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Temperature-responsive nanomaterials have gained increasing interest over the past decade due their abil-
ity to undergo conformational changes in sifu, in response to a change in temperature. One class of tem-
perature-responsive polymers are those with lower critical solution temperature, which phase separate in
aqueous solution above a critical temperature. When these temperature-responsive polymers are grafted
to a solid nanoparticle, a change in their surface properties occurs above this critical temperature, from
hydrophilic to more hydrophobic, giving them a propensity to aggregate. This study explores the temper-
ature induced aggregation of silica nanoparticles functionalised with two isomeric temperature-responsive
polymers with lower critical solution temperature (LCST) behavior, namely poly(N-isopropyl acryla-
mide) (PNIPAM), and poly(2-n-propyl-2-oxazoline) (PNPOZ) with similar molecular weights (5,000 Da)

and grafting density. These nanoparticles exhibited striking differences in the temperature of aggregation,
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which is consistent with LCST of each polymer. Using a combination of small-angle neutron scattering
(SANS) and dynamic light scattering (DLS), we probed subtle differences in the aggregation mechanism
for PNIPAM- and PNPOZ-decorated silica nanoparticles. The nanoparticles decorated with PNIPAM and
PNPOZ show similar aggregation mechanism that was independent of polymer structure, whereby aggre-
gation starts by the formation of small aggregates. A further increase in temperature leads to interaction

between these aggregates and results in full-scale aggregation and subsequent phase separation.

1.0 Introduction

“Smart” nanomaterials are gaining interest in both academia and industry, due to their ability to undergo
reversible changes in response to an external stimulus, such as changes in temperature or pH.! In particu-
lar, temperature-responsive polymers (TRPs) can change their physicochemical properties depending on
temperature.” One class of TRPs are those with lower critical solution temperature (LCST), which phase
separate above a critical temperature. At temperatures below the LCST, the polymer in diluted solution is
hydrophilic in nature, taking an expanded coil conformation, and above the LCST it becomes more hy-
drophobic due to entropic dehydration leading to collapse into a globule followed by macroscopic phase
separation of the high polymer concentration phase. Alternatively, the polymer can initially form clusters
upon initial dehydration, which subsequently undergo a phase separation transition upon further dehydra-
tion. The aggregation pathway depends on the polymer molecular weight, concentration, and structure.*”
4 By tethering TRPs to a nanoparticle surface, the LCST of a polymer can change, in part due to steric
hindrance caused by the dense polymer packing on the surface leading to enhanced polymer-polymer
interactions that compete for hydration,” suggesting that the polymers will behave differently when grafted

to a solid core or when free in solution.

Herein, we examined the effect of temperature on the size and early stages of aggregation for silica
nanoparticles decorated with PNIPAM and PNPOZ thermoresponsive polymers. PNIPAM is a widely
studied TRP with an LCST of 32 °C.° Several molecular characteristics that govern PNIPAM phase tran-
sition, such as degree of polymerization (DP), dispersity, branching, chain end-groups, charges, and tac-
ticity, have been identified and studied. It was reported that isotactic, meso-dyad rich, PNIPAM has a
lower cloud point temperature than atactic PNIPAM.”® Recent computer simulations confirmed that the
number of meso dyad (m) groups in a polymer chain is a crucial parameter that has an impact on polymer
solubility in general and cloud point temperature in particular.'®!! For example, PNIPAM with a degree

of polymerization (DP) of 56 and containing >80% meso-dyad groups is insoluble over the temperature



range of 5-45 °C whereas a shorter PNIPAM polymer (DP=34) is completely insoluble in water at any
temperature. Interestingly, the number of meso-dyads controls not only demixing temperature but also
dictates the aggregation pathway. A SANS study showed that PNIPAM coils with 46 % meso-dyads per
unit chain show some contraction followed by sharp phase separation whereas polymers with 58% of

meso-dyads shrink simultaneously with small cluster formation.'?

Despite the large number of reports of PNIPAM-functionalized nanoparticles and moderate number of
reports on poly(2-oxazoline)-functionalized nanoparticles, there is surprisingly little research into their
early stages of aggregation. Given their wide applications in biomedical research, understanding the be-
havior of these polymers at different temperatures is essential, as it can drastically alter the bulk-properties

of the materials.

There have been many reported applications for various PNIPAM functionalized nanoparticles, ranging

13 photo-thermal therapy,'* remote-controlled triggered drug release,'® and bioimag-

from “smart-glass,
ing.'® Poly(2-oxazolines) have gained increasing interest in recent years mainly due to their excellent
biocompatibility, ease of synthesis, and functionalizable side-chains.!’!® Additionally, some poly(2-oxa-
zolines) exhibit LCST behaviour, which is highly dependent on the side chains. Poly(2-n-propyl-2-oxa-
zoline) and poly(2-isopropyl-2-oxazoline) have reported LCSTs of 25 and 38 °C,! respectively, making
them very interesting for controlled release studies. Thermoresponsive poly(2-oxazoline) coated nanopar-
ticles have been reported as logic gates and for controlling aggregation and cellular uptake.?*?* The hy-
dration properties of PNIPAM shell around silica nanoparticles as a function of molecular weight were
reported by Humphreys et al.>* They demonstrated that cloud point temperature (CPT) is sensitive to
polymer molecular weight changing in the range 30.7 — 32.2 °C. The core size and shell thickness were
compatible to each other with a core diameter of 122.6 nm and a shell thickness varying in a range of 127-
133 nm. Small-angle neutron scattering (SANS) method was applied to study the shell hydration proper-
ties as a function of temperature. Radial profiles of a polymer volume fraction have been generated using
a sphere-core-shell onion model. Convincing evidence of a shell morphological transition from a swollen
brush profile to collapsed one was reported with temperature raising from 15 to 40 °C. Humphreys et
al.** provided an insight into how a polymer brush composed of a rather long thermoresponsive polymer
responses to the change of temperature. Our work is a logical continuation of this study, however, we
decided to focus on different molecular “players”. We are particularly interested how small variations in
polymer structure are important for the solution properties of silica nanoparticles coated with a rather

