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This work originated from the need to functionalize surfactant-coated inorganic nanoparticles for
biomedical applications, a process that is limited by excess unbound surfactant. These limitations are
connected to the bioconjugation of targeting molecules that are often in equilibrium between the free
aliquot in solution and that which binds the surface of the nanoparticles. The excess in solution can play
a role in the biocompatability in vitro and in vivo of the final nanoparticles stock. For this purpose,
we tested the ability of common surfactants — monothiolated polyethylene glycol and amphiphilic
polymers — to colloidally stabilize nanoparticles as excess surfactant is removed and compared them to

Received 19th July 2022, newly appearing multidentate surfactants endowed with high avidity for inorganic nanoparticles. Our

Accepted 7th November 2022 results showed that monothiolated polyethylene glycol or amphiphilic polymers have an insufficient affi-
nity to the nanoparticles and as the excess surfactant is removed the colloidal stability is lost, while mul-

tidentate high-avidity surfactants excel in the same regard, possibly allowing improvement in an array of
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1. Introduction

Inorganic colloidal nanoparticles (NPs) are a promising tool
in the field of biomedical applications. However, the research
community is divided over the current state and direction
necessary to fulfil that promise," with some calling for reeva-
luation of long standing drug delivery paradigms. Here we go
back to take a closer look at surfactant coated NP and their
functionalization.

Most often NPs are covered by a surfactant to prevent
aggregation and allow conjugation to other ligands e.g., for
active targeting.>*° The conjugation can be limited by presence
of excess unbound surfactant. Hypothetically it can lead to a
mixture of ligand-surfactant-NP and ligand-unbound surfac-
tant, or equivalent scenarios when binding NPs to surfaces
(e.g., electrode) or to each other (e.g., for sensing). Removal
of excess surfactant however might destabilize the NPs. This
might also impact in in vivo applications where NPs and
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nanoparticle applications, especially in those stated.

surfactant are naturally separated due to different clearance
times and routes." ™ Furthermore, excess surfactant may
modulate the electrocatalytic properties of NPs promoting
many reactions useful in industrial applications (i.e. hydroge-
nation of unsaturated molecules, CO, and O, reduction).**'?
This is a critical point to consider for in vitro and in vivo
administration.

The coverage and passivation of the NP surface by a surfac-
tant can be explained using the Langmuir adsorption equation,
utilizing a single equilibrium constant. However, the surface of
different NPs might not behave so ideally.'® Thus, here we
examine practically the ability of a surfactant to colloidally
stabilize NPs as excess surfactant is removed.

Most of currently used surfactants can be divided to mono-
dentate surfactants and amphiphilic polymers.® Monodentate
ligands interact directly with the surface through function-
alities with high affinity for the inorganic surface (e.g,
poly(ethylene glycol)-thio or PEG-thio®'”), (Fig. 1A); amphiphi-
lic polymers are ligands capable of intercalating by hydropho-
bic interactions (Fig. 1B).

A newly emerging approach is the preparation of multi-
dentate polymers by grafting with ligands able to interact with
the surface. In this last case the chelating effect predominates
(Fig. 1C). These can be prepared separately,"®*** or by polymer-
ization directly on the NP.*?*2° In the first case, polymers as

J. Mater. Chem. B, 2023, 11, 61-71 | 61


https://orcid.org/0000-0002-7525-4078
https://orcid.org/0000-0003-3428-5668
https://orcid.org/0000-0003-4577-9575
http://crossmark.crossref.org/dialog/?doi=10.1039/d2tb01528e&domain=pdf&date_stamp=2022-11-14
https://doi.org/10.1039/d2tb01528e
https://doi.org/10.1039/d2tb01528e
https://rsc.li/materials-b
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2tb01528e
https://rsc.66557.net/en/journals/journal/TB
https://rsc.66557.net/en/journals/journal/TB?issueid=TB011001

Open Access Article. Published on 07 November 2022. Downloaded on 7/19/2025 8:06:11 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

A\j f/{V

~ ~

©

Fig. 1 Cartoon of the three types of synthetic coatings that can bind NPs
surface: (A) monodentate ligands; (B) intercalating surfactant; (C) multi-
dentate surfactant.

poly(isobutylene-alt-maleic anhydride) or poly(acrylic acid) can
be used as precursors to produce a library of multi-branching
polymers containing primary amines. In fact, by exploiting
succinic anhydrides or carboxylic acids in the monomeric
units, molecules as dopamine, PEG (polyethylene glycol),
and synthetic ones (i.e. lipoic acid and biotin modified with
ethylenediamine) can be conjugated as the literature shows.
In the second case, small molecules on the NPs can be used as
initiators to obtain polymer coatings: i.e. photo-polymerization
on diacetylene as henicosa-10,12-diyn-1-yl disulfide are used to
coat AuNPs; use of coupling agents such as DCC (Dicyclo-
hexylcarbodiimide) in presence of DPA (diaminopimelic acid)
allows amidation with mercaptoundecanoic acid coated NPs
otherwise, i.e. Nichel NPs can be use as catalyst to produce
polystyrene starting from olefins.

