 
low efficiency at low viral loads. However, under the conditions of high 
viral load, both systems can adsorb the viral NA, yielding acceptable CT 
values, being only slightly higher than those of the control. That is, the 
sensitivity, dividing the number of positive data by the number of total 
experiments, of the anionic MNPs MNP@G2(CO2

–)15 and commercial 
systems for the samples with CT below 30 was 100 % (Tables S1 and S3- 
S7, supernatant B), whereas for samples with CT above 30, the sensi
tivity were for both systems rather low (25 % for commercial and 19 % 
for MNP@G2(CO2

–)15, Tables S2 and S8-S11, supernatant B).

Conclusions

The ability of MNPs grafted with CBS dendritic systems to trap NAs 
depends on several factors as size, topology and charge of dendritic 
systems. In general, the higher the generation, the higher capture abil
ity. This is mainly because bigger systems offer better their active moi
eties for interaction with the NAs, that is, they are more distant from the 
MNPs surface. Regarding the charge, clearly the electrostatic interaction 
between anionic DNA and cationic MNPs favours this interaction, in 
contrast to Na+ ions bridging anionic DNA and anionic MNPs.

According to these results, MNPs grafted with cationic systems can 
be proposed as purification systems, whereas those grafted with anionic 
systems confirm their applicability in detection tests through PCR pro
cesses. It is important to note that these MNPs are stable in a wide range 
of temperature and pHs, among other facts due to the presence of the 
CBS dendrimers. However, in the case of cationic systems, due to the 
strong interaction of NAs with the MNPs, they lack recyclability, a goal 
for water purification processes.

Table 5 
Percentage of DNA salmon captured with MNP@G2(GUAþ)15 in the presence 
of BSA (DNA, 50 ppm; MNP@G2(GUAþ)15, 2000 ppm; n = 2).

Entry BSA Capture (%)

18 0 98 ± 1
19 250 98 ± 1
20 500 99 ± 1
21 1000 99 ± 1
22 2000 99 ± 1

Fig. 8. PCR amplification of DNA from Escherichia coli. NZY VII was used as the 
molecular weight marker. C1 and C2 correspond to untreated controls, while 
M1 and M2 are samples treated with commercial Magnetic Bead Viral 200C 
(Seegene), and M3 and M4 with MNP@G2 (CO2

–)15.
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However, if the sensibility of these materials needs improvement or 
for applications as gene carriers, a combination of cationic surface, for 
strong interaction, with modulators of the interaction, to ease the release 
of the NAs, is primordial. In this regard, grafting MNPs with cationic 
moieties containing degradable bonds could be a solution. Other 
drawback of them is the inherent higher difficulty of the synthesis of 
dendrimers in comparison with related polymers, which could hamper 
scalability of these MNPs. To solve this, hyperbranched polymers, which 
combine structures similar to dendrimers but produced more easily by 
one-pot synthesis, are an important alternative.

Experimental section

The synthesis of dendrimers and MNPs was carried out under inert 
conditions using dry solvents. Thiol-ene reactions were carried out with 
a novaLIGHT TQ150-Z0 lamp from Peschl Ultraviolet with maximum 
energy at 365 nm in normal glassware after deoxygenation bubbling 
argon. The NMR spectra were recorded on Bruker Avance Neo 400 at 
ambient temperature (400.13 MHz for 1H), 100.60 MHz for 13C). 
Chemical shifts (δ) are given in ppm. 1H and 13C resonances were 
measured relative to solvent peaks considering TMS = 0 ppm. IR spectra 
were recorded in a IR-FT Perkin Elmer Frontier and elemental analyses 
were carried out on a PerkinElmer 240C instrument. Reagents and sol
vents were obtained from commercial sources, and compounds G2SiV16 
[36], G2SiV15(NH3Cl) [37], G2Si(NMe2HCl)15(NH3Cl) [37], G2Si 
(NH3Cl)16 [38], MNP-0 [27], MNP@D2(NMe3

þ)4 [25], 
MNP@D3(NMe3

þ)8 [25], and MNP@G1(NMe3
þ)7 [25] were produced 

according to literature. TEM images were obtained with a ZEISS EM 
TEM equipment with 30 μm lenses and 1 K CCD Camera on the lateral 
was used. TGA were obtained in a TGA 550 from TA Instruments. Z- 
Potential and DLS were measured in a Zetasizer Nano ZS.