short polymer chains (up to 5000 g/mol) in contrast with much longer PNIPAM chains used by Hum-



phreys et al.**

Herein, we examine how the size and aggregation processes change as a function of tem-
perature for PNIPAM- and PNPOZ-functionalized silica nanoparticles, where the isomeric PNIPAM and
PNPOZ have similar molecular weight (5000 Da) and grafting density, and determine the features of
aggregation for these particles at different temperatures using Small Angle Neutron Scattering (SANS)

(Fig 1).
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Fig 1. Structure of PNIPAM and PNPOZ repeat units.

2.0 Materials and methods
2.1 Materials

(3-Mercaptopropyl)trimethoxysilane (MPTS) (95 % purity), maleimide-terminated PNIPAM (av-
erage molecular weight 5 kDa), methanol and ethanol were purchased from Sigma-Aldrich (Gil-
lingham, UK). Acetonitrile was obtained from Acros (UK). Dimethyl sulfoxide (DMSO) was ob-
tained from Fisher Scientific (UK), and D>O from VWR International (UK). All other chemicals
and reagents (including solvents) were of analytical grade or higher and were purchased from
Sigma-Aldrich unless otherwise stated. All water used in this study was ultrapure water generated
from a PureLab UHQ water purification system (18 MQ), unless otherwise stated. Propargyl ben-
zenesulphonate was distilled prior to use. 2-n-Propyl-2-oxazoline was synthesised as previously
reported®® and was distilled over barium oxide before use. Acetonitrile was dried over molecular

sieves (3A), and tetramethylammonium hydroxide in methanol (25 wt.%) was used as received.



2.2 Synthesis of thiolated silica nanoparticles

Thiolated silica nanoparticles were synthesized by the self-condensation of MPTS according to previ-
ously published methods, with no further modification.?*” 0.75 mL MPTS was added to 20 mL DMSO,
followed by 0.5 mL of 0.5 mol/L aqueous NaOH. The reaction mixture was left stirring at room temper-
ature for 24 h, whilst being continuously bubbled through with air. The formation of nanoparticles was

observed by the appearance of a white turbid solution.

The obtained nanoparticles were purified by dialysis using a cellulose membrane with a molecular-
weight cut-off of 12-14 kDa (Medicell International Ltd, UK). The particles were sealed inside the tubing
and dialyzed against 4 L deionized water, over a 48 h period. A minimum of eight water changes were
carried out. Following dialysis, three 1 mL aliquots were removed and frozen for lyophilization. The re-

mainder was stored at 4 °C until further use.

2.3 Poly(2-n-propyl-2-oxazoline) (PNPOZ) synthesis and characterization

All reagents were stored and handled under dried nitrogen atmosphere in a glovebox (Vigor gas purifi-
cation technologies, Inc.). Polymer synthesis was performed as previously reported.?>* A 4 M solution
of the 2-n-propyl-2-oxazoline monomer was prepared in acetonitrile in the presence of 1/50 equivalents
of propargyl benzenesulfonate. The polymerization mixture was heated to 100 °C in an aluminum heating
block for 60 min, cooled to 0 °C and the living polymer chains were terminated by addition of 1.1 equiv-
alents of tetramethylammonium hydroxide under a dry nitrogen atmosphere. The polymerization mixture
was kept stirring for 18 h at room temperature, after which the solvent was evaporated under reduced
pressure. The polymer was re-dissolved in dichloromethane and precipitated in cold diethyl ether, yielding
a white powder that was filtered and dried in a vacuum oven at 50 °C for 24 h. Polymer composition was
confirmed by "H-NMR spectroscopy, MALDI-ToF MS (Matrix-Assisted Laser Desorption and Ionisation
Time of Flight Mass Spectrometry) and size exclusion chromatography. Full characterization details of

the obtained polymer can be found in the Supporting Information (Fig SI1-3).

"H-NMR spectra were recorded in CDCl; on a Bruker Avance 300 MHz spectrometer and processed
using Bruker software (TOPSPIN 3.0). Size exclusion chromatography (SEC) was performed on an Ag-
ilent 1260-series equipped with a 1260 ISO-pump, a 1260 Diode Array Detector, a 1260 Refractive Index
Detector, using two Mixed-D 30 cm columns (Agilent) and a Mixed-D precolumn (Agilent) in series at
50 °C, with DMA containing 50 mM of LiCl as eluent, at a flow rate of 0.593 mL/min. Molar masses and
dispersity values were calculated against polymethylmethacrylate standards. MALDI-ToF MS used an



Applied Biosystems Voyager-DE STR instrument equipped with a nitrogen laser operating at 337 nm,
pulsed ion extraction source and reflectron detector. The laser pulse width was 3 ns at 3 Hz. Spectra were
recorded in reflector mode with an acceleration voltage of 19 kV and delay of 400 ns. 100 single shot
acquisitions were summed to give the spectra and the data were analyzed using Data Explorer software.
Samples were prepared by dissolving the matrix 2-(4-hydroxyphenylazo)benzoic acid (HABA) in the
solvent (acetone, 20 mg/mL), mixing with the polymer (1 mg/mL) and sodium iodide in acetone (15

mg/mL) that was used as a cationizing agent.