We present here a new multidentate surfactant and quan-
titatively compare its ability to stabilize NPs as a function of
the removal of its excess with two common surfactants.
Pyridilthio-cysteamine-methoxypolyoxyethyleneamine-grafted-
poly(isobutylene-alt-maleic-anhydride) (PCP) is the resulting
polymer of the nucleophilic addition of pyridilthiocysteamine
and short amino PEG (750 Da). These two ligands are selected
given that: (1) the presence of sulfur-group has high affinity to
specific inorganic surfaces such as gold; (2) the presence of
short PEG improves the solubility of the surfactant in organic
and aqueous solvents. The well-known Dopa-PIMA-PEG (PDP)
has been used to coat Iron Oxide NPs in comparison to PCP.
Our results highlight limitations in traditional surfactants and
show a major improvement using multidentate surfactants. In
the present work, the capability of our new multi-branching
polymer in stabilizing colloidal nanoparticles and some ensu-
ing benefits are shown. We provide the opportunity to produce
a wide library of surfactant selecting suitable ligands that coat
NPs properly, according to surface chemistry. In particular, the
employment of poly(isobutylene-alt-maleic anhydride) allows
facile and fast synthesis and purification exploiting basic
knowledges of organic chemistry (i.e. not using expensive
catalysts). Moreover, the possibility to obtain the NPs stability
removing the surfactant excess from the solution will make the
use of these polymers family possible and promising in the
medical field.
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2. Experimental

2.1. Chemicals and materials

Hydrogen tetrachloroaurate hydrate, 99.999%, (trace metal
basis) Acros Organics™ was purchased from FischerScientific.
Sodium citrate dihydrate (99%), dodecylamine (99%), tetra-n-
octylammonium bromide (98%) (TOAB), NaOH, r-ascorbic acid
(98.0%), sodium borohydride (>99%), Toluene, MeOH, HCI,
NaCl, CHCl;, pentane, dimethylformamide, tris(2-carboxy-
ethyl)phosphine hydrochloride, tetrahydrofuran, triethylamine
(Et3N), trifluoroacetic acid (TFA), poly(isobutylene-alt-maleic
anhydride) M,, ~ 6000, dopamine hydrochloride, carboxy-X-
rhodamine N-succimidyl ester, fluorescamine, DMSO, Boric
acid, n-hexane, N,N’-diisopropylcarbodiimide (DIC), albumin
from bovin serum (BSA), N-(3-dimethylaminopropyl)-N"-ethyl-
carbodiimide hydrochloride (EDC), N-hydroxysulfosuccinimide
sodium salt (sulfo NHS), were purchased from Sigma-Aldrich;
Poly(ethylene glycol) or PEGs: Meo-PEG-SH (2 kDa), Carboxyl-
PEG-SH (2 kDa), and Meo-PEG-NH, (750 Da) were purchased
from RappPolymere. (S)-2-Pyridylthio cysteamine HCI was pur-
chased from CombiBlocks; Phosphate buffered saline (PBS),
Dulbecco’s Modified Eagle Medium (DMEM), Fetal Bovine
Serum (FBS), PenStrep were purchased from EuroClone; Alexa
Fluor 647 - Cadaverine was purchased from ThermoFischer
Scientific. Water used is purified by passing through MilliQ
Millipore system.

2.2. Synthesis of spherical gold nanoparticles

The synthesis of spherical gold nanoparticles (5 nm) was made
in organic solvent using Brust’s protocol.>’” For 300 mg of
HAuCl, dissolved in 25 mL of MilliQ water, 2.17 g of Tetra-n-
octylammonium bromide (TOAB) were dissolved in 80 mL of
toluene. These solutions were added to a separating funnel,
shaked gently for 5 min and the aqueous phase was discarded.
334 mg of NaBH, were dissolved in 25 mL of MilliQ water and
added dropwise throughout 1 min. The solution was kept
under stirring for one hour. In a separating funnel, the solution
was mixed with 25 mL of HCI 10 mM and the aqueous phase
was discarded. This was repeated with 25 mL of NaOH 10 mM
and four times with 25 mL of MilliQ water. The solution was
then kept under stirring and overnight. 9.6 mL of pure dode-
cylamine were added for a final concentration 0.4 M and the
solution was left for three hours at 65 °C. The sample was
centrifugated at 2000 RCF for 10 min and the precipitate was
discarded. 250 mL of MeOH was added and the solution was
centrifugated at 2000 RCF discarding the supernatant. The
pellet was dried and dissolve in CHCI;. The suspension was
later centrifugated again to remove aggregates.

The synthesis of spherical gold nanoparticles (15 nm) was
made in MilliQ water. 1.2 mL of HAuCl, 25 mM were added into
boiling, 150 mL of a tri-sodium Citrate solution 1.32 mM. After
15 min the red solution was characterized using UV-Vis and
Dynamic light scattering. To move the NPs to CHCI; the NPs
were left with MeO-PEG-SH (2 kDa) in a molar ratio 1:30000
overnight and then stirred with 50 mL of Dodecylamine 0.4 M
in CHCI; until the phase transfer was completed. The solution

This journal is © The Royal Society of Chemistry 2023
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was characterized using UV-Vis, dynamic light scattering and
transmission electron microscopy (TEM) and Infrared Spectro-
scopy (IR). 5 puL of NPs suspension were dried on a carbon film-
coated copper grid. TEM images were collected using Jeol JEM
2100Plus (Jeol, Tokyo, Japan) electron microscope.

