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Abstract

Silica nanomaterials have been studied based on their potential applications in a variety fields,
including biomedicine and agriculture. A number of different molecules have been condensed
onto silica nanoparticles’ surfaces to present the surface chemistry needed for a given application.
Among those molecules, (3-aminopropyl)triethoxysilane (APS) is one of the most commonly

applied silanes used for nanoparticle surface functionalization to achieve charge reversal as well
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as to enable cargo loading. However, the colloidal stability of APS-functionalized silica

nanoparticles has not been thoroughly studied, which can be problematic when the high reactivity

of amine groups is considered. In this study, four different types of silica nanoparticles with varied

location of added APS have been prepared via reverse a micro emulsion process, and their colloidal

stability and dissolution behavior have been investigated. Systematic characterization has been

accomplished using transmission electron microscopy (TEM), silicomolybdic acid (SMA)

spectrophotometric assay, nitrogen adsorption—desorption surface area measurement, and aerosol

ion mobility-mass spectrometry to track the nanoparticles’ physical and chemical changes during

dissolution. We find that when APS is on the interior of the silica nanoparticle, it facilitates

dissolution, but when APS is condensed both on the interior and exterior, only the exterior siloxane

bonds experience catalytic hydrolysis, and the interior dissolution is dramatically suppressed. The

observation and analyses that silica nanoparticles show different hydrolysis behaviors dependent

on the location of the functional group will be important in future design of silica nanoparticles for

specific biomedical and agricultural applications.
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Introduction

Surface functionalization of silica nanoparticles has been an essential part of the platform

preparation, improving stability and transformation, especially for nanoparticle applications such

in drug delivery'=® and diagnostic bioimaging.*> In these applications, surface functionalization

is typically performed (1) to enhance colloidal stability of the carrier nanoparticles by bypassing

or mitigating aggregation and degradation in complex media®’ or (2) to improve nanoparticle

targeting capacity by promoting cell permeation or a specific ligand-receptor interaction on cells

of interest.®® However, despite years of research and development, the achievements in this area

have been moderate, largely due to incomplete or unpredictable stability of the nanoparticles when

exposed to media.! In parallel to biomedical applications, silica nanoparticles have also been

considered for agricultural applications, as the nanoparticles can function as nutrient carriers!!' or

act as fertilizers themselves, delivering silicic acid or related molecules.!?!3 In biomedical

applications, surface functionalization has also been applied in various ways for efficient uptake

and desired colloidal stability.'* Unfortunately, a similar disadvantage challenges the utility of

silica nanoparticles in both fields, namely nanoparticle accumulation after performance, which

arouses concerns about the safety of these applications.'>!® Understanding the role and effect of
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surface functional groups on the colloidal behavior of the nanoparticles, and hydrolysis in

particular, can be the key to move forward to a more stable and robust nanoparticle application

platform.

(3-aminopropyl)triethoxysilane (APS) is one of the most common and widely used silanes

for surface modification of silica nanoparticles.!” Termination with a primary amine group upon

silane condensation generates a positive charge in neutral and weakly acidic aqueous suspension

which is usually a charge reversal, as the original silanol group carries a negative electric potential

in suspension.'® Furthermore, this amine group serves as a coupling agent for many common

organic reactions, enabling various types of more advanced functionalization.'®?! The other

widely known characteristic of APS is its catalytic behavior for the hydrolysis and condensation

of siloxane bonds, and in some cases, this can offer a surface modification strategy where no water

is needed and uniform surface coating is achieved.?”~>* When contacting water, APS can induce

amine-catalyzed hydrolysis of the O-Si-O linkage, and this, in many cases, can be a problem as it

can interfere with homogeneous surface functionalization. From another perspective, this feature

can be exploited to hydrolyze the nanoparticle during synthesis to achieve a specific morphology

or to design a more bio-friendly silica nanoparticle.>> For example, in one study, APS-containing
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silica nanospheres were synthesized and applied to plants to rapidly supply silicic acid, promoting