2.4 Silica nanoparticle functionalization

For PNIPAM-functionalization, a 5 mL suspension of the thiolated silica nanoparticles (10 mg/mL) was
diluted with 5 mL ultrapure water, followed by the addition of 100 mg maleimide-terminated PNIPAM.
The reaction was left stirring for 24 h at room temperature and purified by dialysis as previously described

for the thiolated silica nanoparticles.

For PNPOZ-functionalized particles, a 5 mL suspension of the thiolated nanoparticles (10 mg/mL), was
diluted with 5 mL DMSO, and reacted with 100 mg of alkyne-terminated PNPOZ. The reaction was cat-
alyzed by the addition of 200 pL triethylamine (TEA) and left for 96 h. Following completion, the sample
was purified by dialysis as described for the thiolated silica nanoparticles. All particles were stored at 4

°C until further use.
2.5 Particle characterization
2.5.1 Size analysis

To characterize the particles, several complimentary techniques were used: Dynamic Light Scattering
(DLS), Nanoparticle Tracking Analysis (NTA) and TEM were used to determine particle size, followed
by FT-IR and FT-Raman spectroscopy, thermogravimetric analysis (TGA) and Ellman’s assay for deter-

mination of surface functionality.

DLS measurements were recorded using a Zetasizer NanoZS (Malvern Instruments Ltd., UK). Each
nanoparticle suspension was diluted ten-fold using ultrapure water before adding to low-volume cuvettes
(Fisher Scientific, UK) and placement in the DLS instrument. A temperature ramp study was then under-
taken between 20 and 50 °C. Measurements were taken every 1 °C, with 10 min equilibration before each
measurement to ensure thermal equilibration. All readings were for an average of 12 runs, at 10 seconds
per run. This was repeated three times for each measurement. Three independent samples were measured

for each particle type. In all cases, a refractive index of 1.432 was used, based on the work of van der Pol

6



1.30

et al.” The DTS (Nano) program was used to evaluate the data. The DTS (Nano) software also provides

polydispersity index PDI derived from a cumulants analysis (PDI = FZ/FZ), where 2 and I'y are the
1

second and first cumulants.

The results are presented as the mean + standard deviation of the determined z-average values for three

independent repeats.

Zeta-Potential Measurements. Electrophoretic mobility was measured with the same Zetasizer Nano-
ZS instrument used for dynamic light scattering measurements. The DTS software was used to compute
zeta-potential through the Henry equation (Eq. 1). This conversion is based on some approximations such
as particles’ spherical symmetry and the estimation of ka parameter, where a is a particle diameter and k

is a Debye length. The electrophoretic mobility of a spherical particle is related to the zeta-potential by

26, f(k
Up = 20D (),

where &, is the dielectric constant of the sample, # is the dynamic viscosity (Pa s), and § is the zeta-
potential (V); f(ka) is Henry’s function, which is calculated within the approximation of Smoluchowski
(f(ka) = 1.5) for aqueous solutions with moderate ionic strength. Each mobility value presented in the text

is an average of 15 up to 100 values.

NTA measurements used an LM 10 system with LM 14 laser module and top plate, and green 532 nm
laser (Malvern Instruments, UK). NTA requires very low concentrations of nanoparticles in suspension,
as each nanoparticle is individually tracked. Therefore, samples were diluted 1:10,000 from the stock
solution. Samples were then placed in a 1 mL syringe in a syringe pump set to a flow rate of 30 AU. As
NTA works by tracking individual particles, having the system under flow allows a larger number of
particles to be measured, and better represents the sample. Videos were recorded for 60 s, 5 videos per
individual sample, and 3 samples were measured in total. Analysis used the NTA v3.0 software that pro-
vides a diffusion coefficient value. Diffusion coefficients were further converted to hydrodynamic diam-
eter by Stokes-Einstein equation using NTA software. All NTA sizing experiments were at room temper-

ature (25 °C) under the constant syringe pump flow.

2.5.2 Surface functionality

FT-IR spectra were recorded using a Spectrum 100 FT-IR spectrometer (Perkin Elmer, UK). A small

quantity of lyophilized nanoparticles was placed on the sample holder and spectra were recorded from an
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average of 32 scans, at a resolution of 4 cm™'. Prior to analysis, a background spectrum was recorded and

subtracted from the sample spectra. Spectra were collected between 4000 and 550 cm™.

FT-Raman experiments used a Nicolet NXR 9650 FT-Raman spectrometer (Thermo Scientific, UK).
Prior to analysis, the instrument was calibrated against a sulfur standard. For sample analysis, lyophilized
nanoparticles were placed in glass HPLC vials, about a quarter full and tapped to remove any air pockets.
Spectra were recorded as the average from 1000 scans, between 4000 and 10 cm™!, at a resolution of 4 cm™
1.

TGA experiments were performed on a Q500 instrument (TA Instruments, UK) using nitrogen as the
inlet gas. Before analysis, the instrument was calibrated against an empty platinum TGA pan, loaded with
an empty Tzero aluminium DSC pan. Lyophilized nanoparticles were then placed into the empty DSC
pan, ensuring even coverage of the bottom of the pan. This was then placed into a platinum TGA pan and
loaded into the instrument. Thermal decomposition was measured by a temperature ramp between 35 and
500 °C at 10 °C/min. Polymer loading was determined by subtracting the weight loss observed for un-
functionalized silica nanoparticles from the weight loss seen for the functionalized silica nanoparticles.

This was then expressed as a percentage of total mass.

Transmission Electron Microscope (TEM) images were recorded on a Phillips CM20 analytical TEM
using a 4 megapixel AMT camera. An accelerating voltage of 200 kV was used. Samples were prepared
by placing a drop of nanoparticle suspension in aqueous dispersion onto a section of parafilm. A Holey
Carbon film 300 mesh copper grid (HC300Cu, EMResolutions, UK) was then placed onto the drop and

left for 1 minute. The grid was left to air dry before being placed in the instrument, and images recorded.