Synthesis of CBS dendrimer G2Si(CO2H)15(Si(OEt)3).
G2SiV15(Si(OEt)3). Compound G2SiV15(NH3Cl) (0.91 g, 0.57 mmol) 

was dissolved in hexane, Et3N (0.24 mL, 1.71 mmol) was added and the 
solution was stirred for 30 min. Afterward, (EtO)3Si(CH2)3NCO (0.14 
mL, 0.57 mmol) was added and the solution was stirred overnight. Af
terward, solution was filtered and solvent was removed under vacuum, 
obtaining G2SiV15(Si(OEt)3) as a colourless oil. This compound was 
used without further treatment for next reaction, considering quantita
tive yield.

1H NMR (CDCl3): δ (ppm) = -0.09 (s, 12H, SiCH3); 0.13 (s, 24H, 
SiCH3); 0.53 (m, 32H, SiCH2CH2CH2Si; SiCH2CH2CH2Si); 0.63 (m, 2 H, 
CH2Si(OCH2CH3)3); 0.70 (m, 16H, SiCH2CH2CH2Si); 0.92 (m, 2 H, 
SiCH2CH2S); 1.22 (m, 9 H, Si(OCH2CH3)3); 1.35 (m, 24H, 
SiCH2CH2CH2Si); 1.79 (m, 2 H, NHCH2CH2CH2Si); 2.54 (m, 2 H, 
SiCH2CH2S); 2.66 (m, 2 H, SCH2CH2NH); 3.15 (m, 2 H, 
NHCH2CH2CH2Si); 3.36 (m, 2 H, SCH2CH2NH); 3.82 (m, 6 H, Si 
(OCH2CH3)3); 5.69 (m, 15 H, SiCHCH2); 6.06 (m, 30 H, SiCHCH2). 13C 
NMR (CDCl3): δ (ppm) = -5.1, − 5.0 (SiCH3); 9.3 (NHCH2CH2CH2Si); 
14.6 (SiCH2CH2S); 17.3 (Si(OCH2CH3)3); 18.4–20.0 (SiCH2CH2CH2Si); 
22.9 (NHCH2CH2CH2Si); 26.3 (SiCH2CH2S); 32.6 (SCH2CH2NH); 39.7 
(NHCH2CH2CH2Si); 42.7 (SCH2CH2NH); 68.5 (Si(OCH2CH3)3); 132.9 
(SiCHCH2); 138.0 (SiCHCH2); 158.7 (C=O).

G2Si(CO2H)15(Si(OEt)3). A solution of HS(CH2)2CO2H (0.75 mL, 
8.55 mmol, 15 eq) and DMPA (2,2-dimethoxy-2-phenylacetophenone, 
22.2 mg, 1 % mol with respect to vinyl groups) was added to a solution 
of G2SiV15(Si(OEt)3) (1.03 g, 0.57 mmol, 1 eq) in THF. The mixture was 
bubbled with Argon and stirred under ultraviolet light for 4 h. After
ward, volatiles were removed under vacuum and compound G2Si 
(CO2H)15(Si(OEt)3) was obtained as a yellowish oil. This compound 
was used without further treatment for modification of MNPs, consid
ering quantitative yield.

1H NMR ((CD3)2CO): δ (ppm) = 0.01 (s, 12 H, SiCH3); 0.10 (s, 24H, 
SiCH3); 0.67 (m, 32 H, SiCH2CH2CH2Si, SiCH2CH2CH2Si); 0.74 (m, 18 
H, SiCH2CH2CH2Si, CH2Si(OCH2CH3)3); 0.97 (m, 32 H, SiCH2CH2S); 
1.12 (m, 9 H, Si(OCH2CH3)3); 1.45 (m, 24H, SiCH2CH2CH2Si); 1.76 (m, 

