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Stabilizing silica nanoparticles in hydrogels: impact
on storage and polydispersity†

Giorgia Giovannini,a Filip Kunc,a Carmen C. Piras,a Ondrej Stranik,b Alison A. Edwards,a

Andrew J. Halla and Vladimir Gubala *a

For successful nanomedicine, it is important that the unique, size-dependent physico-chemical properties

of the nanomaterial remain predictably constant during both the storage and the manipulation of the

material. Here a novel approach to preserve the colloidal stability and degradation of NPs is described.

The concept is simple: (a) a solution of monodisperse particles is formulated into a responsive water- or

PBS-based hydrogel; (b) the gel can be reversibly turned into a solution after long term storage by

shaking it by hand; (c) the NP can be diluted and used in any desired application without the need for

excessive manipulation. The differences between the physico-chemical properties of NPs stored in

solution and in gel are compared. Two types of NPs were involved in this study: silica NPs of �100 nm

and Au-NPs of 30 and 80 nm in diameter. The key findings are: the fibrous matrix of the hydrogel limits

the NP mobility, significantly reduces NP aggregation and conserves the NP morphology; both the

hydrogelator and the NPs show negligible toxicity towards the model U937 human hematopoietic cell

line; undesired leaching of cargo material loaded inside the particles is reduced, which could be an

important feature for drug delivery systems.

Introduction

The majority of the nanomedicine products that promised to

revolutionize healthcare have been formulated as intravenous

injectable samples, typically in the form of a solution or

a suspension.1 The simple argument is that it is easier to retain

the unique, highly size-dependent properties of a nanomaterial

in a liquid as opposed to aerosols2 or solids (e.g. powders,

tablets or capsules).3 However, controlling the colloidal and

chemical stability of nanoparticles (NP) in solution/suspension

for extended periods of time may still represent quite an

onerous task. The difficulties in controlling the dispersion of

nanoparticles in liquid media have contributed to the poor

translation of these exciting materials into routine clinical use.

The colloidal stability of NPs in solution is mostly governed

by forces related to the particles size, density and charge. For

example, Brownian motion4 and electrostatic repulsions5 (if the

NP surface is charged) keep the particles in constant movement

thus controlling aggregation. On the other hand, the gravita-

tional force causes particles to sediment and it is strongly

correlated with their size and density.6 Storing nanoparticles in

solutions with high salt concentration such as buffers and cell

culture media diminishes the effects of the electrostatic repul-

sions and increases the probability of aggregation. Number

of theoretical (e.g. the DLVO theory7,8) and experimental

approaches to stabilise NPs in liquid media have been

proposed. Kamiya and Iijima comprehensively reviewed range

of post-synthesis and in situ surface modication techniques for

dispersion of nanoparticles in various solvents.9 For example,

Sapra et al. improved water-dispersed nanoparticle suspension

for at least 30 days by surface modication of nanoparticles

during aerosol or gas-phase synthesis, followed by direct

transfer into liquid media.10 And of course signicant amount

of research has been done to stabilise silica (SiNP) and gold

(AuNP)11 nanoparticles, two good examples of widely used

nanomaterial in biological applications. For AuNPs, the most

common stabilisationmethods rely on the use of ionic and non-

ionic surfactants.12,13 For SiNPs, one of the most elegant solu-

tion was proposed by Bagwe.5 It relies on electrostatic repul-

sions between NPs, which is done by simple, post-synthetic

introduction of organosilanes with charged and chemically

“inert” functional groups on the SiNP surface. SiNP also

attracted much attention because it is possible to incorporate

various hydrophobic and hydrophilic cargo inside the silica

matrix,14 which made them popular material to be studied as

drug delivery systems (DDS).15 It is easy to store non-

functionalised SiNPs in organic solvent such as ethanol for

long term, however functionalized SiNP (e.g. equipped with

antibodies or sensitive, biologically active cargo) cannot be

stored in organic solvents and are known to aggregate in
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enriched aqueous solutions such as buffers,16 cell culture media

or serum.17 Once nanoparticles aggregate in solution, the most

common manipulation to redisperse the sample involves the

use of ultrasound to ‘break’ the aggregates into a mono-

dispersed suspension. However, access to ultrasonic bath or

probe is not always possible and some of the mechanical energy

used to move and vibrate NPs in solution could also be trans-

ferred to another undesired processes associated with

a decomposition of the material, premature leaching of the

drug load, denaturation of proteins (if used) or in case of SiNPs

to the acceleration of a process called Ostwald ripening.18–21

Therefore, a new method for formulation and storage of NPs

would be welcome. Ideally, the alternative method should be

straightforward, and extremely simple for the end user to do.

The requirement for simplicity of the NP-sample manipulation

stems from the fact that the end user oen isn't the material

chemist that prepared the material but someone from quite

different scientic discipline (e.g. biological and environmental

sciences, medicine etc.). In our previous work, we have explored

the possibility of formulating silica nanoparticles (NPs) in

Fig. 1 (a) Illustration of the general concept, (b) scheme showing the synthesis of SiNP; the types and specifications of nanomaterial studied in

this work.