2.3. Synthesis of PMDA

For the synthesis of PMDA, 1 g of poly(isobutene-alt-maleic
anhydride) (PMA) and 0.898 g of dodecylamine were added to
30 mL THF anhydrous and sonicated until well dispersed. The
temperature was increased to 60 °C for three hours. The volume
of THF was reduced under vacuum to 10 mL and the sample
was left overnight at 60 °C. The solvent was evaporated and the
product dissolved in CHCI;.

2.4. Synthesis of multidentate polymers

Synthesis of PCP. 10 mg of PMA, 12 mg of Meo-PEG-NH,
(750 Da), 7 mg of (s)-2-pyridylthio cysteamine hydrochloride
and 12 pL triethylamine (Et;N) were added to 1 mL anhydrous
THF. The solution was left at 60 °C for 20 min, after which the
solvent was evaporated. The product was then dissolved in 50%
EtOH in MilliQ water and filtered using a 3 or 10 kDa cut-off,
Amicon Ultra centrifugal filter.

The concentrate was recovered, lyophilized, and redissolved
in CHCI;. The reaction yield could be roughly estimated by UV
absorption.

Synthesis of PDP. For 10 mg of PMA, 15 mg of Meo-PEG-NH,
(750 Da) and 6.2 mg of dopamine hydrochloride were added to
1 mL anhydrous DMF. 23 uL of Et;N were added and the
solution was left at 60 °C overnight. The solvent was evaporated
at 70 °C under vacuum. The polymer obtained was dissolved in
CHCI; and reagent leftovers were extracted by mixing with
aqueous HCI with five molar excess over Et;N. After mixing
and phase separation the aqueous phase was discarded. The
solvent was again evaporated and the polymer dissolved in
CHCl;. The reaction yield could be roughly estimated by UV
absorption.

2.5. Labelling of surfactants using AlexaFluor 647 Cadaverine

Labelling of carboxy-PEG-SH (2 kDa). 147 pL of AlexaFluor
647 Cadaverine 1 mg x mL ' in DMSO and 24.5 uL of DIC
0.1 M in DMSO were added to 0.245 mg of carboxy-PEG-SH
(2 kDa) dissolved in 500 uL of THF. The reaction was stirred
at RT, for 16 hours in the dark. The THF was evaporated, and
the PEG was dissolved in CHCl;. The DMSO was removed by
extraction through a mixture of n-hexane and diethylether 9:1.
Given the poor solubility of the fluorescent dye in CHCl;, the
unconjugated fraction was removed by dissolving PMDA in this
solvent.

Labelling of PMDA. 50 pL of AlexaFluor 647 Cadaverine
1 mg x mL~ ' in DMSO and 125 L of DIC 20 mM in DMSO
were added to 1 mL of PMDA 0.5 M dissolved in a mixture of
THF/DMSO 7: 3. The reaction was stirred at RT for 16 hours in
the dark. The solvent was evaporated, and the polymer was
dissolved in sodium borate buffer (SBB) 0.5 M pH12. The
presence of DMSO, by-products and the unconjugated dye were

This journal is © The Royal Society of Chemistry 2023
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removed by Amicon Ultra centrifugal filter (30 kDa). Trifluoro-
acetic acid (TFA) was added to the solution to protonate the
carboxylates. The solvent was evaporated, and the polymer was
dissolved in CHCl;.

Labelling of multidentate polymers

PDP. 5.3 uL of AlexaFluor 647 Cadaverine 1 mg x mL™" in
DMSO and 11.6 pL of pure DIC were added to 1 mg of PDP
dissolved in 500 puL of THF. The reaction was stirred at RT for
16 hours in the dark. The THF was evaporated, and the polymer
was precipitated from DMSO leftovers by adding 3 mL 9:1
hexane/diethylether mixture. The polymer precipitate was then
dissolved in CHCI;. Given the poor solubility of the fluorescent
dye in CHCIl;, the unconjugated fraction was removed at
that step.

PCP. 15 pL of AlexaFluor 647 Cadaverine 1 mg x mL ™" in
DMSO and 390 pL of EDC 3.3 M in MilliQ water were added to
1 mg of surfactant dissolved in 20 mM borate buffer pH 9. The
reaction was stirred at RT for 16 hours in the dark. The presence
of DMSO, by-products, buffer, and the unconjugated dye were
removed by Amicon Ultra centrifugal filter (10 kDa). The solvent
was evaporated, and the polymer was dissolved in CHCl;.

2.6. Preparation of polymer coated gold and iron oxide NPs.

Phase transfer of nanoparticles using PEG-SH (2kDa). PEGy-
lation of gold NPs was done in CHCI; using MeO-PEG-SH and
AlexaFluor 647-PEG-SH.

Gold NPs (5 nm). 546 pL NPs 2.71 pM and 84.6 pL of
AlexaFluor 647-PEG-SH 0.07 g x L™ were added to 0.5 mL of
CHCI; and left to react for 2 hours in the dark at 40 °C. Then
580 pL of MeO-PEG-SH 50 g x L™ were added and left to react
for another 4 hours in the dark at 40 °C.

Gold NPs (15 nm). 300 pL NPs 58.4 nM and 100 pL of
AlexaFluor 647-PEG-SH 0.07 g x L™ were added to 0.5 mL of
CHCI; and left to react for 2 hours in the dark at 40 °C. Then
149.3 L of MeO-PEG-SH 2.3 g x L~ were added and left to
react for another 4 hours in dark at 40 °C.