2 H, NHCH2CH2CH2Si); 2.62–2.79 (m, 94 H, SiCH2CH2S, 
SCH2CH2COOH, SCH2CH2COOH, SCH2CH2NH); 3.09 (m, 2 H, 
NHCH2CH2CH2Si); 3.31 (m, 2 H, SCH2CH2NH); 3.57 (m, 6 H, Si 
(OCH2CH3)3). 13C NMR ((CD3)2CO): δ (ppm) = -4.90, − 4.70 (SiCH3); 
9.5 (NHCH2CH2CH2Si); 15.1 (SiCH2CH2S); 17.4 (Si(OCH2CH3)3); 
18.3–20.8 (SiCH2CH2CH2Si, NHCH2CH2CH2Si); 26.8 (SiCH2CH2S); 28.4 
(SCH2CH2COOH); 29.3 (SCH2CH2NH); 36.1 (NHCH2CH2CH2Si); 39.4 
(SCH2CH2NH); 58.4 (SCH2CH2COOH); 68.7 (Si(OCH2CH3)3); 160.4 
(C=O); 177.2 (COOH). Elemental analysis for C137H259N2O34S16Si14 
(3384.72 g mol− 1): calc.: C 48.62, H 7.71, N 0.83; obt.: C, 50.66; H, 7.92; 
N 1.10. This data belongs to the crude product of the reaction, since no 
purification was done in this step.

Synthesis of carbosilane dendrimer G2Si(NMe2)15(Si(OEt)3).
Compound G2Si(NMe2HCl)15(NH3Cl) (2.01 g, 0.54 mmol, 1 eq) was 

solved in DMF, Et3N (2.40 mL, 17.3 mmol) was added and the solution 
was stirred for 30 min. Then, (EtO)3Si(CH2)3NCO (0.13 mL, 0.54 mmol, 
1 eq) was added and the solution was stirred overnight. Afterward, the 
solution was filtered, and the volatiles were removed under vacuum, 
yielding G2Si(NMe2)15(Si(OEt)3) as a yellowish oil. This compound was 
used without further treatment for modification of MNPs, considering 
quantitative yield.

1H NMR (CD3Cl): δ (ppm) = -0.11 (s, 12 H, SiCH3); − 0.02 (s, 24 H, 
SiCH3); 0.50 (m, 32 H, SiCH2CH2CH2Si, SiCH2CH2CH2Si); 0.58 (m, 18 
H, SiCH2CH2CH2Si, CH2Si(OCH2CH3)3); 0.86 (m, 32 H, SiCH2CH2S); 
1.20 (m, 9 H, Si(OCH2CH3)3); 1.26 (m, 24 H, SiCH2CH2CH2Si); 1.57 (m, 
2 H, NHCH2CH2CH2Si); 2.21 (s, 90 H, NMe2); 2.45–2.79 (m, 94 H, 
SiCH2CH2S, SCH2CH2NMe2, SCH2CH2NMe2, SCH2CH2NH); 3.15 (m, 2 
H, NHCH2CH2CH2Si); 3.32 (m, 2 H, SCH2CH2NH); 3.77 (m, 6 H, Si 
(OCH2CH3)3). 13C NMR (CDCl3): δ(ppm) = -5.10, − 4.90 (SiCH3); 9.1 
(NHCH2CH2CH2Si); 14.8 (SiCH2CH2S); 17.4 (Si(OCH2CH3)3); 18.0–19.8 
(SiCH2CH2CH2Si); 23.4 (NHCH2CH2CH2Si); 27.9 (SiCH2CH2S); 30.0 
(SCH2CH2NMe2); 32.8 (SCH2CH2NH); 39.5 (NHCH2CH2CH2Si); 43.1 
(SCH2CH2NH); 45.3 (NMe2); 59.4 (SCH2CH2NMe2); 68.3 (Si 
(OCH2CH3)3); 158.3 (C=O). Elemental analysis for 
C152H349N17O4S16Si14 (3385.72 g mol− 1): calc.: C 53.92, H 10.39, N 
7.03; obt.: C, 56.39; H, 9.52; N 9.64. This data belongs to the crude 
product of the reaction.

Synthesis of carbosilane dendrimer G2Si(NH2)15(Si(OEt)3).
Compound G2Si(NH3Cl)16 (1,82 g, 0.55 mmol, 1 eq) was dissolved 

in EtOH, Et3N (0.76 mL, 5.50 mmol, 10 eq) was added and the solution 
was stirred for 30 min. Afterward, (EtO)3Si(CH2)3NCO (0.14 mL, 0.55 
mmol, 1 eq) was added and the solution was stirred overnight. Next, an 
aliquot was taken from the solution and the volatiles were removed 
under vacuum to check the reaction by NMR spectroscopy, which 
confirmed the formation of the urea group. If the volatiles are totally 
removed, usually this compound aggregates becoming impossible to 
solve it again. This compound was used without further treatment for 
modification of MNPs, considering quantitative yield.