This journal is © The Royal Society of Chemistry 2017 RSC Adv., 2017, 7, 19924–19933 | 19925
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freeze-dried solid forms upon addition of cryoprotectants.22

While this method was relatively simple, it was also time

consuming and limited to material that could tolerate freezing

and dehydration stress. Here we report on a new, more generic

approach by formulating silica nanoparticles into responsive

hydrogels.

The combination of hydrogels and nanoparticles to enhance

the properties of the individual components for various applica-

tions has been well studied. The concepts, design and applica-

tions of nanoparticle–hydrogel composites were comprehensively

reviewed by Thoniyot et al.23 Stimuli-responsive AuNP-gel and

SiNP-gel hybrids showed promising efficacy in surface plasmon

resonance (SPR) based sensors,24 anti-bacterial applications,25 as

medicated dressings to prevent infection in chronic wounds,26 in

thermoreversible27 and temperature sensitive28 hydrogels for drug

delivery,29 for improved tissue adhesion,30 in electrochemical

applications and optoelectronic devices31 among others. However,

simple approach of a well-designed, mechanically responsive

hydrogel that would be a great alternative for the standard, liquid

formulation of nanoparticles, while preserving their colloidal

stability is still missing.

In this work, we trapped nanoparticles in a reversible

hydrogel prepared from low-molecular-weight gelator and

studied the effect of this formulation on their colloidal stability.

To demonstrate that this method was not exclusive only to

preserve the colloidal stability of SiNPs, we have also used

commercially available AuNPs (30 and 80 nm in diameter). The

concept is illustrated in Fig. 1a. The critical prerequisites of our

new vehicle for nanoparticle storage were: (1) the gelator must

be inert to the nanomaterial; (2) nanoparticles and gel must be

easily separable without any chemical alteration; (3) the

hydrogel must be able to withstand certain level of mechanical

stress but also be able to turn back into monodispersed

suspension with minimum user manipulation (e.g. by shaking

the sample by hand) and (4) once the hydrogel is turned back to

solution, any remaining gel-bre debris must be biocompatible

and non-toxic. Considering these conditions, an amphiphilic

molecule, Fmoc-galactosamine (Fmoc-gal) was chosen as the

best candidate to form a responsive hydrogel when added to the

NP suspension. This derivative is well-studied, chemically inert

when in contact with nanoparticles and its various structural

analogues were already explored for instance in the preparation

of cell culture scaffolds.32 Themechanically responsive hydrogel

was generated by the self-assembly of Fmoc-gal (at 2 mg mL�1),

which was mixed with the aqueous NP suspension. We have

tested this concept on several types of in-house made SiNPs and

commercially sourced 30 nm and 80 nm gold nanoparticles.

For SiNPs, we have compared the longer term colloidal

stability of dye doped silica nanoparticles prepared by micro-

emulsion method both with net negative charge and with net

positive charge suspended in water, phosphate buffer saline

(PBS) and also when formulated in a supramolecular hydrogel.

The specics of the SiNPs used in this study are summarized in

Fig. 1b. Because SiNPs are good models for DDS, we studied the

SiNP ability to retain their hydrophobic and hydrophilic cargo

while being stored over longer period of time in the gel. In

a model experiment, we have compared the effect of the dye-

leaching phenomenon (i.e. analogous to controlled drug

release) between three formulations: (i) NPs in organic

suspension, (ii) in aqueous suspension and (iii) in the hydrogel.

Three different dyes (as drug surrogates) with ranging hydro-

phobicity – hydrophilicity were incorporated inside the NP core

to provide insights into the stability of the silica matrix when

formulated into the gel. Some of the engineered nanomaterial,

especially the ones intended to be used in medicine will be

equipped with oen light-sensitive drugs, organic/inorganic

dyes or functionalised on their surface with biorelevant mate-

rial such as antibodies or oligonucleotides. For such reasons,

the NPs in this study were stored in the dark, at 4 �C. The

analyses were performed at room temperature and the model

drug release experiment was conducted at 37 �C to mimic the

physiological temperature.

Results and discussion
NP preparation and formulation

While the AuNPs used in this study were obtained from

commercial sources, the SiNPs were prepared in-house by

reverse microemulsionmethod.33 The size and surface charge of

the prepared SiNPs was measured by dynamic light scattering

both in water and ethanol. The size, the monodispersity and the

fact that the SiNPs were of spherical shape was then corrobo-

rated by transmission electron microscope as illustrated in

Fig. 2. As a reference, we have rstly prepared plain uorescein

isothiocyanate-doped silica NPs (NP-FITC), which exhibit

surface negative charge due to the presence of silanols. The

FITC molecules were covalently incorporated inside the silica

matrix using aminated organosilane (APTMS) as a cross-linker,

following a method described by Tan et al. previously.33

Summarized in Table 1, the plain SiNPs had a diameter of 60

nm/72 nm and zeta potential of �30/�34.4 mV in ethanol and

water respectively.