growth and resistance to a fungal disease.?® However, even in the in vitro dissolution study, APS

did not take the nanoparticle to the point of complete dissolution, only to a hollow-shell formation

by facilitating inner region hydrolysis. This might be attributed to the localization of the APS

inside the nanoparticles, the difference in the degree of condensation, or another factor. Overall, it

is obvious that proposing a strategic way to achieve complete dissolution of silica nanoparticles

would be desirable for many applications where avoiding bioaccumulation is advantageous. With

this goal in mind, this work explores silica nanoparticle hydrolysis and dissolution catalyzed by

the functional group APS.

In this study, using a reverse-micro emulsion wet synthesis method, APS-containing silica

nanoparticles were prepared to investigate their hydrolysis behaviors with the goal of achieving

complete nanoparticle dissolution. APS molecules were incorporated within the silica network

covalent structure either at the particle interior (core), exterior (shell), or both interior and exterior

regions of the nanoparticles, and each nanoparticles’ aqueous dissolution patterns were analyzed

in multiple ways. Depending on the nanoparticle preparation conditions, the molar ratio of

tetraethyl orthosilicate (TEOS), the main silica precursor, to APS varied from around 70 to 22, and
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none of the nanoparticle types prepared resulted in complete hydrolysis. Interestingly, each type,

with average diameters of roughly 47 nm, showed very distinct dissolution behavior dependent on

the location where APS is condensed during the nanoparticle preparation in reverse-micro

emulsion. To explore the dissolution patterns, this work employs electron microscope imaging,

silicomolybdic acid spectrophotometric assays, dynamic light scattering, nitrogen adsorption-

desorption surface area measurement, and ion mobility-mass spectrometry. The combined results

showed that APS-driven hydrolysis is localized within the region where APS is present, and

especially, the APS on the shell induced minimal density changes after the hydrolysis, despite the

existence of APS in the inner region of the silica nanoparticles. The experiments and analyses yield

fundamental insights on the hydrolysis behaviors of silica nanoparticles in aqueous media, which

will be beneficial in future design of silica nanoparticles for specific applications in biomedical

and agricultural applications.

Experimental Method

Materials. Tetraethyl orthosilicate (TEOS, reagent grade 98%), (3-aminopropyl)triethoxysilane

(APS, 99%), chlorotrimethylsilane (TMS, 98%), ammonium molybdate tetrahydrate, oxalic acid,
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sodium sulfite (anhydrous), cyclohexane (anhydrous), Triton X-100, 1-hexanol (anhydrous), 4-

methylaminophenol sulfate, and silicon standard solution (1000 ppm) were purchased from Sigma-

Aldrich (St. Louis, MO). 2-[methoxy(polyethyleneoxy)y j,propyl]trimethoxysilane (PEG,

molecular weight 591-723 g/mol) was purchased from Gelest (Morrisville, PA). All chemicals

were used without further purification.

Solid Spherical Silica Nanoparticle Preparation. Four different silica nanoparticles were

synthesized using a reverse microemulsion method.?” In general, two silica precursor molecules,

TEOS (tetraethyl orthosilicate) and APS ((3-aminopropyl)triethoxysilane), were used. TEOS was

used as the main silica precursor molecule for all four particles, and APS was added at different

steps with varied amounts during preparation, depending on the nanoparticle types. The first

particle was prepared with only TEOS ((TEOS)core). In the 150 mL Erlenmeyer flask, 19.25 g of

Triton x-100, 18 mL 1-hexanol, and 76 mL of cyclohexane were added and mixed well. Then, the

flask was transferred to a stir plate and stirred at 450 rpm with a stir bar. 30 minutes later, 4.8 mL

of water was added dropwise under continuous stirring. 10 minutes later, 1 mL of concentrated