Ellman’s assay was used to quantify the amount of reactive thiol groups present on nanoparticle sur-
faces. The procedure utilized was that of Bravo-Osuna et al with minor modifications.’! 3 mg of dry
particles were re-suspended in 10 mL phosphate buffer (pH 8, 0.5 mol/L), and allowed to incubate for 1
hour. Ten aliquots (0.5 mL) were individually placed in Eppendorf vials and reacted with 0.5 mL 5,5'-
dithiobis-(2-nitrobenzoic acid) (0.3 mg/mL) for 2 hours in the dark. 200 pL aliquots were then pipetted
into a 96 well plate (three repeats for each Eppendorf vial), and the absorbance measured at 420 nm using
a BioTek Epoch plate reader. L-cysteine-HCI solutions were used as standards in the concentration range

of 3.125 uM to 12.69 uM, and reacted under the same conditions as for the nanoparticles.



2.6 Small Angle Neutron Scattering

Small angle neutron scattering (SANS) is a powerful technique to probe structural changes occurring in
a system in response to an external stimulus, such as temperature, and relating this information to any
higher-order structures existing. Here, SANS experiments were used to investigate structural changes in
the polymer-decorated nanoparticles at different temperatures, and to determine the structure formed by
interacting particles. Experiments were performed on the D11 instrument at the Institute Laue—Langevin,
Grenoble (DOI: 10.5291/ILL-DATA.9-12-422). An incident wavelength of 8 A coupled with detector
distances of 1.2 m, 8 m and 28 m were used to cover a g-range of 2 x107 to 0.3 A™!, where ¢ is defined

as:

41 sin %

=
Here, 6 is the scattering angle, and A is the wavelength of the incidence neutron beam. Data were rec-
orded on a 2D *Helium detector and, in all cases, were radial averaged and corrected for transmission,
detector efficiency and a background of pure D>O. The resulting data were converted into a scattering
cross-section (0X/0Q vs g), and placed on an absolute scale (I(q)). Prior to any analysis, the incoherent

background was subtracted.

Given that deuterium provides a greater contrast to neutrons during SANS experiments compared to
hydrogen, prior to the experiment, samples were dialyzed against D>O using a 7 kDa molecular-weight
cut-off membrane (Medicell International, UK). A 1 mL aqueous suspension of particles (c=5
mg/mL) was added into the membrane and sealed, before placing into a vial containing ~30 mL
D>0. D20 was replaced every 6 hours for a total of 3 changes. Following dialysis, samples were
placed in glass vials and sealed with parafilm. Samples were then placed in 1 mm Hellma quartz QS
cuvettes, sealed with a PTFE stopper, and placed in the beam-line. Scattering cross-sections were
obtained for PNIPAM and PNPOZ-silica nanoparticles at 25, 30, 34, and 40 °C, where the temperature
was controlled by an external water circulation system. No sample filtration was used for SANS experi-
ments. These samples were stable for at least 1 month.

Data fitting used the SASfit program,** using DLS and TEM data to provide the parameters. Various

form factors were used depending on the sample and temperature and are described below. Due to the low

concentrations of nanoparticles in solution we neglect inter-particle interactions.



2.6.1 Spherical shell model:
The spherical shell form factor has the following form,

Sin(q (Reore +ARshell))_(Rcore +4ARspe11)q COS(CI(Rcore +ARshell)) _
(@(Rcore+ARspen))®

I(q) = [47T(Rcore + ARshell)3(ASLDshell) '

In(@Rcore) ~(Reore Rcore) 2
4ﬂRcore3(ASLDcore) = (q(Rcore)q3COS(q (1)

Where Rcore 1s the core radius, 4Rgy,;; 1s the thickness of the shell, ASLDgy,,; is the difference in SLD
(scattering length density) between the solvent and the shell, ASLD.,,.. is the difference in SLD between
the solvent and the core. The ASLDgy,.;; and ASLD,.,,. were left as floating variables.

To account for nanoparticles polydispersity, a Schulz-Zimm distribution of R, With polydispersity

parameter o was included in the following way,

4= % (<ch:€>)2+1 xp [_ (Z<+R1c):izo>re] @)

whereZ=iz—1
g

2.6.2 Sphere with attached Gaussian chains Model

The scattered intensity curves were fitted using the model of a sphere with attached Gaussian chain

having self-avoiding walk statistics implemented in SASFit software based on the model developed by

Pedersen et al.>

The scattering curves in D>O could be fitted using the following function:

The overall scattering intensity of the sphere with attached Gaussian chain can be written as:

Pige = NZggPlorePeore(@) + NaggpenainPenain(@) + 2NZggPcorePchainSchain—core(@) +
Nagg(Nagg — DplnainSchain—chain (@)
3)
where NZ;;pZrePeore () is the self-correlation term of the core; Ny ggp2hainPenain(q) is the self-cor-
relation term of the chains; 2NZ;4PcorePchainSchain—core () is the cross-term between the core and chains
and Nggg(Nggg — 1) pZhainSchain-chain(q) is the cross-term between different chains. Nggg4 is the aggre-

gation number of polymer chains on the nanoparticle surface, p.pqin and peore are the excess scattering
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lengths of a block in the corona and in the core, respectively. P.,..(q) is the scattering of the spherical

COorec:

(sin(qRcore) —qRcorec0S(qRcore))
Peore(q Reore) = 3 3 4)
(qRcore)
The scattering intensity for the brush is given by:

_ sexp(=x)-1+x
Pchain(q'rgchain) =2 X2

)

where x = 12,4097 Tgchain 18 the gyration radius of a polymer chain.

gc
The contribution of the cross term between core and chains, which form the brush of wormlike micelles,

is calculated using the equation:

Sin(q [Rcore"'drgchain])

Scnain-core(d Reores Tgcnains @) = ¥(aTgcnain) Peore (@ Reore) A Reore d genain] (6)

where ¢(qrgchal-n) = P%M is the form factor amplitude of the chain.