The size of the individual SiNPs measured by TEM was

38 nm. The discrepancy between the two techniques were

attributed to the fact that the TEM images were acquired in

vacuum from SiNPs dried on the copper grid. In an attempt to

prepare SiNPs with less negative surface charge, we synthesized

FITC-doped silica NPs with an outer shell composed of combi-

nation of the negatively charged silanols and limited amount of

positively charged amines (TEOS : APTMS ¼ 4 : 1 by volume).

This type of SiNPs were labelled as NP-A-FITC-NH2.

The thick layer of TEOS graed on the SiNP surface caused

the NP-A-FITC-NH2 grow to diameter of 157 nm/101 nm with

surface charge of �18/�22.5 mV in ethanol and water respec-

tively (Table 1). Interestingly, the presence of the shell resulted

in NPs with much brighter yellow/orange colour when

compared to the NP-FITC without the shell (Fig. 2, right

column). This visible ‘brightness’ increase is presumably

attributed to entrapping FITC molecules in the different envi-

ronments of the SiNPs with and without the shell. The nal

three types of SiNPs involved in this study were synthesized with

identical surface chemistry, the only difference was the dye

used. Fluorescein isothiocyanate (FITC), highly water soluble

sodium salt of uorescein (NaFlu) and water insoluble

19926 | RSC Adv., 2017, 7, 19924–19933 This journal is © The Royal Society of Chemistry 2017
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methylene blue (MB) were doped inside SiNPs (Fig. 1) and

modied on the surface with relatively thick shell consisting of

polymerized TEOS : APTMS molecules in a ratio of 1 : 4 (by

volume). Positively charged, APTMS-coated silica nanoparticles

(with higher density of –NH2/–NH3
+groups) are known to

aggregate readily in liquids, which created a great opportunity

for us to test the ability of the hydrogel to stabilize the colloi-

dally ‘highly unstable’ SiNPs.

The fact that the positively charged APTMS-coated SiNPs

tend to aggregate in solution is evident from Fig. 2. Although

the TEM pictures show that the size of the individual SiNPs is

still in the range of 62–89 nm, DLS data indicate signicant

aggregation with average size in the range of 297–378 nm in

ethanol and even larger range in water. Importantly, as shown

in Fig. 2, we were able to formulate each prepared SiNP sample

into a suspension and also into a gel.

Fig. 2 DLS and TEM data showing the size, charge and the morphology of the prepared SiNPs. Right column shows the SiNP suspension and the

SiNPs in gel.

This journal is © The Royal Society of Chemistry 2017 RSC Adv., 2017, 7, 19924–19933 | 19927
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Colloidal stability – long term storage

The in-house prepared SiNP and two commercially sourced

AuNPs samples were formulated into an aqueous suspension

(in water) and hydrogels at the concentration of 1 mg of NP per

mL, which corresponds to approximately �1 � 1012 NPs per

mL. The concentration of the Fmoc-gal gelator was 2 mg mL�1.

Both the aqueous and hydrogel formulations were stored at 4 �C

for either several days or weeks. Aer storing the NPs for set

amount of weeks, both the aqueous and hydrogel NP samples

were gently shaken by hand for the hydrogel to convert back to

liquid and then diluted to 0.5 mg of NP per mL. This represents

an optimal concentration required for accurate analysis of the

size and polydispersity by Dynamic Light Scattering (DLS),

Nanoparticle Tracking Analysis (NTA) and Transmission Elec-

tron Microscopy (TEM). Importantly, we have previously re-

ported on the use of silica NPs as drug delivery carriers and

demonstrated that the concentration of NPs for in vitro and in

vivo experiments is optimal in the range of 1–0.001 mg of NP per

mL.18 Qualitatively, as seen on Fig. S1 and S2,† it was possible to

observe the aggregation of both AuNPs and SiNPs stored in

a solution by a naked eye as early as aer 1 week of storage.

Storing AuNPs in solution for one week resulted in signicant

aggregation, evident by the high polydispersity and particle

average size of �175 nm. On the other hand, the AuNPs stored

in the hydrogel formulations appeared to have no visible

aggregates. Quantitative analysis of the particle size inside the

hydrogel or when the AuNPs were dispersed to suspension by

‘breaking’ the gels proved to be more challenging due to the

presence of gel bre debris. Therefore, the DLS data were

corroborated by NTA, a technique that is not affected by the

presence of gel bre debris. The analysis of NTA data, shown on

Fig. S3,† indicate that the size distribution of AuNPs stored in

hydrogel is signicantly improved when compared to the AuNPs

stored in solution.