NH4OH was added and stirred for 2 hours. Then, 1 mL of TEOS was added dropwise. The solution
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was stirred for 24 hours at room temperature. For the second particle, (TEOS)ore(APS)gpen, the

procedure was the same as that of (TEOS),.., but after 24 hours of stirring with TEOS, 17.5 uL of

APS was added with 10 hours of additional stirring. For the third particle, (TEOS+APS) o, Wwhen

TEOS was added, 35 uL of APS was added at the same time followed by 24 hours of stirring. For

the last particle, (TEOS+APS)core(APS)ghen, 35 UL of APS was added together when TEOS was

added followed by 24 hours of stirring. Then, 17.5 uL. of APS was added with 10 hours of further

stirring. The purification procedure was the same for all particles: the stirring was stopped, and

200 mL of ethanol was added and stirred with a rod to break the micro emulsion. The suspension

was centrifuged 6 times for 20 minutes at 65,400 relative centrifugal force (RCF). Each pellet

obtained was re-dispersed in ethanol with sonication until all pellets disappeared. The final pellets

were dispersed in 99% ethanol, filtered through a syringe filter (GHP membrane 0.45 um syringe

filters), and stored in the refrigerator until use.

Transmission Electron Microscopy (TEM). TEM images were taken with FEI Tecnai T12 at 120

kV. First, the particles in 99% ethanol were dried by rotary evaporator, and the weight of the dried

and powdered particles was measured to suspend the particles in 99% ethanol at an approximate
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concentration of 1 mg/mL with sonication. The nanoparticles were deposited onto

Formvar/carbon-coated copper grids (Ted Pella, Inc., Redding, CA) by dipping the grids into the

prepared suspension for 2 seconds. The grids were dried in air. For the aged particles, the samples

were prepared in the same way, but after incubation the particles were washed in ethanol several

times to remove dissolved silicic acid. During measurement, the nanoparticles were well-

distributed on the grid, and at least 400 nanoparticles per type were analyzed using ImageJ for the

diameter measurement.

Surface  Area  Measurements.  Nitrogen  adsorption—desorption  isotherms  with

Brunauer—Emmett—Teller (BET) and Barrett-Joyner-Halenda (BJH) pore size and volume

analyses were used to measure the surface area and pore volume of the silica nanoparticles. Each

particle in ethanol was dried and powdered, then the sample powder was degassed at a pressure of

15 pm Hg at 60 °C for 800 minutes prior to analysis. For each powder sample, at least 100 mg was

analyzed (Micromeritics ASAP 2020, Norcross, GA). For the aged particles, the samples were

prepared in the same way, but after incubation the particles were washed in ethanol several times

to remove non-particulate monomers or oligomers.
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{-Potential Measurements Brookhaven ZetaPALS Zeta-Potential Analyzer (Holtsville, NY) was

used to measure the surface electric potential in ethanol. The particles prepared as powder form

were dispersed in ethanol at the concentration of 1 mg/mL. The suspensions were sonicated for

dispersion before measurement. Average values were obtained from 10 independent

measurements.

Silicomolybdic Acid (SMA) Spectrophotometric Assay Two assay solutions were prepared for the

assay that quantifies silica dissolution.?® The assay solution A was prepared by mixing 30 mL of

concentrated hydrochloric acid into 400 mL of deionized water. Then, 10 g of ammonium

molybdate tetrahydrate was added and dissolved. The solution was diluted to 500 mL with

deionized water. The assay solution B was prepared by mixing 100 mL of concentrated sulfuric

acid into 800 mL of deionized water. Then, 20 g of oxalic acid, 6.67 g of 4-methylaminophenol

sulphate, and 4 g of anhydrous sodium sulfite were added and dissolved. The solution was diluted

to 1L with deionized water. For the assay, each nanoparticle type in powdered form was dispersed

in ultrapure water at 150 mg/L. with sonication. The suspensions were incubated at room
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temperature. At each measurement timepoint, 0.1 mL of the suspension was taken out and diluted

with 1.6 mL of ultrapure water. Then, 0.15 mL of the assay solution A was added. After 10

minutes, 0.75 mL of the assay solution B was added, and the solution sat at room temperature for

2 hours. The optical density of the solutions at 810 nm were measured with a UV —vis spectrometer

(Ocean Optics, Largo, FL) to quantify the concentration of reduced silicomolybdic acid, also

known as the molybdenum blue complex. The silicic acid concentration was calculated by

comparison of the optical densities of the sample mixtures with those of the diluted silicon standard

solutions.