The contribution of the cross term between chains is calculated using the equation:

Schain—chain(@ Reores Tgchains @) = Y2 (qTycnain) [Sm(q[RchrdrgCh,am]) 2 (7
q[Rcore+AdT gchainl

where d is parameter that accounts for non-penetration of the chains into the core.

The model has the following fitting parameters: Ry, — core radius; 7ycpqin — gyration radius of polymer
chains in the corona, N, is the aggregation number of polymer chains; pcore — €xcess scattering
length of the spherical core; p — excess scattering length of a block unit in the corona.

Excess scattering lengths of the core and polymeric chains were known from literature data and from

the polymer composition, and were chosen to be fixed during the fitting procedure. The R, value was

also fixed to 140 A since this value was known from TEM and SANS fitting of unfunctionalized silica.

To account for nanoparticles polydispersity, a Schulz-Zimm distribution of R, With polydispersity

parameter o was included (Eq. 2).

2.6.3 Mass Fractal Model
The mass-fractal model was used in addition to the sphere with attached Gaussian chains model to
describe the upturn at low g:

I(q) = IyPyr(q) 3
11



where, Iy is the forward scattering. Pmr(q) can be defined by:

PMF(CI) _ sin[(D—l)arctan(éqDE_)L (9)

(D-1)q§(1+q2&%) 2

. . . . 2R2
where & is the correlation length representing the cluster size, & 2 = g

= and D is the fractal dimension
D(D+1)

representing the self-similarity of the structure, and Ry is the gyration radius of a fractal cluster.

The model has the following fitting parameters: /o, D, and R.

3.0 Results and discussion
3.1 Nanoparticle characterization

Following synthesis, all nanoparticles were characterized for size and surface functionality using DLS,
NTA, and TEM. Initially, the hydrodynamic diameter was established by DLS and NTA immediately
following functionalization and purification. Fig 1 shows the DLS size distributions and TEM images for
the thiolated, PNIPAM-, and PNPOZ-functionalized silica nanoparticles; and Table 1 provides a summary

of the physicochemical properties. NTA size distributions are presented in Supplementary Information,
Fig SI14.

12



Table 1. Physicochemical properties of polymer-functionalized and thiolated nanoparticles

7- Grafting
¢- Mode .
Average density Free thiol
Nanoparticle PDI*  potential* diameter** ,
diameter* (ng nm™) (nmol/g)
(mV) (nm)
(nm) x10-15
Thiolated
52+1 0.072 -46+2 54+ 1 - 212+ 47
silica
PNIPAM-
70 + 1 0.111 29+1 63+3 8.6 128+ 10
silica
PNPOZ-silica 61+1 0.194 -21+2 58+1 9.8 14+1

Values for columns annotated with * were determined from DLS measurements. Those with ** were

determined by NTA measurements. Grafting density was determined by TGA, and the free thiol content

by Ellman’s assay.

20 Ty T
— Thiolated silica A
—— PNIPAM-silica
—— PNPOZ-silica
15 -
X
2
» 10 4 u
c
i)
=
54 -
0 e L ———r
10° 10t 102 10°
Ry, nm

Fig 2. A) DLS size distributions for thiolated silica (blue), PNIPAM-silica (red) and PNPOZ-silica (green)
nanoparticles measured at 25 °C. B, C, and D show TEM images for thiolated silica, PNIPAM-silica, and
PNPOZ-silica, respectively. The scale-bars represent 50 nm for B, and 100 nm for C and D.
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From Fig. 2 and Table 1, it is clear that the size of the silica nanoparticles increases after polymer graft-
ing, indicating successful functionalization of the particles. Both the z-average size (determined by DLS),
and the modal particle diameter (determined by NTA) increase, along with an increase in polydispersity
index (PDI) following polymer grafting. A reduction in both the {-potential and the concentration of re-
active thiol groups further confirm the presence of the polymer on the nanoparticle surface. It is proposed
that a fraction of the thiol groups on the nanoparticles are in the form of thiolate anions, giving rise to the

larger negative zeta-potential values of the thiolated nanoparticles.

100] ~——— L

95 + L

90 + L

85 L

O\O 80 —_ -
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(6 4

5 65 L
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.g 55 —— PNIPAM-silica L
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Fig 3. Thermal decay of parent and functionalized silica nanoparticles as determined by TGA

The TGA analysis indicates the amount of polymer present on the particle surface, by subtracting the
weight-loss on heating before and after functionalization (Fig 3). Values of 8.6x10"° and 9.8x10™"° pg-nm’
2 of polymer on the surface were obtained for PNIPAM and PNPOZ-silica, respectively, assuming a radius
of 26 nm for plain silica particles constituting the core. These values were not significantly different from
each other (p>0.05) and correspond to 1.0 and 1.2 chain per nm?. Such grafting density values imply very
close packing from which we expect a stretched conformation of the polymeric chains in the shell. The
brush thicknesses were estimated from TGA data according to Humphreys et al.>* This thickness was 2
nm for both PNIPAM and PNPOZ-silica particles indicating a stretched conformation of PNIPAM and
PNPOZ chains.