1H NMR (CD3Cl): δ (ppm) = -0.11 (s, 12 H, SiCH3); − 0.02 (s, 24H, 
SiCH3); 0.50 (m, 32 H, SiCH2CH2CH2Si; SiCH2CH2CH2Si); 0.58 (m, 18 
H, SiCH2CH2CH2Si; CH2Si(OCH2CH3)3); 0.86 (m, 32 H, SiCH2CH2S); 
1.18 (t, 9 H, Si(OCH2CH3)3); 1.26 (m, 24 H, SiCH2CH2CH2Si; 
SiCH2CH2CH2Si); 2.45 (m, 32 H, SCH2CH2N); 2.52 (m, 32 H, 
SiCH2CH2S); 2.59 (m, 32 H, SCH2CH2N); 3.12 (m, 2 H, SCH2CH2NH); 
3.25 (m, 2 H, SCH2CH2NH); 3.32 (m, 2 H, NHCH2CH2CH2Si); 3.77 (m, 6 
H, Si(OCH2CH3)3). Elemental analysis was not done due to the impos
sibility of isolation without aggregation.

Surface funcionalization of the MNPs.
For MNPs yield calculation, the limiting reactant is the starting MNPs 

used to graft dendrimers or to post-functionalize (for example 
MNPs@G2(NH2)15 for synthesis of MNPs@G2(GUA-Cl)15). The theo
retical mass increment that will suffer the new MNPs after functionali
zation is obtained from TGA data.

MNPs@G2(CO2H)15. An ethanol solution of MNP-0 (150 mL, 0.131 
g, 0.57 mmol) was sonicated for 15 min. After that a dendrimer ethanol 
solution (50 mL) of G2Si(CO2H)15(Si(OEt)3) (1.93 g, 0.57 mmol) was 
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added, the solution was bubbled with argon and sonicated for 15 min 
more. Then, the mixture was stirred overnight at room temperature. The 
product was washed with EtOH (3 x 30 mL) and with acetone (3 x 30 
mL) and finally dried under vacuum. Yield: 0.115 g, 80 %.

MNPs@G2(CO2Na)15: The carboxylate MNP was prepared by the 
addition of NaHCO3 (ratio 20:1 NaHCO3:carboxyl group, 0.50 mmol, 
0.084 g) to a dispersion of MNPs@G2(CO2H)15 (0.115 g) in H2O/MeOH 
(1:1). The mixture was stirred for 2 h at room temperature. Then, the 
product was washed three times with distilled water, three with EtOH 
and three times with acetone and finally dried under vacuum. Yield: 
0.095 g, 83 %.

MNPs@G2(NMe2)15. A DMF solution of MNP-0 (150 mL, 0.125 g, 
0.54 mmol) was sonicated for 15 min. After that, a dendrimer DMF 
solution (50 mL) of G2Si(NMe2)15(Si(OEt)3) (0.54 mmol, 1.83 g) was 
added, the solution was bubbled with Argon and sonicated for 15 min 
more. Then, the mixture was stirred overnight at room temperature. The 
product was washed three with EtOH and three times with acetone and 
finally dried under vacuum. Yield: 0.107 g, 78 %.

MNPs@G2(NMe3I)15: A DMF solution of MNPs@G2(NMe2)15 
(0.107 g) was sonicated for 15 min. MeI (ratio 20:1 MeI:NMe2 group, 
0.94 mmol, 0.060 µL) was added to the mixture and the solution was 
stirred and heated at 60 ◦C for 48 h. The product was washed three times 
with acetone and finally dried under vacuum. The product was washed 
three with EtOH and three times with acetone and finally dried under 
vacuum. Yield: 0.086 g, 81 %.

MNPs@G2(NH2)15: An ethanol solution of MNP-0 (150 mL, 0.127 g, 
0.55 mmol) was sonicated for 15 min. After that a dendrimer ethanol 
solution (50 mL) of G2Si(NH2)15(Si(OEt)3) (1.63 g, 0.55 mmol) was 
added, the solution was bubbled with argon and sonicated for 15 min 
more. Then, the mixture was stirred overnight at room temperature. The 
product was washed times with ethanol and dried under vacuum. The 
product was washed three times with ethanol, three times with acetone 
and dried under vacuum. Yield 0.116 g, 83 %.