Solid-State *°Si-MAS-NMR. Bruker AVANCETM III HD 400 WB400 spectrometer, with a 7 mm

Bruker BL-7 probe at a sample spinning rate of 5 kHz was used for Solid-State magic angle

spinning—nuclear magnetic resonance (MAS NMR) spectra at room temperature. The reference

was tetramethylsilane. The single pulse 2°Si spectra were acquired using pulses of 3.5 ps

corresponding to a flip angle of 37/4 rad and a recycle delay of 240 s and with a reference of
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tetramethylsilane. The 'H to '*C cross-polarization spectra were acquired by using a 90 pulse for

'H of 5 s, a contact time of 5 ms, and a recycle of 3 s and this was referenced to adamantine.

Aerosol lon Mobility-Mass Spectrometry. Aerosol lon Mobility-Mass Spectrometry (IM-MS) is a

characterization technique for nebulized particles in the gas phase (in an aerosol), with efforts

made to preserve the particle size distribution by ensuring minimal non-volatile residue and

minimizing non-specific aggregation.? In aerosol IM-MS, particles are first examined by

differential mobility analysis, yield their mobility-equivalent size, and second centrifugal aerosol

mass analysis®, yielding their masses. Combined, measurements provided the nanoparticle size

distribution and mass as a function of size (and possibly a multidimensional size-mass distribution

function), and hence can be used to quantify particle density changes. For aerosol IM-MS of silica

nanoparticle suspensions, both fresh and aged for 3 days (both in ethanol), samples were diluted

with ultrapure water with a dilution ratio of 1:200 directly before measurements. For the samples

aged, the suspensions were incubated in pure water at the concentration of 400 ppm for 3 days,

washed, dried, then transferred to ethanol at a concentration of 0.9 mg/mL. The fresh samples in

ethanol have the same concentration as the aged samples. Each sample was aerosolized by a
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nanoparticle nebulizer (NPN, Kanomax FMT)?*! with a liquid feedrate of 1 mL min'! using a direct

injection mode. Aerosolized particles were first analyzed to determine their mobility diameter

distributions using a scanning mobility particle spectrometer (SMPS)*? consisting of a soft x-ray

neutralizer,>®> a nano differential mobility analyzer (nano DMA, 3085, TSI inc)**, and a

condensation particle counter (CPC, 3776, TSI Inc). The aerosol flowrate was 0.3 L min-! and the

sheath flowrate was 3.0 L min"! within the DMA. Second, particles were analyzed with the DMA

coupled to aaerosol particle mass analyzer (APM, 3602, Kanomax Inc)-CPC (3650, Kanomax

FMT)30-3336 to obtain the density distribution, again using soft X-ray for particle ionization prior

to passage into the DMA. The aerosol flowrate through the system was 0.6 L min!, the sheath

flow rate of the DMA was 6.0 L min’!, and the rpm of the APM was 13000.

Result and Discussion

Solid spherical silica nanoparticles were prepared via a reverse micro emulsion method. In the

method, each water droplet surrounded by two different surfactants acts as a small micro reactor,

producing a single nanoparticle. The size of the droplet largely determines the size of the

nanoparticles produced, and in most cases, due to the homogeneous size of the droplet, the
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resulting particles are quite monodisperse, enabling efficient comparison among different

nanoparticle types in this study. Tetraethyl orthosilicate (TEOS) was used as a main precursor

molecule, and 3-aminopropyltriethoxysilane (APS) was applied during preparation as a secondary

precursor molecule to vary the dissolution behaviors of the nanoparticles. The nanoparticle

prepared with only TEOS was named (TEOS).., and this nanoparticle represents traditional silica

nanoparticles without additional surface functionalization. The second nanoparticle