In addition to size and polymer loading, FT-IR and FT-Raman were used to characterize the nanoparti-

cles’ surface functionality and confirmed the presence of each polymer (Fig 4).
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Fig4. FT-IR (a) and Raman (b) spectra for thiolated silica (blue), PNIPAM-silica (red), and PNPOZ-silica

(green) nanoparticles

The FT-IR spectrum of the thiolated silica particles (blue) shows two major peaks at 1032 and 1102 cm”
I due to the Si-O-Si stretches from the disiloxane. The siloxane moiety of the nanoparticles exhibits two
distinct features between 1300 and 1000 cm™ due to the different functionalities attached to the silicon
atoms (Si-O, and Si-C, respectively).>* This agrees well with the nanoparticle structure proposed by
Irmukhametova et al.’’ Both of these vibrational modes are evident in the spectra for functionalized
particles (red and green), confirming the presence of the silica core in these samples. The FT-IR spectrum
from PNIPAM functionalized silica nanoparticles has predominant peaks at 3298 cm™' (aliphatic C-H),
1632 cm™ (C=0), 1535 cm™ (N-H), and 1459 cm™! (aliphatic C-C). These features are not seen in the
spectrum of the unfunctionalized silica and clearly demonstrate the presence of PNIPAM bound to the
particle. Similarly, for the PNPOZ silica particles, the peaks at 2940 cm™ (CHz), 1630 cm™ (C=0),1476
cm! (C-H), 1422 cm™ (CH3), and 1236 cm™ (C-N) demonstrate the presence of PNPOZ in this sample.

The FT-Raman spectrum for thiolated silica (blue) shows principle peaks at 2880 cm™ (C-H), 2510 cm’
'(S-H), 1400 cm™ (CHy), 1310 cm™ (C-C), 1250 cm™ (C-C), 631 cm™ (C-S), and ~500 cm™' (Si-O-Si and
S-S). Following PNIPAM functionalization, new peaks arise at 1628, and 837 cm™! representing the C=0
stretch and C-C vibrations in PNIPAM. PNPOZ has peaks at 1631 cm™ and 1024 cm™!, representing C=0
and C-C vibrations, respectively. Functionalization of the nanoparticle surface also reduced the intensity
of the thiol stretching mode at 2510 cm™ From these data, it is evident that the thiolated silica nanoparti-

cles were successfully functionalized with PNIPAM and PNPOZ.
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3.2 Effect of temperature on particle aggregation

To study the effect of temperature on the particle size, PDI and {-potential, DLS measurements were
performed across a temperature ramp of 20-50 °C to span across the reported LCST of both polymers (25
and 32 °C for PNPOZ and PNIPAM, respectively). The thiolated silica particles were also subjected to
the same temperature ramp as a control to verify that the changes observed were due to the presence of
the polymer and not a trait exhibited by the thiolated particles. Fig.5 illustrates the size and PDI depend-

ence on temperature.
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Fig 5. Size (A) and PDI (B) of thiolated silica, PNIPAM-silica, and PNPOZ-silica nanoparticles as a

function of temperature. Results are the means of 3 repeats + standard deviation.

Fig. 5A shows that, as temperature increases, the particle size of the TRP-functionalized materials in-
creases significantly (p < 0.05) while it is invariant for the thiolated silica nanoparticles. The PNIPAM-
silica nanoparticles show a steady increase in hydrodynamic diameter between 34 and 40 °C, after which
it reaches a plateau. A similar trend is shown with the PDI values (Fig. 5B) suggesting that the particles
are forming aggregates as the temperature increases above 34 °C. Interestingly, the PDI values are re-
markably consistent between the 3 independent repeats. These data for the onset of aggregation compare
favorably with the known lower critical solution temperature for PNIPAM of 32 °C. A similar increase in
size and PDI is seen for the PNPOZ-functionalized nanoparticles but with a lower onset temperature of
28-29 °C, again close to the LCST value of 25 °C. It is also evident from Fig. 5 that the size and polydis-

persity recorded for the aggregating PNPOZ-functionalized particles was more diverse than for the
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PNIPAM-functionilized samples. It should be noted that the temperature-induced aggregation of nano-

particles was reversible with a minor 1-2 °C hysteresis.

In addition to the size and PDI of the particles, their E-potential was determined across the same
temperature range (Fig. 6). From these data, it is clear that there are changes in &-potential as temperature
increases across all samples. The thiolated silica nanoparticles (Fig. 6; blue) revealed a decrease in the
negative &-potential as the temperature increases and there is a significant difference between the &-po-
tential at 20 °C (-54 = 1 mV) and that at 50 °C (-43 =2 mV) (p < 0.05). Several authors reported the effect
of temperature on the &-potential of various silicate particles.> 3’ The zeta potential of silica was found to
be more negative with increasing temperature, which was related to the dissociation of the silanol groups
at the interface.*® The trend observed in our work for thiolated silica is clearly opposite, which is unex-
pected as pKa values generally tend to decrease with increasing temperature.*® Therefore, it may be spec-
ulated that more thiols are engaged in disulfide bridges at elevated temperatures leading to an increase in

zeta potential.
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Fig. 6. &-potential of unfunctionalized thiolated silica, PNIPAM-silica, and PNPOZ-silica nanoparticles

as a function of temperature. Results are the means of 3 repeats + standard deviation.