SiNPs have also high tendency to aggregate in solution,

however in this case the silica matrix is also prone to hydrolysis,

which leads to dissolution of the SiNPs. In order to study the

colloidal stability of SiNPs and their changes in morphology, we

stored SiNPs both in solution and hydrogel for 30 days and used

TEM for analysis (Fig. 3). TEM provided clearer picture of the

various SiNP morphologies, the distinct populations present in

the mixture and the presence of the gel-bre debris was not

detrimental to the analysis and interpretation.

As seen on Fig. 3 (with Gaussian distribution on Fig. S4†),

when all ve SiNP samples were synthesized and placed in

Table 1 Diameter, polydispersity index (PDI) and zeta potential of NPs measured by DLS in ethanol and water and by TEM in vacuum

Ethanol Water Vacuum

Ø DLS [nm] PDI z [mV] Ø DLS [nm] PDI z [mV] Ø TEM [nm]

NP-FITC 64 � 24 0.382 �30.0 72 � 6 0.374 �34.4 38 � 6

NP-A-FITC-NH2 157 � 13 0.373 �18.1 101 � 8 0.249 �22.5 68 � 14
NP-B-FITC-NH2 378 � 31 0.918 46.0 712 � 1 0.754 3.6 89 � 10

NP-NaFlu-NH2 342 � 1 0.112 17.7 53 � 5 0.148 12.2 62 � 11

NP-MB-NH2 297 � 44 0.179 1.4 84 � 19 0.286 11.4 80 � 17

Fig. 3 TEM images showing the evolution of the SiNP morphologies

and size distribution when stored in water for 1 day and 30 days (left

and middle column) and in gel for 30 days (right column). The red

circles highlight the evolution of various SiNP populations over time,

which clearly demonstrates that the silica NPs are behaving as

a dynamic system in water. On the other hand, when stored for 30

days in gel, the morphology and uniformity of the SiNPs is extremely

monodispersed. The 0.2 mm scale for NP-B-FITC-NH2 was used on

purpose to illustrate the various NP populations. Storing NP-NaFlu-

NH2 and NP-MB-NH2 in solution for 30 days resulted in significant NP-

polymerisation/aggregation, which means that this material should no

longer be classified as nanomaterial.

19928 | RSC Adv., 2017, 7, 19924–19933 This journal is © The Royal Society of Chemistry 2017
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water, they were of uniform size with relatively narrow size

distribution. No visible aggregation was observed, although DLS

data (Table 1) suggest some degree of NP–NP interactions for

the positively charged SiNPs (NP-B-FITC-NH2, NP-NaFlu-NH2

and NP-MB-NH2). Aer storing the SiNPs in solution for 30 days,

clear indication of polydispersity was evident across all tested

samples. In case of NP-A-FITC-NH2 and NP-B-FITC-NH2, two or

even three very distinct populations of SiNPs were observed

(Fig. 3, red circles). Apart from the original�75 nm particles, we

have observed a population of some ultrasmall, �20 nm

spherical SiNPs and also some very large, �200 nm species.

This phenomenon could be explained by a process known as

Ostwald ripening, in which monomers dissolved from smaller

silica particles contribute to the growth of larger ones and the

particle size distribution constantly evolves towards an equi-

librium.19 This process is mainly observed during the formation

of particles when the catalyst is present, however it unavoidably

continues when SiNPs are stored in solutions too, since silica

condensation is reversible.20 Importantly, the evolution of

various populations of silica NPs is not observed in the hydrogel

samples. We assume that the mobility of SiNPs stored in gel is

inhibited by the gel bers, hence both the dissolution of silica

matrix and Ostwald ripening are retarded. A net results of

storing SiNPs in such less dynamic system is that the structural

integrity of SiNPs and their content can be secured for longer

period of time. NP-NaFlu-NH2 and NP-MB-NH2 samples were

highly aggregated when stored in solution for 30 days, with

visible precipitates suggesting a very unstable colloidal system

(Fig. 3, middle column). In fact, the precipitates were clearly

visible in the solution by a naked eye even aer 1 week of

storage (Fig. S1†).

These ndings were in stark contrast with the images ob-

tained from the hydrogel samples. Although the debris from the

gel bres were still visible under the TEM, the SiNPs were highly

monodispersed, with retained shape and extremely narrow size

distribution. We have observed no deformation of the SiNPs, no

evidence of extensive hydrolysis, no nanoparticle-bridging and

no visible precipitates. The forces that usually govern the

motion and aggregation of the particles in solution were

restricted inside the hydrogel, which translated to a highly

stable SiNP sample aer storing it for 30 days.