(TEOS)core(APS)gnenn was produced the same way as the (TEOS). .. was prepared, but additionally

APS was added after it was assumed that all TEOS was hydrolyzed and condensed, forming silica

nanoparticles. No further adjustment during preparation was done. The molar ratio of TEOS to

APS for the (TEOS)ore(APS)shen nanoparticle was 60, and the ratio was chosen based on previous

nanoparticle preparation experience. The addition of APS did not break the stabilized micro

emulsion state, as indicated by no apparent change in turbidity. It was assumed that APS was

hydrolyzed inside the water droplet and then condensed onto the existing silica nanoparticle core.

In preparation of the next nanoparticle, (TEOS+APS) o, both APS and TEOS were added at the

same time, after the reverse micro emulsion droplet was created. The molar ratio of TEOS to APS

for the (TEOS+APS).. nanoparticle was 30. Based on this ratio, it was assumed that the TEOS
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was evenly condensed across the whole structure of the silica nanoparticle, and that APS was also

condensed across the entire structure of the silica nanoparticle, though at a lower percentage than

TEOS. The amount of APS on the nanoparticle surface, therefore, should be negligible. Compared

to the emulsion during the (TEOS). nanoparticle synthesis, the solution showed a little more

turbidity, but no disruption of the emulsion state, which usually can be easily noted by aggregation

and sedimentation. The last nanoparticle, (TEOS+APS).ore(APS)shenr, consists of the mixture of

APS and TEOS inside the nanoparticle and APS shell on the surface. The total molar ratio of TEOS

to APS is 22, and again no disruption of the emulsion state was observed. No additional ammonium

hydroxide was added except prior to the addition of the precursor molecule. For all nanoparticles,

after the hydrolysis and condensation of the TEOS and APS molecules, the emulsion state was

broken by the addition of ethanol and any unreacted molecules, organic solvent, and surfactants

were washed away through the purification. The final product was stored in 99% ethanol, and

during the storage no significant sedimentation was observed, which is an indication of colloidal

stability. For the sample preparation where the characterization method required a large mass of

product, such as BET surface area measurement, the entire solution volume and corresponding

precursor reagents were increased up to 4 times higher than the volume scale reported in the
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method section, but there was no physical difference in final product, and no noticeable difference

during preparation were observed. It was found that variation in which point during the synthesis

APS is added influences the homogeneity of nanoparticle size production (ESI Fig. S1 to S5).

Fig. 1. Representative TEM images and graphical descriptions of the four different particles: a)

(TEOS)core’ b) (TEOS)core(APS)shella C) (TEOS+APS)c0re and d) (TEOS+APS)core(APS)shell- In the

graphical descriptions, gray-colored areas indicate the location where TEOS is condensed, and
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orange-colored areas indicate the location where APS is condensed. The molar ratio of TEOS and

APS applied during particle preparation is not reflected in the schematics.

Table 1. Average diameters and number of particles measured from TEM images of each

nanoparticle type and the zeta potentials of each particle in ethanol.

Average diameter Number of Zeta potentials
(nm) particles measured (mV)
(TEOS)core 46.4+£6.3 481 -51.58+1.78
(TEOS)core(APS)shen 48.6 £7.4 478 51.68 £ 1.56
(TEOS+APS)core 493+£59 527 -30.04 £3.92
(TEOS+APS)core(APS)shenn 48.5+5.4 468 31.96 + 1.84