For the PNIPAM-functionalized nanoparticles, although it may appear that there is a slight increase in
E-potential across the temperature range, the change is not statistically significant (p > 0.05) and there is
no inflection at temperatures where the particles aggregate. Similar effects of temperature on E-potential

of PNIPAM-functionalized colloids have been reported by other authors.*

The changes in &-potential occurring for PNPOZ are rather unexpected. The &-potential remains invar-
iant until 27 °C, beyond which it becomes significantly (p < 0.05) more negative up to 31 °C (from -35 to
17



-46 mV), followed by a steady decrease in negativity between 32 and 40 °C (from -46 to -34 mV) and
then remains essentially constant up to 50 °C. Although no significant difference can be observed between
the initial &-potential and the final &-potential (p > 0.05), there is a significant difference when the &-
potential drops to its lowest value; -46 mV (p < 0.05). Considering this inflection alongside the size and
PDI data (Fig 5B), this change occurs as the particles undergo the phase-transition, i.e. as the particles are
aggregating. The point at which the &-potential becomes more negative (27 °C) is the point at which the
size and PDI also start to increase. Likewise, once the E-potential has “recovered”, the particle size and
PDI have plateaued. We do not have a clear understanding of these observations, albeit they hint at a
difference in the phase transition mechanism for PNIPAM- and PNPOZ-functionalized nanoparticles. In
particular, a significant change in &-potential could potentially affect the aggregation of nanoparticles due

to the increasing role of electrostatic repulsion.

The DLS data show that both PNIPAM- and PNPOZ-functionalized silica nanoparticles undergo tem-
perature induced aggregation whereas no changes occur in the thiolated silica nanoparticles, confirming
that it is the presence of the polymer causing these thermally-dependent events. To further investigate

these findings, SANS experiments were employed.

3.3 Aggregation study

To further probe the mechanism of aggregation, SANS was employed to investigate the structural
changes occurring at different temperatures, and to establish any interactions between particles. The scat-
tered intensity in cm™ of PNIPAM and PNPOZ-silica nanoparticles in D>O measured at 4 different tem-
peratures, chosen from the DLS profiles, are presented in Fig. 7. Due to the H-D isotopic effect, there is
a certain mismatch between the thermoresponsive behavior in HO and DO for the same polymer. The
cloud point temperature (T, the temperature when the phase separation can be seen by simple observa-
tion (cloudiness) under heating) values for PNIPAM in D>O are 3 °C higher in comparison with H,O
solution.*® Thus, SANS data for PNIPAM-functionalized silica nanoparticles in DO at 40 °C correspond
to 37 °C in H2O, i.e. just above T¢p, the same as PNPOZ-functionalized silica nanoparticles in D,O at 34
°C.
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Fig 7. Scattering cross-section for PNIPAM- (A) and PNPOZ-functionalized silica (B) nanoparticles at
different temperatures, as a function of g. Solid lines are fits. Note that the scattering profile for unmodi-

fied silica was not recorded at lower q because of the lack of beam time allocation.

The scattering profiles of the particles are almost superimposed for ¢ values higher than 0.01 A% An
increase in intensity at low g is observed upon heating which occurs at 40°C for PNIPAM-functionalized
particles, whereas for PNPOZ-functionalized particles, it starts at 30°C and becomes more pronounced
with increasing temperature. For both PNIPAM- and PNPOZ-decorated particles, the intensity of scat-
tering changes at low g values upon heating (q < 0.004 A). PNPOZ has lower demixing temperature
than PNIPAM, and this is reflected in the scattering data. Particle scattering at high q values appears
invariant with temperature, giving a strong evidence that the polymeric shell is nearly unaffected by in-
creasing temperature over the range used here. However, at low q values the scattering intensity increases
with temperature, suggesting higher order aggregation. For PNIPAM-functionalized silica nanoparticles
(Fig 7A), the scattering cross-section appears curved at 40 °C at q < 0.004 A, suggesting aggregates of
a specific size (as shown in DLS), whereas the same region in PNPOZ-functionalized silica nanoparticles

appears linear.

To model these data, initially a spherical shell model with Schulz-Zimm polydispersity for the core
radius was used for the unfunctionalized thiolated silica. The additional shell describes the thin layer of
thiol groups on silica surface. For unfunctionalized thiolated particles, a diameter of 28.6 nm, ¢ of 0.29
for a core, and 0.5 nm for a shell was obtained, which corroborates literature values for previous work
using SANS on these silica nanoparticles.*' These values were used as a guide in modelling the PNIPAM-

and PNPOZ-functionalized silica nanoparticles. In comparison with the scattering of the unfunctionalized
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particles, larger aggregates form even below the T, for the functionalized materials. This can be seen by

an increase in intensity rather than a turn-over in the scattering cross-section.

To determine the changes in nanoparticle structure exhibited by heating the samples, the scattering
curves were fitted by a combination of form factors of a sphere with the attached Gaussian coils and mass-
fractal. A summary of the fitting parameters and findings can be found in Table 2 with exemplar fits in

Fig 8.

Table 2 Summary of the fitting data for PNIPAM- or PNPOZ-functionalized silica nanoparticles

T, Recore, G Ig, A Nagg D Rg, A lo, cm?
°C A
Silica 25 143 | 0.29+0.04 5 - - -

PNPOZ | 40 140 | 0.25+0.01 | 73.5+0.2 | 984+2 | 3.32+0.02 | 1847 3673

PNPOZ | 34 140 | 0.24+0.01 | 73.1+0.1 | 984+2 | 3.64+0.05 | 1520 1149

PNPOZ | 30 140 | 0.21+0.01 | 77.8+0.2 | 984+2 | 4.16+0.03 | 1351 185

PNPOZ | 25 140 | 0.17+0.01 | 84.4+0.2 | 984+2 | 4.69+0.03 | 1942 87

PNIPAM | 40 140 | 0.27+0.01 | 66.7+0.1 | 1089+3 | 3.09+0.04 | 1343 1719

PNIPAM | 34 140 | 0.27+0.01 | 67.8+0.1 | 1089+2 | 2.82+0.04 | 1333 239

PNIPAM | 30 140 | 0.26+0.01 | 68.2+0.1 | 1089+1 | 3.77+0.05 | 1385 214

PNIPAM | 25 140 | 0.28+0.01 | 68.5+0.2 | 1089+2 | 4.0+0.2 1366 159
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Fig 8. Scattering cross-section and individual contributions of form factors of a sphere with the attached
Gaussian coils and mass-fractal for PNIPAM-functionalized silica (A) and PNPOZ-functionalized silica
nanoparticles (B) at 40 °C.