MNPs@G2(GUA-Cl)15: An ethanol solution of MNPs@G2(NH2)15 
(0.100 g) was sonicated for 15 min. 1H-pyrazole-1-carboxamidine hy
drochloride (0.053 g, 0.36 mmol, 10-fold excess) and Et3N (1 mL, 
excess) was added to the mixture and the solution was stirred and heated 
at 60 ◦C for 3 days. The product was washed three times with ethanol, 
three times with acetone and dried under vacuum. Yield: 0.080 mg, 81 
%.

DNA extraction and PCR amplification
DNA was extracted from an Escherichia coli fresh culture (24 h at 37 ◦

C with slightly agitation) using a commercial kit and following the 
manufacturer’s instructions (NZYMicrobial gDNA Isolation Kit, NZY 
Tech). Then, the PCR was performed mixing Taq, primers (27F: 
GAGTTTGATCMTGGCTCAG, 1492R TACGGYTACCTTGTTACGACTT) 
and DNA template. Cycling conditions established were: 94 ◦C for 2 min, 
followed by 35 cycles of 94 ◦C for 15 s, 60 ◦C for 15 s and 68 ◦C for 20 s 
(Mastercycler personal. Eppendorf). The PCR products were purified 
using a commercial kit (GeneJET PCR Purification Kit, 
ThermoScientific).

To confirm the amplicon size (1500 bp), an agarose gel was run and, 
finally, the DNA concentration was quantified (EpochTM, BioTek 
Instruments).

DNA capture and release experiments.
MNPs were dispersed in 50 µL Milli-Q water (2-fold the final con

centration required, see Tables 2-4) and sonicated for 10 min. The 
resulting suspension was added to a salmon DNA solution (100 ppm in 
50 µL), and the mixture was subjected to an orbital shaker for 10 min. 
The final volume was adjusted to 100 µL in 0.2 mL PCR tubes, corre
sponding to MNPs and DNA concentrations according to experimental 
requirements (see Tables 2-4). The mixture was then subjected to 
magnetic separation for 15 min and the supernatant was analyzed using 
a Nanodrop spectrophotometer (n = 3). As a control, a DNA solution 
without MNPs was prepared at the same concentration and volume, and 
directly measured with the Nanodrop to determine the initial DNA 

content available for capture.
For the release experiments, a dextran solution in Milli-Q water (100 

µL, 1 % or 2 % dextran, see Tables 3 and 4, Figs. 2 and 3) was added to 
the MNP-DNA complexes obtained after magnetic separation, following 
above procedure, and incubated for 10 min (at 25 ◦C or 95 ◦C). The 
suspension was then magnetically separated for 15 min, and the su
pernatant was analysed again using a Nanodrop spectrophotometer (n 
= 3). In the case of anionic MNP@G2(CO2

–)15, the dispersions were 
prepared in 2 M NaCl Milli-Q water, and pure Milli-Q water was used for 
the release step instead of dextran (n = 3).

Competition assay DNA/BSA with MNP@G2(GUA+)15.
A mixture of salmon DNA (100 ppm in 50 µL) and BSA (100, 200, 

500, 1000, 2000 and 4000 ppm in 50 µL) were dispersed in MiliQ water. 
Then, the mixture was added to a previously sonicated MNPs solution 
(4000 ppm in 50 µL), the final volume was adjusted to 100 µL in 0.2 mL 
PCR tubes and the mixture was subjected to an orbital shaker for 10 min. 
With this procedure, the final concentration of each biomacromolecule 
and MNPs is half the initial concentration. The mixture was then sub
jected to magnetic separation for 15 min and the supernatant was 
analyzed using a spectrophotometer Denovix DS-11 (n = 3).

Analysis of DNA/MNP interaction by DLS and Z potential.
A dispersion of MNPs in 1 mL of MiliQ water at a concentration of 

500 ppm was sonicated for 10 min. Then, a DNA solution in MiliQ water 
at a concentration of 1000 ppm was prepared, and 1 µL aliquots were 
successively added to the MNPs suspension prior to each measurement, 
resulting in an incremental increase of approximately 1 ppm DNA per 
addition. After each addition, the sample was gently mixed and allowed 
to equilibrate for 5 min before measuring the hydrodynamic diameter by 
DLS and the zeta potential in a Malvern Zetasizer (nano series).