To remove DDA, the NPs were diluted 1/20 with pentane and
precipitated at 1500 RCF for 5 min. The supernatant was
discarded, and the pellet was dispersed in CHCl;. This was
repeated twice, and the last pellet was dried and dispersed in
MilliQ water.

Phase transfer of nanoparticles using PMDA. Polymer coat-
ing of NPs was done in CHCIl; using PMDA labelled with
AlexaFluor 647.

Gold NPs (5 nm). 546 nL NPs 2.71 uM and 550 pL of PMDA
0.1 M were added into 1 mL of CHCl;.

Gold NPs (15 nm). 300 LL NPs 58.4 nM and 535 pL of PMDA
0.1 M were added into 100 pL of CHCl;.

Iron oxide NPs. Iron oxide suspended in organic solvent were
synthesized by solvothermal decomposition according to the pro-
tocol published by Park and co-workers.® 70 uL NPs 1.43 mM and
288 uL of PMDA 0.1 M were added into 1 mL of CHCl;.

J. Mater. Chem. B, 2023, 11, 61-71 | 63
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The CHCI; was evaporated under vacuum at 50 °C, and the
NPs dispersed in aqueous SBB 100 mM pH 12 with sonication.
The buffer was then replaced to SBB 10 mM pH9 using Amicon
Ultra centrifugal filter (10 kDa).

Phase transfer of nanoparticles using multidentate polymers.
Polymer coating of NPs was done in CHCIl; using multidentate
polymer labelled with AlexaFluor 647.

Gold NPs (5 nm). 256 uL NPs 2.71 uM and 30.8 pL of PCP
26 mM were added into 40 pL of CHCl;.

Gold NPs (15 nm). 300 uL NPs 58.4 nM and 183 pL of PCP
26 mM were added into 1100 uL of CHCI;.

Iron oxide NPs. 70 pL NPs 1.43 mM and 1.77 mL of PDP
49 mM were added into 100 pL of CHClj;.

The solutions were left in the dark at 50 °C overnight.
To remove DDA, the NPs were diluted 1/20 with pentane and
precipitated at 1500 x g for 5 min. The supernatant was
discarded, and the pellet was dispersed in CHCl;. This was
repeated other 2 times, and the last pellet was dried and
dispersed in SBB pH9 10 mM.

2.7. Fluorescamine assay to detect primary amine

To quantify the dodecylamine removed from the NPs, the pentane
supernatant was evaporated and solid leftovers were dissolved in
SBB pH8.3 20 mM. 200 LL of this solution were moved to a 96 well
plate and added 10 uL Fluorescamine in DMSO 3 mg x mL ™'
The resulting emission was quantified at 485 nm.

2.8. Removal and quantification of surfactant excess

Gold NPs (5 nm)

PMDA. The stock solution was split into six 10 mL conical
centrifuge tubes (7.5 mL each). NPs were precipitated at 200 000
RCF (swing bucket), 5 hours. After each precipitation, the
supernatants were collected, and the pellets were dispersed in
fresh buffer (or in its own supernatant) to reach the desired
dilution factor.

PEG and PCP. Each stock solution was split into six Amicon
Ultra centrifugal filter (100 kDa). After each centrifugation, the
filtrate was collected, and the concentrate was diluted in fresh
buffer (or in its own filtrate) to reach the desired dilution factor.

Gold NPs (15 nm). Each stock solution was split into six
15 mL centrifuge tubes (3 mL each). NPs were precipitated at
5000 RCF (swing buckets) for 4 hours. After each precipitation,
the supernatants were collected, and the pellets were dispersed
in fresh buffer (or in its own supernatant) to reach the desired
dilution factor.

Iron oxide NPs. Each stock solution was split into six micro-
centrifuge tubes. NPs were precipitated at 10 000 RCF (fixed angle
rotor), for 2 hours. After each precipitation, the supernatants were
collected, and the pellets were dispersed in fresh buffer (or in its
own supernatant) to reach the desired dilution factor.

Quantification of the surfactant in the supernatant and in
the pellet was done by fluorescence emission.

64 | J Mater. Chem. B, 2023, 11, 61-71
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2.9. Stability test and characterization after removal of
surfactant excess

After the serial removal of the surfactant, the NPs were diluted
in PBS pH7.2 20 mM and left at 27 °C for 4 days before
characterization by UV-Vis absorption and dynamic light
scattering.

2.10. Serum stability of PCP coated 15 nm Gold NPs

20 puL NPs 17.6 nM (with 99% of initial surfactant removed)
were added to 980 uL of DMEM supplemented with 10% FBS
(fetal bovine serum) and 1% penicillin-streptomycin and
t-glutamine, and incubated at 37 °C. Before measuring the size
distribution using DLS, the NPs were diluted to 12 mL in PBS
20 mM pH 7.2 and precipitated at 5000 RCF (swing buckets), for
4 hours. After discarding the supernatant, the pellets (~200 pL)
were dispersed in 12 mL of PBS pH 7.2 20 mM and the proce-
dure was repeated twice more before the DLS measurement.