Dye leaching – silica degradation

A critical feature for any successful drug delivery systems (DDS)

is the ability to undergo biodegradation (or self-degradation)

but also to retain the clinically relevant concentration of the

drug while in storage. Firstly, we have studied the capacity of

NP-B-FITC-NH2, NP-NaFlu-NH2 and NP-MB-NH2 to retain their

cargo when stored in ethanol and water for 3 weeks. The

amount of released dye from the silica NPs was tracked by

measuring the uorescence of the SiNPs and the supernatant at

different time intervals while keeping the samples in suspen-

sion for 21 days (Fig. S5†). The differences in dye-leaching

between the studied solvents were quite remarkable. All three

studied dyes were leaching relatively slowly when the SiNPs

were stored in EtOH but the rate of leaching was signicantly

accelerated in water. While the water-soluble salt of uorescein

in NP-NaFlu-NH2 is only physically adsorbed inside the silica

pores, the FITC dyes in NP-B-FITC-NH2 are covalently incorpo-

rated into the silica matrix via organosilane linkage. However,

because the leaching rate of both dyes (covalently and non-

covalently linked to silica matrix) from the SiNPs in aqueous

environment is equally fast, this suggests rapid degradation of

the silica matrix in water. Although this might be benecial for

drug delivery as it satised the requirement of degradability of

the nanomaterial, it represents a challenge for the storage of

silica based DDS.

To gain more insight on how fast silica degradation could be

under a model physiological conditions, we have monitored the

dye leaching of NP-B-FITC-NH2, NP-NaFlu-NH2 and NP-MB-NH2

when shaken in an isotonic medium (0.01 M PBS pH 7.4 with

Fig. 4 Leaching of the dye from SiNPs to the supernatant while being

stored in solution or in gel. (a) FITC covalently linked to silica matrix –

the leaching was partially reduced when stored in gel (excitation/

emission wavelengths: 471/525 nm). (b) FITC-sodium salt physically

trapped in the silica matrix – the amount of dye leached from the NPs

is dramatically reduced when stored in gel (excitation/emission

wavelengths: 456/518 nm). (c) Methylene blue physically trapped in

the silica matrix – very slow leaching of the hydrophobic dye in both

formulations but very dramatic difference in colloidal stability of the

NP-B-FITC-NH2 when stored in water and gel (absorbance: 664 nm).

This journal is © The Royal Society of Chemistry 2017 RSC Adv., 2017, 7, 19924–19933 | 19929
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0.137 M NaCl) at 37 �C for 8 hours. For reference purposes, we

have performed identical experiments in ethanol and water.

The results are summarized in Fig. S6.† The dye release, as

a consequence of silica matrix hydrolysis was very prominent

both in water and PBS in the case of NP-B-FITC-NH2 and NP-

NaFlu-NH2. Signicant accumulation of FITC and the water-

soluble uorescein analogue (Na+Flu) in the supernatant was

evident immediately aer several minutes. On the other hand,

methylene blue, as the most hydrophobic dye was not released

into the aqueous environment readily. In fact, the release of

methylene blue from NP-MB-NH2 was slow in both water and

ethanol and only a small degree of accelerated release of

methylene blue was observed in PBS aer 6 hours. These simple

experiments highlighted two important requirements: (1) it is

preferable to store silica NPs at 4 �C and (2) it is necessary to

formulate the silica NPs into a preparation, where the dye

leaching effect could be minimized.

Dye leaching – long term storage

To demonstrate the advantage of the hydrogel approach, NP-B-

FITC-NH2, NP-NaFlu-NH2 and NP-MB-NH2 were stored for 28

days at 4 �C in water-based Fmoc-Gal hydrogel and also PBS-

based Fmoc-Gal hydrogel. On the 28th day, all samples were

gently shaken by hand, the resulting suspension was diluted to

0.5 mg of SiNP per mL, centrifuged to separate the supernatant,

which was analysed by uorescence (absorbance in the case of

methylene blue). As a reference, identical procedure was fol-

lowed with SiNPs stored in water and PBS in the absence of the

gelator. The results are presented in Fig. 4 and S7.†

The hydrogel had stabilizing effect on both the dye leaching

and the colloidal stability of the measured NPs. The most

notable differences between the NPs' capacity to retain their

cargo when stored in solution and gel was observed in case of

NP-NaFlu-NH2. The degradation of the SiNPs and the subse-

quent release of the dye was three times slower in the gel (for

both water-based gel and PBS-based gel) when compared to the

corresponding solutions. Less dramatic effect was observed in

the case of NP-B-FITC-NH2. Remarkably, despite that the

hydrophobic methylene blue leached out of the NPs very slowly

in both formulations, the differences in the colloidal stability of

NP-MB-NH2 between water and gel were enormous (Fig. 4C).

NP-hydrogel stability

So far it was established that the prepared hydrogel is very

stable while being stored ‘still’ (i.e. without shaking or strong

vibrations) for long time and that it is possible to ‘break’ it into

a solution by simply shaking it in hand. However, we recognized

the need to test the ability of this new formulation to retain the

protective, gel-like properties as a function of time and external

vibrations, and how this ability correlates with some intrinsic

factors of the SiNPs such as charge and the nature of the cargo

inside the NPs. To do this, all SiNPs were formulated into gels

and exposed to strong vibrations using a simple orbital shaker.

The conversion of the hydrogel into a solution as a function of

shaking speed and time was then qualitatively compared.

Some interesting trends were observed (Fig. S8–S12†).