Use of anionic MNP@G2(CO2
–)15 for identification of COVID in real 

samples.
For the control CT values, we used a MagCore® of RBC Bioscience 

Corp and followed the automatic procedure described for this device by 
the manufacturer, using Magnetic Bead Viral 200C (Seegene). On the 
other hand, the CT values obtained for the comparison of Commercial 
magnetic beads (Magnetic Bead Viral 200C (Seegene)) and our MNPs 
MNP@G2(CO2

–)15 were obtained following the procedure described 
below. 

1. Dispersion of MNPs. MNPs were dispersed by adding 4.0 mg of 
nanoparticles to 2 mL of saline solution to obtain a final concentra
tion of 2.0 mg/mL. The suspension was sonicated for 10 min to 
ensure homogenous dispersion.

2. Sample control. For control samples, 200 µL of clinical sample was 
mixed with 200 µL of AVL viral lysis buffer prior to automated RNA 
extraction and RT-PCR analysis.

3. Treatment of samples with MNPs. First, 100 µL of patient sample and 
100 µL of NPMs were added to a PCR eppendorf. The mixture was 
subjected to an orbital shaker for 30 min. This allows the virus to 
interact with the NPMs. After this period, the tubes were placed in 
the PCR eppendorf magnet for 5 min to retain the nanoparticles at 
the bottom and removed 200 µL of supernatant in 250 µL eppendorfs 
that will be treated by automated RNA extraction and PCR (Super
natant A).

Following removal of Supernatant A, 200 µL of elution buffer was 
added directly to the MNPs retained in the tube. Then, vortexed for a few 
seconds and afterwards, the eppendorfs were kept rotating in the orbital 
tube shaker. At the end of the time, they were placed in the eppendorf 
PCR magnet for 5 min.

The supernatant was added to another PCR eppendorf with 200 µL of 
lysis buffer and 20 µL of 20 μl of the mixture of 10 μl of Carrier RNA (1 
mg/ml) and 20 μl of proteinase K (10 mg/ml) for subsequent RNA 
extraction by MagCore HF16 RBC Bioscience, Taipei, Taiwan) and 
subsequent amplification and detection of SARS-CoV-2 by VIASURE 
(Certest Biotech, Zaragoza, Spain).

S. Takvor-Mena et al.                                                                                                                                                                                                                          Journal of Industrial and Engineering Chemistry xxx (xxxx) xxx 

10 



RNA extraction from nanoparticles. The RNA extraction was performed 
using the MagCore HF16 using the method listed below

a. Add 200 μl of sample into MagCore sample tubes.
b. Add 200 μl of AVL viral lysis buffer over the sample to inactivate it.
c. Add 20 μl of the mixture of 10 μl of Carrier RNA (1 mg/ml) and 20 

μl of proteinase K (10 mg/ml).
d. Pipette 200 μl of the mixture into a sample tube.
e. Place the sample tubes in W1 of the T-Rack.
f. Place the elution tube in W4 of the T-Rack.
g. Place the pipette tip in W3 of the T-Rack.
h. Run Code 203 (HF16, Compact, Plus II) 203B (Super, HF16 Plus) 

in MagCore® to avoid adding internal control.

SARS-CoV-2 RNA detection by RT-PCR

Extracted RNA was analyzed using the VIASURE SARS-CoV-2 Real 
Time PCR Detection Kit (Certest Biotech, Zaragoza, Spain). For ampli
fication, 15 µL of rehydration buffer was dispensed into each well of the 
PCR plate, followed by 5 µL of extracted RNA (sample, positive control, 
or negative control). PCR amplification was performed using the 
following thermal cycling conditions: 1) 45 ◦C for 15 min; 2) 95 ◦C for 2 
min; 3) 95 ◦C for 10 s; 4) 60 ◦C for 50 s; 5) Repeat steps 3–4 for 44 cycles. 
Detection was conducted on a compatible real-time PCR platform ac
cording to manufacturer instructions.

Sensitivity. This value was obtained dividing the number of positive 
data by the number of total experiments. These data were obtained for 
supernatants B, which are the ones that retain the SARS-CoV-2 RNA after 
virus degradation and treatment for RNA extraction (obtained from 
Tables S1-S11).

Supplementary material.
NMR spectra, TEM images are collected in the supplementary 

material.
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