2.11. Conjugation of bovine serum albumin (BSA) to PCP
coated 15 nm Gold NPs

10 mL NPs in a 15 mL centrifuge tube were precipitated at 3000
RCF overnight and 9.9 mL of the supernatant was discarded to
remove 99% of the free surfactant. To 40 pL NPs 7 nM in 10 mM
SBB pH 9 added 2 pL EDC 6 mM and 2 pL sulfoNHS 2 mM. The
solution was incubated at RT for 20 min, diluted to 4.5 mL in
MilliQ water and reconcentrated to 100 pL using a 30 kDa
centrifugal filter. To the concentrate added 25 uL 24 g x L™" x-
rhodamine labelled BSA and the solution was incubated at 4 °C
overnight. The conjugates were then mounted on top a con-
tinuous sucrose gradient (900 pL 5% sucrose, 1 pM (PMA
monomer) PCP, 10 mM SBB pH 9, on top of 500 pL 20%
sucrose, 1 uM (PMA monomer) PCP, 10 mM SBB pH 9. Tilted
rotation to form a continuous gradient) and centrifugated at
4500 RCF for 4 hours. The pellet (~100 pL) was diluted to 10
mL in SBB pH 9 with 1 uM (PMA monomer) PCP and centrifu-
gated at 5000 RCF for 8 hours. BSA-thodamine emission was
then quantified in the pellet and supernatant and NPs were
quantified using UV-Vis absorption.

2.12. Cell viability assay

HeLa cells were cultured with DMEM supplemented with 10%
FBS (fetal bovine serum) and 1% penicillin-streptomycin and
L-glutamine, and seeded (5000 cells per well) on 96 wells plates.
After 24 h from seeding, cells were treated with the different
formulation and concentration of 15 nm gold NPs specified in
the paper and incubated at 37 °C; untreated cells were used as
control. After 24-48-72 h of incubation, cells were washed
with PBS and tested with CellTiter 96® Non-Radioactive Cell
Proliferation Assay (MTT; Promega Corporation), according to
the manufacturer’s instructions. Absorbance was read imme-
diately in a plate reader (EnSightTM multimode plate reader,
PerkinElmer), using a testing wavelength at 570 nm and a
reference wavelength at 630 nm. The results were normalized
on viability of untreated cells (set at 100%) and expressed as

This journal is © The Royal Society of Chemistry 2023
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means + standard deviation of three independent experiments
in quadruplicate each.

2.13. Density functional theory calculations

All geometry optimizations have been carried out with the
TURBOMOLE 7.2.1 suite of programs,” using the pure PBE
exchange-correlation (XC) functional.*>*' A triple-{ basis set
with polarization functions for all atoms (def2-TZVP) has been
used.*” For gold atoms, a relativistic effective core potential
(ECP) was used for core electrons, in order to include (scalar)
relativistic corrections.®> The resolution-of-identity (RI)
technique®® has been used to speed up calculations, by redu-
cing all four-center two-electron Coulomb integrals to precom-
puted three- and two-center integrals. Solvent effect has been
implicitly evaluated according to the COnductor-like Screening
MOdel (COSMO), setting ¢ = 80 (water).>>?® Grimme’s
corrections®” for dispersion forces have been added to the
computational protocol. Additionally, to further validate our
computational results, we also carried out geometry optimiza-
tions with an alternative GGA functional that implicitly
accounts for vdW contacts, namely B97-D.*® A consensus for
binding energies has been found between the two theoretical
schemes (see ESIt for details). Binding energies have been
computed and reported as AEpinding = Eau-tigand — (Eau + Eligand)
were Eayiigana indicates the energy of the bound state, Ex, and
Ejigand the ones of the gold cluster alone and of the free ligand,
respectively. According to previous investigations, Au nano-
particles can be modelled considering the Au(100), Au(111)
and, to a lesser extent, Au(110) facets derived from bulk gold
cleavage, along the respective planes.® Thus, in the first
instance, we used published xyz coordinates*® of three-layers
Au(100) and Au(111) finite-sized nanoclusters, derived from
bulk gold, of 110 and 85 Au atoms, respectively. Then, we built
larger models for both Au(100) and Au(111) facets (referred to
as AuNP(100) and AuNP(111)), cut from a 5 nm diameter
nanoparticle whose atomistic structure was created using the
Nanoparticle Builder Module of the OpenMD software.*' Both
models comprise three Au layers, for a total of 149 and 160 Au
atoms for AuNP(100) and AuNP(111), respectively. The nearest
Au-Au distance is 2.884 A, which is fully consistent with the
lattice constant for bulk gold. Calculations for models mimick-
ing Au(100) or Au(111) containing an even number of Au atoms
were performed setting a singlet state (S = 0), while for the ones
with a odd number of Au atoms a S = 1 spin state was imposed,
according to the unrestricted formalism. E,, values have been
calculated keeping Au models at their fixed geometry while
structural perturbation was allowed only to the Au atom(s)
directly involved in ligand binding, for the calculation of E,,_
ligand- Ligands were instead fully relaxed, in both bound and
unbound states.

3. Results and discussion

Our aim in this work was to accurately quantify both free and
NP-bound surfactant and estimate the NP’s colloidal stability as

This journal is © The Royal Society of Chemistry 2023
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the excess unbound surfactant is removed. For this purpose,
we investigated two of the most broadly utilized surfactants,
representing the two synthetic approaches - the ligand
exchange with high-affinity ligands and the hydrophobic
interaction-based coating with amphiphilic surfactants - and
compared them with a new class of multidentate ligands with
enhanced affinity to the NP surface.