Firstly, the gel stability positively correlated with increased zeta

potential. Secondly, the more hydrophobic the dye was, the

more stable the gel appeared to be. The rst trend is clearly

showed on Fig. 5. The NP-A-FITC-NH2 (z ¼ �22.5 mV) were

evidently converted from the gel to a suspension aer 29 hours

and 30 minutes of shaking at 1200 rpm, while the NP-B-FITC-

NH2 (z ¼ +3.6 mV) retained its self-supporting gel characteristic

even aer and 30 hours of shaking at 1200 rpm. Similarly, the

highly negatively charged NP-FITC (z ¼ �34.4 mV) were found

to convert to a suspension at 800 rpm and aer more than 7

Fig. 5 NP-A-FITC-NH2 and NP-A-FITC-NH2 gel formulations shaken by orbital shaker for up to 30 hours with increasing speed.
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hours of shaking. The second trend is best illustrated in Fig. S8

and S9.† The NP-MB-NH2 with the hydrophobic methylene blue

had very positive effect on the gel stability, while the NP-NaFlu-

NH2 with the highly soluble NaFlu dye had detrimental effect on

the integrity of the gel. Presumably NPs with highly water

soluble cargo will need to be stored under conditions avoiding

strong vibrations or they will require to be formulated in a gel

with higher stiffness than the one reported here.

NP-hydrogel in vitro cytotoxicity

Silica nanoparticles have been studied in several biomedical

applications, both in vitro and in vivo and their low cytotoxicity is

relatively well documented18,21,22 Once formulated in a hydrogel

however, even basic toxicology data are not available. The typical

concentration of silica NPs used either in animal studies or in

vitrowork ranges between 1–0.001mg of NP permL. In this work,

we have observed that once the NP-gel formulation was converted

back to suspension and diluted to 0.5 mg of NP per mL, some of

the hydrogel bres remained in the suspension and they were

clearly visible under TEM (Fig. 3). Although further dilutions

could dissolve the gel bres completely, the cytotoxic effect of

either the diluted Fmoc-Gal or some of the remaining nano-sized

gel bres needed to be investigated. This was done by performing

an MTS Cell Proliferation Assay on human glioblastoma astro-

cytoma cell line (U87MG). This assay allow to evaluate the cell

viability determining their metabolic activity. If cells are alive and

metabolically active, they producemitochondrial dehydrogenase.

This enzyme reduces MTS's reagent (tetrazolium salt), forming

a product that absorbs light at 490 nm. U87MG cells have been

chosen because they adhere well on surfaces. This property

allows to remove the analysed sample aer incubation with cell,

limiting interferences between the sample andMTS's reagent. To

obtain basic cytotoxicity data, three formulations were studied:

SiNP in hydrogel, SiNP in solution and Fmoc-Gal hydrogel

without SiNPs. All formulations were allowed to incubate with

U87MG cells for 1, 2 and 4 hours in a 96-well plate format in a cell

culture medium. The assay has been performed in triplicate and

the results are shown in Fig. 6. The cytotoxic effect either of the

gel or the silica nanoparticles was minimal. In fact, the

proportion of live cells was marginally increasing over time,

suggesting that the interaction of Fmoc-Gal, SiNPs or both with

U87MG cells did not have detrimental effect on the cell life.

Additional in vivo nanotoxicology studies are currently being

conducted to corroborate these ndings.

Conclusion

In summary, we have presented a simple and perhaps the most

universal solution to storing silica NPs without signicant

effects to their colloidal stability and degradation. The elegant

hydrogel restricts the movement of the individual nanoparticles

and slows down any undesired ongoing reactions of the silica

matrix or collisions of particles. This in turns presents obvious

benets in terms of nanoparticle aggregation and drug release.

An initial cytotoxicity data showed negligible effect on cell

growth, however additional in vivo toxicology tests are currently

in progress in our laboratory to fully elucidate the impact of

these ndings on live biological systems. Because of its

simplicity and versatility, our method has the real potential to

be exploited by scientists working with various other types of

NPs. We're condent that our ndings could be very signicant

especially for the material scientists active in the eld of

nanomedicine. We hope that this could nally accelerate the

progress towards the development of real, commercially avail-

able products that will revolutionize healthcare.

Experimental section
Materials

Cyclohexane (anhydrous, 99.5%), 1-hexanol (anhydrous,

$99%), Triton® X-100, aminopropyl trimethoxysilane [APTMS]

(97%), tetraethyl orthosilicate [TEOS] (99.99%), ammonium

hydroxide solution (28% w/v in water, $99.99%), uorescein

isothiocyanate isomer I, uorescein sodium salt, sodium pyru-

vate solution. All mentioned were purchased from Sigma

Aldrich. Methylene blue was purchased from Acros Organics.