From the PNIPAM- and PNPOZ-decorated particle data, it is possible to conclude that at all tempera-
tures, even below T¢p, the particles coexist with small fraction of aggregates as is represented by the upturn
at low ¢ values. Interestingly, there are only minor changes in the gyration radius () value of a polymer
chain attached to silica surface (Table 2); the shell becomes thinner with increases in temperature. The
most pronounced changes are observed for PNPOZ-decorated particles, where 7, value changes from 84
to 73 A, whereas PNIPAM-decorated particles have almost no temperature dependence of shell thickness,
suggesting no significant collapse of the hydration polymeric shell. The aggregation numbers obtained
from the fitting were 984 and 1089 for PNPOZ- and PNIPAM-decorated particles, respectively. As such,
the grafting density of each polymer can be calculated as 1.0x107!° and 1.1x10""> pg/nm?, respectively,
corresponding well to the TGA data (Tablel).

The forward scattering of mass fractal contribution, /o, grows with elevating temperature suggesting that
the number of clusters or their size, or both, increase with temperature. However, from these data, it is not
possible to properly describe the shape and aggregations number of clusters since fitted Ry values are
beyond the experimental ¢ range and so are unreliable. However, we can conclude about the presence of

aggregates and their growth below T¢, for both polymers.

The above results show that the two different temperature-responsive polymers studied have near iden-
tical early stage aggregation mechanism. From the SANS data, it is clear that the polymeric shell around

the silica core remains essentially intact at different temperatures in the vicinity of 7¢, as illustrated by the
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negligible decrease in the gyration radius of polymer chain mediated by the onset of aggregate formation.
Given that there are just minor changes in the polymer shell, it is likely that the onset of aggregation starts
before complete coil-to-globule collapse of the polymer shell. Similar behavior was observed for PNIPAM
with high content of meso-dyads.!? We hypothesize that the early stages of temperature-induced aggrega-
tion are governed by the partial dehydration of the polymeric chains, where some chains are more dehy-
drated than others. The local heterogeneities in partial dehydration can be induced by inhomogeneity in
polymer grafting density, meso-dyad content or chain length. These metastable local hydrophobic patches
function as bridges to form initial clusters that may further dehydrate during aggregation,** schematically
depicted in Fig 9. Further dehydration leads to the formation of larger aggregates. This study is, to our
knowledge, the first report on a critical comparison between these two temperature-responsive polymers

grafted onto silica nanoparticles with regards to their mechanism of aggregation.
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Partial dehydration

Temperature

Fig 9. Proposed scheme of the aggregation of PNIPAM- and PNPOZ-functionalized silica nanoparticles
with increasing temperature. At temperatures below T¢p, the vast majority of particles with a highly swol-
len shell coexist in solution with a negligible fraction of large aggregates. With temperature increasing,
some polymeric chains in a shell undergo partial dehydration and such particles either join already formed
aggregates making them bigger or start the nucleation of a new aggregate. Polymeric shell of the remain-
ing particles stays in highly swollen state. Such process continues with more and more particles experi-

encing partial dehydration. This scenario describes the early stage of aggregation.
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4.0 Conclusions

This work reports a detailed study on the mechanism of aggregation for two different temperature-re-
sponsive polymers (PNIPAM and PNPOZ) grafted onto silica nanoparticles. Polymer grafting onto the
particles was confirmed by molecular spectroscopy and quantified by thermogravimetric analysis, reveal-

ing successful conjugation and comparable grafting densities.

Although these two polymers have isomeric structures, the nanoparticles decorated with PNPOZ and
PNIPAM exhibited striking differences in the temperature of aggregation. The temperatures, where the
onset of aggregation of particles is observed, is consistent with the lower critical solution temperatures of
these polymers (25 °C and 32 °C for PNPOZ and PNIPAM, respectively). PNPOZ-functionalised particles
show their aggregation above 28 °C and PNIPAM-functionalised particles begin to aggregate above 34
°C.

There are striking differences between the nanoparticles decorated with PNPOZ and PNIPAM in the
changes of their zeta-potential as a function of temperature. Particularly unusual changes of zeta-potential
with temperature are observed for the nanoparticles decorated with PNPOZ. The nature of these changes

currently remains unclear.

Using a combination of small-angle neutron scattering (SANS) and dynamic light scattering (DLS), we
have shown that there are subtle differences in the nature of aggregation process for PNIPAM- and
PNPOZ-decorated silica, which follow congruent mechanisms. For both polymers, aggregation begins
with the formation of small clusters that interact with each other at higher temperatures and form larger
aggregates resulting in phase separation. These clusters co-exists with silica decorated with non-collapsed
polymer chains. The observed picture resembles the behavior of PNIPAM chains with high content of
meso-dyads suggesting that they are the key feature that controls the early stages of aggregation of poly-
mer-functionalized nanoparticles. We believe that some local inhomogeneities in grafting density or
meso-dyad content present in polymers are the driving force for the formation of clusters, which is re-

sponsible for the early-stages of aggregation.

Overall, our findings provide fundamental insights into this class of thermoresponsive nanotechnology

to inform the development of novel advanced materials.
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