Each surfactant was fluorescently labelled in advance. This
fluorescent label can be conceptually thought of as any other
molecule to be conjugated to the NPs (e.g., drug, targeting
ligand, reporter probe). Lack of colloidal stability would mean
that the NPs were either aggregated or precipitated out of the
solution; for this reason, dynamic light scattering (DLS) and UV
absorption measurements were used to track any change in
colloidal stability.

The first model NPs explored was 15 nm gold NPs stabilized
in chloroform using dodecylamine hydrophobic ligands (Fig. 2,
for generalization to other NPs see ESIf). As a model for
surfactants using a single high affinity anchoring group to
the NP we chose 2 kDa PEG-SH, a very common surfactant
used for both metallic and semiconductor NPs. In this method,
we used a mix of methoxy-PEG-SH and carboxy-PEG-SH, where
fluorescent dye was bound through an amide bond (Fig. 2). For
obtaining fluorescent PEGylated NPs, a common procedure was
used and is made of two steps: first, labeled PEG was added to
the NPs; later, unlabeled methoxy-PEG-SH was added to satu-
rate the residual unreacted surface and reach the necessary
amount for successful transfer to water. This two-step process
was later shown to have little effect on preferential dye binding
to the NPs (Fig. 2). The NPs were characterized by TEM (Table 1)
and IR (Fig. 3).

Secondly, as a model for amphiphilic polymer surfactants
relying on hydrophobic interactions with the NP, we chose poly-
[isobutene-alt-maleic anhydride] grafted with 75% dodecylamine
(PMDA).*> The polymer was pre-labeled through an amide bond
and added to the NPs in chloroform to allow transfer to water
phase according to established protocols (Fig. 2). The NPs were
characterized by TEM (Table 1) and IR spectroscopy (Fig. 3).

Lastly a new polymer, poly[isobutene-alt-maleic anhydride]
grafted with both 2-pyridylthio cysteamine and 750 Da PEG
(PCP), models multidentate polymers having multiple high
affinity groups. The polymer was made using a facile, one pot
reaction. The polymer was fluorescently labelled and added to
the NPs in chloroform to allow phase transfer to water (Fig. 2).
The NPs were characterized by TEM (Table 1) and IR spectro-
scopy (Fig. 3).

Immediately after transfer to water, the NPs were divided
into six centrifuge tubes and repeatedly sedimented/resus-
pended by centrifugation 5 times (Fig. S1A, ESIt). The centri-
fugation parameters were optimized (4 h, 5000 RCF for 15 nm
gold NPs), as longer times or higher centrifugation speeds
destabilized all the NP samples, probably as a result of the
excessive drag force applied to the NP’s surface. The NPs were
resuspended to give an accurate dilution factor of the unbound
surfactant (1/30 dilution each time). To isolate the effect of
unbound surfactant removal (rather than the sedimentation
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Fig. 2 General scheme of model NPs preparation. As-synthesized 15 nm gold-citrate NPs were moved to chloroform and capped with dodecylamine,
followed by transferring the NPs to water using one of the three representative surfactants.

process) the first tube was used as a control, where NPs were
sedimented and resuspended each time, without removing and
diluting the supernatant (SUP). The second tube was diluted
just in the first sedimentation, and sedimented-resuspended
four times more without dilution, etc. In tube number six the
supernatant was sequentially diluted five times. After the
centrifugations, the NP suspensions were diluted into pH 7.2
phosphate buffered saline (PBS) and incubated at 27 °C for
three days before measuring UV absorption, fluorescence emis-
sion and DLS. Emission allowed quantification of the surfac-
tant in both the precipitate and the supernatant (to give insight
to bound vs. free surfactant), while absorption and DLS were meant
to detect any NP instability, agglomeration, or sedimentation.

As preliminary insight, we expected the free surfactant in the
supernatant to be progressively removed following the dilu-
tion factor. Assuming the bound surfactant was irreversibly
attached to the NP surface, the surfactant in the precipitate
fraction (bottom ~ 3% of the solution) is expected to diminish
while most of it was initially unbound, and to reach a plateau
once all unbound surfactant was eventually removed (Fig. S1B,
ESIt). In contrast, a mixed behaviour (i.e., no plateau) would
indicate a dynamic equilibrium between bound and free sur-
factant, and loss of “bound” surfactant as free surfactant was
removed, leading to NP destabilization.

Fig. 4 shows the results for 15 nm gold NPs stabilized with
2 kDa PEG-SH. In the emission data (Fig. 4A) we observed that
(1) even though the labelled PEG reacted with the NPs first -
initially most of it was not bound to the NP, probably due to
dynamic exchange of ligands between the NP surface and the
solution; (2) three rounds of dilutions (1/27 k) were necessary to

66 | J Mater. Chem. B, 2023, 11, 61-71

obtain a sample in which most of the PEG in solution was
indeed bound to the NPs; (3) the fluorescent signal from the
NPs actually never reached a plateau; (4) at the maximal
dilution, the surfactant’s bound/free ratio was 2.4.

Next, addressing the NP’s stability, Fig. 4B showed progres-
sive elimination of the NPs from solution as more surfactant
was removed. Specifically, we found these NPs attaching to the
plastic tubes, as shown in Fig. 4D. The absorption measure-
ment was performed after sonication, thus re-dispersing some
NPs from the plastic. Likewise, Fig. 4C shows progressive
increase in hydrodynamic size possibly due to aggregation as
surfactant was removed. Referring to the fourth sample, in
which most of the surfactant in solution was estimated to be
attached to the NPs, 22% of the plasmon absorption of the NPs
was lost and the average NP size had increased 30%.