DMEM, antibiotic–antimycotic (containing 10 000 units per mL

of penicillin, 10 000 mg mL�1 of streptomycin and 25 mg mL�1 of

FungizoneTM) and fetal bovine serum (FBS) were purchased

from GIBCO (Life Technologies). The model cell line U937 was

sourced from European collection of cell cultures. Gold nano-

particles 30 nm and 80 nm diameter were purchased from BBI

solutions. CellTiter 96®Aqueous One was purchased from

Promega. Absolute ethanol, phosphate buffer saline tablets

(one tablet dissolved in 200 mL DI water yields 0.01 M phos-

phate buffer, pH 7.4) were purchased from Fisher Scientic.

Thereaer, the use of ‘PBS’ refers to 0.01 M PBS, pH 7.4.

Method

Synthetic procedures. Silica nanoparticles were synthesised

according to well established reverse-microemulsion method.17

This procedure yields highly monodisperse spherical nano-

particles and enables effective encapsulation of uorescent dyes.7

Dye precursor formation. In a dried glass vial uorescent dye

FITC (2.5 mg) was dissolved in 2 mL of 1-hexanol and APTMS

Fig. 6 Cell viability measured by MTS assay with U937 human

hematopoietic cell line incubated with silica nanoparticles (red bars),

hydrogel (blue bars) and SiNPs in hydrogel (green lines).
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(5.6 mL) was added. The reaction was allowed to proceed over 2

hours under nitrogen atmosphere. Aer that 0.666 mL of

mixture was collected and added into prepared microemulsion.

Formation of microemulsion. All nanoparticles were formed in

a microemulsion prepared by combining cyclohexane (7.5 mL),

1-hexanol (1.133 mL), Triton® X-100 (1.894 g), DI water (0.48

mL) in a 30 mL plastic bottle under constant stirring.

Synthesis of NP-FITC. Firstly, themicroemulsion was prepared

as described above. Into this 100 mL of TEOS was added fol-

lowed by 0.666 mL dye precursor solution. Aer 30 min 40 mL of

ammonium hydroxide was added to trigger polymerisation. The

mixture was stirred for further 24 hours. Aer that the micro-

emulsion was broken by adding 30 mL ethanol. Formed silica

cores were puried by centrifugation (14 000 rpm, 10 min) and

re-dispersed in 30 mL ethanol (3�). Aer purication, the

nanoparticles were stored in ethanol solution at 4 �C.

Synthesis of NP-A-FITC-NH2. Silica nanoparticle core was

synthesised similarly to NP-FITC protocol, silica nanoparticle

core was synthesised similarly to NP-FITC protocol. Aer 24 h

stirring two 50 mL portions of TEOS were added to the mixture

30 min apart of each other. 30 min later APTMS (25 mL) was

added, the mixture was stirred for further 24 hours and puried

as mentioned above.

Synthesis of NP-B-FITC-NH2. Similar to the protocol above,

aer 24 h of stirring, one portion of 50 mL of TEOS was added to

the microemulsion. Aer additional 30 min, ATPMS (200 mL)

was added and the mixture was stirred for further 24 h and

puried as mentioned above.

Synthesis of NP-MB-NH2 and NP-NaFlu-NH2. Methylene blue

and uorescein sodium salt dyes were encapsulated in nano-

particle cores by using 0.48 mL of their aqueous solutions (6.25

mM) as the water phase in the microemulsion. The rest of the

procedure was similar to NP-B-FITC-NH2.

Sample preparation

Preparation of nanoparticle-loaded gels. The solid form of

the gelator was dissolved in ltered DI water via mechanical

stirring at 30 �C to reach concentration of 2 mg mL�1. Mean-

while, 1 mg of nanoparticles was isolated from the stock solu-

tion by centrifugation. The pellet was then re-dispersed in 1 mL

of gel solution by ultra-sonication for 20 s using the Sonics

vibra-cell probe at 20% amplitude. This sonication step secured

nanoparticles' maximum monodispersity and also triggered

hydrogel formation, which normally occurred in the next few

minutes. The formation of self-supporting gel could be

observed by naked eye and was simply conrmed by turning the

vial upside down.

Preparation of nanoparticle's aqueous solutions. Aqueous

solutions of nanoparticles were prepared in a similar manner to

nanoparticle gel-samples omitting the use of Fmoc-Gal.

Preparation of AuNPs-loaded gels. The solution of Fmoc-Gal

was prepared as mentioned above. 2 mL of 30 nm and 80 nm of

AuNPs solutions (2 � 1011 particles per mL and 1.1 � 1010

particles per mL respectively) were centrifuged and washed

several time with water in order to remove the stabilising

solution in which AuNPs are normally stored. The so pellet

obtained aer centrifugation was nally redispersed in the

Fmoc-Gal solution and sonicated as described above to allow

the formation of the self-sustainable gel.

Preparation of AuNP's aqueous solutions. Aqueous solutions

of nanoparticles were prepared in a similar manner to AuNPs

gel-samples omitting the use of Fmoc-Gal.

Characterisation

Dynamic light scattering. DLS experiments were performed

using Malvern Zetasizer. All nanoparticles' dispersions in DI

water, PBS 0.01 M and ethanol were typically analysed at

concentrations 0.5, 1.0 and 2.0 mg mL�1. In the case of the

AuNPs, DLS analysis was carried on 10� diluted samples.

Transmission electron microscopy. TEM micrographs were

obtained using a Joel JEM-3200FS transmission electron

microscope operated at 150 kV. Sample preparation involved

carefully pipetting the solution of the NP-gel and NP-solution

samples in water (approximately 5 mL) onto ‘Carbon Films on

400 Mesh Grids Copper’ from Agar Scientic.

Fluorescence and absorbance analysis. All measurements

were performed on Tecan Innite M200 Pro Sare microplate

reader using standard, Nunc Maxisorb 96-well plates. The

excitation/emission wavelengths 471/525 nm were used for NP-

FITC, NP-A-FITC-NH2 and NP-B-FITC-NH2. 456/518 nm were

used for NP-NaFlu-NH2. The absorbance of methylene blue of

NP-MB-NH2 was detected at 664 nm. Tecan Innite M200 Pro

was also used for the MTS assay. The absorbance of the MTS

reagent was measured at 490 nm.

Nanoparticles tracking analysis (NTA). All measurements

were performed on NanoSight LM10-HS instrument. Videos

were recorded with a CCD camera and processed using Nano-

particles Tracking Analysis soware. Only AuNPs samples have

been analysed with this techniques and the samples were

diluted two times before the analysis.

Analysis

Processing of nanoparticle-gels and nanoparticle-solutions.

Prior the TEM, DLS analysis, the nanoparticle samples were

stored in gels for a specic period of time. The gel was then

‘broken’ by agitation or vortex till the sample turned into liquid.

The sample was diluted with water reaching concentration

0.5 mgmL�1 NPs. In some cases, different concentration of NPs

solution has been prepared by further dilutions. Solution-stored

nanoparticle samples were processed in the same way to the gel

samples.

Analysis of the dye-leaching of gel-/solution-stored nano-

particles. SiNP-gel sample and SiNP-solution sample were

prepared following the procedure described above using DI

ltered water and PBS 0.01 M as media. Aer 28 days of storage

at 8 �C both samples were processed as described above

obtaining two solutions – SiNPs from gel-storage and solution-

storage. Both solutions were centrifuged (10 min, 14 000 rpm),

600 mL of the supernatant from the top-part of the tube was

collected and the amount of dye was quantied. This was done

to avoid contamination by any un-centrifuged nanoparticles.

The remaining supernatant was discarded; the pellet of isolated
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SiNPs was re-dispersed in equal amount of solvent (2 mL). 200

mL of each solution were pipetted into 96-well plate and uo-

rescence and absorbance values were recorded.

Analysis of the dye-leaching of NPs when stored in different

solvents. Similarly to previous method, 1 mg of NPs was re-

dispersed in 2 mL of ethanol, water and PBS 0.01 M respec-

tively. The samples were then stored at 8 �C and the dye-

leeching was observed aer 1, 2, 7, 14 and 21 days following

the previous protocol. Centrifuged pellets were always re-

dispersed into the same solvent (ethanol, water, or PBS 0.01

M) and uorescence/absorbance measurements were taken.

Alternatively 1 mg of NPs was suspended into 2 mL of water,

or ethanol and shaken at 37 �C. The signal of the dye leached

from the NPs to the solvent was detected every 2 hours for 8

hours, following the same procedure mentioned above.

Cytotoxicity study. MTS assay was carried on using U937 cell

line (human hematopoietic cell line from histiocytic lymphoma).

The cells were cultured in RPMI medium supplemented with 1%

FBS and antibiotics. The cytotoxicity was analysed for three

samples. NP-in-gel and NP-in-solution were prepared following

the protocolmentioned above using ltered water as solvent. The

third sample analysed was the interaction of cells with gel but

without nanoparticles. The gel was prepared by solubilizing 2 mg

of gelator in 1 mL of ltered water in the absence of the nano-

particles. Aer sonication the gel was formed.

All three samples were shaken by hand (to break the gel) and

vortexed for 1 min at 500 rpm. They were then diluted up to by

factor of 4, using the cell culture medium (RPMI).

The cells were plated at a density of 3� 103 per well in a 96-well

plate. In each well the cells were treated with 20 mL of each

samples, reaching a concentration of 50 mg of NPs per well. The

total volume of 100 mL per well was reached by adding the cell

culture medium. All plates were incubated at 37 �C with 5% CO2

for up to 4 hours. Aer 1 h, 2 h and 4 h, 20 mL of MTS solution was

added to the each well. The plate was then incubated for further 2

hours to allow MTS reagent to react. The absorbance was read at

490 nm to determine the cell viability. For the calculation of cell

viability, a calibration curve was done measuring the absorbance

of different cell-concentrations aer 2 hours incubation withMTS.
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