This observation of fast dynamic equilibrium between
bound and unbound monothiolated ligands is in agreement
with experiments of self-assembled 2D monolayers on gold
surfaces and NPs,*** and highlights underestimated limitations
in the use of PEG-SH for conjugation of materials to NPs. In fact,
PEG is also a non-biodegradable polymer,*®® alters the fate of NPs
(known as “PEG dilemma”) and proved to be immunogenic.***°
Furthermore, the existence of such equilibrium suggests limited
reliability in applications in which the surfactant is naturally
eliminated at a fast rate (e.g,, in in vivo experiments), where the
elimination half-life of PEG is much faster than that of NPs (in the
order of min compared to days).">*?

Similar observations apply to PMDA, as shown in Fig. 5: this
time, 2 dilutions were necessary to obtain a sample in which
most surfactant was attached to the NPs (A); once again at that

This journal is © The Royal Society of Chemistry 2023
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Table 1 TEM images and relative particle size distributions of: citrate stabilized 15 nm Gold NPs, PEG NPs, PMDA NPs and PCP NPs
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point, due to loss of surfactant from the NP’s surface, 53% of Fig. 6 shows the same experiment done with NPs coated with

the NPs absorption was lost, and the average size increased by PCP. Looking at the fluorescence emission data (A), the most
70% ((B) and (C), respectively). At maximal dilution, the surfac- striking difference compared to the two previous surfactants
tant bound/free ratio was 12. was the plateau in the NPs emission intensity. Another
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(C=0) at 1730 cm™* of carboxylic acid. PCP shows §(C—H substituted
aromatic ring) at 750 cm™! demonstrating the presence of 2-pyridiylthio
cysteamine.
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Fig. 4 (A) Progressive removal of surfactant. Initially most surfactant was
free in solution and appeared to be in equilibrium with the bound
surfactant. (B) Absorption and (C) DLS data shows progressive instability
of NPs as excess PEG-SH was removed, highlighting limitations for the use
of monodentate ligands in stabilization and conjugation to NPs. Error bars
represent standard deviations from 3 independent experiments. (D) Show-
ing NPs attaching to plastic cuvette walls.

compelling indication of improved avidity of PCP is the final
ratio of bound/free surfactant: 137 compared to 12 for PMDA
and 2.4 for PEG-SH. More importantly, this value was achieved
without losing the colloidal stability of the NPs (B and C),
contrary to PMDA and PEG-SH.

Using PCP as surfactant, at the maximal dilution only
10% of the NPs absorption was lost, with no significant size
increase. Such improved performance is expected due to the
chelate effect, or denticity of this polymer and implies a
revolutionary advantage of such multidentate surfactants.
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Fig. 5 The surfactant PMDA seems to be in equilibrium between NP
bound and free in solution. As free PMDA is removed (A) the NPs lose
their colloidal stability as evident by UV absorption (B) and DLS (C). This will
limit the use of such surfactants for conjugation of chemicals to NPs. Error
bars represents standard deviation from three independent experiments.
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Fig. 6 (A) As free surfactant is removed the signal from the NPs reaches a

plateau and the ratio between free and bound surfactant exceeds 100. (B)
87% of NPs are recovered after 5 dilutions with no trend of instability. (C)
No significant change in size due to removal of free surfactant.

We further show that this result holds for NPs of different
size (5 nm gold, Fig. S2-S4, ESIt) and chemistry (iron oxide NPs
stabilized by poly[isobutene-alt-maleic anhydride] grafted with
both dopamine and 750 Da PEG,'®'° Fig. S5 and S6, ESIY).

To further validate the potential of PCP specifically, we
demonstrated a few practical applications. The cytotoxicity of
15 nm gold NPs covered by each surfactant was tested using the
MTT cell viability assay showing PCP to have the least toxic
effect at each dosage (Fig. 7). 15 nm gold NPs@PMDA clearly
confirm the toxicity of surfactant excess especially with this
type of polymer. While 15 nm gold NPs@PEG-SH show a
toxicity quite similar to PCP coated one, immunogenicity
effects and renal clearance in according to molecular weight
of the surfactant have to be considered for in vivo studies.’®>*

This journal is © The Royal Society of Chemistry 2023
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Cytotoxicity of 15 nm gold nanoparticles: comparison
of different surfactants using the MTT assay
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Fig. 7 MTT assay to compare the toxicity of gold NPs stabilized by
different surfactant — PMDA and PEG-SH with polymer excess, and PCP
without polymer excess. We choose this comparison due to our conclu-
sion that it is not practical to use PMDA and PEG-SH without excess
surfactant. Test was done using Hela cells. The values are the mean of
three different experiments in quadruplicates each. All samples are relative
to the untreated cells, which are set as 100%. Error bars represents
standard deviation.

We demonstrated the conjugation and purification of a
protein (bovine serum albumin (BSA)) to PCP covered NPs,
such that most of the protein in the mixture was actually bound
to the NPs (Fig. S10, ESIT).

In addition, PCP covered NPs were shown to be colloidally
stable in 10% blood plasma, through lyophilization and re-
solvation, and able to transfer the NPs back and forth between
water and chloroform depending on the pH (Fig. S8 and S9,
ESIY).

3.1. Insight for applying multidentate ligands to different
NPs: not all multidentate ligands perform equally

Testing multidentate polymers with different numbers of
ligands. During the setting-up of the protocols for coating NPs
with multidentate polymers, we noticed that surfactant with
lower degree of ligand functionalization exhibited insufficient
avidity (stabilizing the NPs only in the presence of free polymer
excess), while higher degree of functionalization caused
immediate NP aggregation (probably due to crosslinking - for
gold nanoparticles visible colour change from red to blue-
violet). A possible explanation, assuming a random coil con-
formation in solution, could be that the polymer would have to
unfold once in contact with the NP to orient all ligands to the
surface (Fig. 8A). An excessive number of ligands together with
structural limitations could leave dangling ligands oriented

This journal is © The Royal Society of Chemistry 2023
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Fig. 8 (A) a cartoon of the polymer unfolding and re-organization follow-
ing NP binding. (B) Calculated binding energies (PBE-D3/TZVP/COSMO) of
each single ligand, supporting (together with published experimental data)
the idea multidentate polymers need to unfold and reorganize to orient
ligands to the NP's surface, and that excessively high binding energy and/
or low surface mobility might limit this process, resulting in NP cross-
linking. (C) Representative image from DFT calculation of covalent binding
energy of aminothiophenol to gold (for detailed explanation of the
calculation see ESI).

outwards and ultimately causing the aggregation. This dictates
an optimum intermediate degree of polymer functionalization
with ligands (in our case 35%, or 13 ligands, see polymer
characterization in ESIf).

Testing different gold binding ligands. Polymers consisting
of thioethers (2-(methylthio)ethylamine) ligands were found to
stabilize the NP in water but offered low stability once excess
polymer was removed, as well as lower tendency to crosslink
NPs at higher degrees of functionalization. We attributed this
behaviour to the lower affinity of the thioether to gold com-
pared to the disulfide of PCP, as reported experimentally in the
literature®® and supported by our theoretical calculations
(Fig. 8B, see also ESIt for details).

Alternatively, 4-aminothiophenol have higher affinity to
gold - theoretically confirmed by calculations (Fig. 8B) and
experimentally supported by previous studies.**”® However,
polymers of 4-aminothiophenol caused immediate aggregation
even at low degrees of functionalization (3 ligands on average).
Again, we could rationalize this effect by the same process of
polymer unfolding and reorganization on the NP’s surface.
Having higher affinity and lower surface mobility (character-
istic of covalent binding compared to physical adsorption)
could limit this process, resulting in dangling ligands and
aggregation. Overall, these results indicate that ligands having
intermediate affinity and high surface mobility would be ideal
for multidentate polymers.

NPs of different size. We successfully applied the same
polymer (PCP with 35% ligand and 30% PEG) to gold NPs of
5 nm and 15 nm. With bigger NPs, however (e.g., 41 nm), the
polymer could not stabilize the colloid once the excess polymer
was removed, while the polymer degree of functionalization
could be further increased without crosslinking (resembling
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the behaviour of the polythioether with 15 nm NPs). This
could be due to lower affinity of the ligand to the surface of
bigger NPs, as reported experimentally for a different ligand
(butanethiol).®

4. Conclusions

In this work, we showed that currently common surfactants
have a fundamental limitation in the context of conjugation
and in vivo applications: the presence of excess surfactant in
solution and the loss of colloidal stability once that excess is
removed. We believe that this underestimated problem repre-
sents one of the big issues behind current failure of colloidal
nanoparticles in reaching the expected outcome in nano-
medicine.

C

Referring to the Langmuir adsorption equation: § = ——
g g p q C+K

where 0 is the surface coverage fraction, C is the surfactant
concentration and K is a constant, we can anticipate that as the
total surface area, or the NP concentration decreases, a higher
ratio of free/bound surfactant will be necessary to maintain the
NP stability. Unfortunately, it is generally the case, especially
for biological applications, that NPs are used in nanomolar
concentrations or lower. The data presented here and in ESIf-
cover many orders of magnitude of NP concentration (about
0.5 nM for 15 nm gold prepared by the citrate method, 25 nM
for 5 nm gold prepared by the Brust-Schriffin protocol, and
0.4 mM for iron oxide), yet the trend of free/bound surfactant
ratio and its implications on NP stability remain the same.

Searching for a possible solution, here we proposed a new
multidentate polymer and showed its improved performance,
possibly enabling improved performance in the same applications.
To demonstrate this in practice, a fundamental application in
nanobiotechnology, the nanoparticle bioconjugation, was suc-
cessfully demonstrated. A second application, i.e., improved
stability in vivo compared to monothiolated polyethylene glycol
is left to be demonstrated in follow-up studies.

Finally, showing the feasibility of the same strategy while
changing different parameters, including size and material
composition (e.g., iron oxide) of the nanoparticles, we tried to
generalize these results to indicate a general solution (multi-
dentate ligands) not limited to a specific nanoparticle, and to
provide general guidelines for successful application of such
surfactants.

We hope this work will have a significant impact on nano-
particle assisted drug delivery and bioimaging.'”*®*” This
result can be generalized to nanoparticle functionalization in
different fields of materials science and technology well beyond
nanobiotechnology, ranging from nanoparticle sensitized solar
cells®®* to sensing,®® catalysis,®" and others.®
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