The size and the morphology of each nanoparticle were analyzed via TEM. As shown in Fig. 1,

all particles showed spherical shape as expected. For all particles, no noticeable density difference

between the shell region and the core part was observed based on TEM contrast. The nanoparticles

in Fig. 1 were originally dispersed in ethanol, and no hydrolysis, thus, degradation, was expected

and all particles seem to display a solid spherical morphology, which is defined in this study as

possessing no porosity above 3 nm in diameter. These similarities are ideal for comparing the

different nanoparticle groups. The sizes of each nanoparticle in TEM images were measured to
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obtain statistical size distribution, and that summary is listed in Table 1. The plot showing the size

distribution for each nanoparticle type is in the ESI (n > 400, measured with ImagelJ software). All

four nanoparticle groups have similar average diameters and standard deviations, indicating that

they possess similar physical characteristics in terms of size and morphology. The zeta potential

values measured confirm that for (TEOS+APS).. there is not a significant amount of APS, which

should induce positive surface electric potential, on the nanoparticle surface. Also, when APS is

added later during the preparation, the APS molecules were successfully condensed on the surface,

resulting in positive zeta potentials. Furthermore, the additional silica layer from APS did not

generate a significantly increased diameter compared to the (TEOS).ye or (TEOS+APS)or

nanoparticles. The solid state NMR of (TEOS+APS).... confirms the existence of APS inside the

silica nanoparticles (ESI, S6). Together, these characterizations prove that the nanoparticles’

surface/chemical functionalization was done properly and that they share very similar physical

characteristics.

From a previous study, it was noticed that the addition of APS within the traditional silica

nanoparticles, which contains only TEOS as precursor molecules, leads to much more rapid
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hydrolysis behavior and severe morphology change after dissolution.?® This phenomenon was

hypothesized to be due to the amine group on the APS molecule having a catalytic effect, breaking

the siloxane bond when in aqueous media. Considering that APS is likely to catalyze the hydrolysis

of siloxane bonds nearby, it is reasonable to speculate that APS on the outer surface of the

nanoparticle may induce different dissolution behavior compared to the traditional silica

nanoparticles. Although different reaction mechanisms have been proposed,?*3” one of the most

likely hydrolysis pathways is the breaking of the siloxane bond via hydroxide ion, creating a

localized basic environment near the propyl amine functional group of APS, resulting in a more

rapid dissolution of the silica nanoparticle (ESI, S7).
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Fig 2. Representative TEM images of four particles after dissolution: a) (TEOS)ce b)

(TEOS)core(APS)sper ) (TEOS+APS)core d) (TEOS+APS)core(APS)ghen. €) Cumulative dissolved

silicic acid concentration from the suspension of each particle in water measured using the

silicomolybdic acid (SMA) spectrophotometric assay. The error bars represent the standard
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deviation from 3 sample replicate. The nanoparticles in the TEM images were collected at the day

4 timepoint, and the concentration of all suspension was 100 ppm in pure water.

To investigate the dissolution behaviors of each nanoparticle type, the four different particles

were dispersed in water at a concentration of 0.1 mg/mL. During incubation at room temperature,

an aliquot was removed to measure the amount of dissolved silicic acid. The silicomolybdic acid

(SMA) spectrophotometric assay can detect monomeric or oligomeric silicic acid dissolved from

silica nanoparticles due to hydrolysis. The results in Fig. 2 show that all particles containing APS

showed much more rapid dissolution than (TEOS).. It has been established that the solubility of

orthosilicic acid (SiO4H,) is about 120 ppm at ambient temperature.’® The amount of TEOS

subjected to hydrolysis in this experiment should be below the solubility limit for all particles. For

the (TEOS).e nanoparticles, which have the highest amount of TEOS per mass unit, in the

concentration of 100 mg/L, 100% of the mass comes from TEOS. If it is assumed that all TEOS

hydrolyzes and dissolves, the concentration of silicic acid would be 104.4 mg/L, which is a little

lower than the solubility limit. Furthermore, the mass percentage of TEOS in

(TEOS+APS)core(APS)shen, which has the lowest amount of TEOS per mass, is 93.7% and if all the

TEOS from (TEOS+APS)orc(APS)ghen dissolves, the concentration for the silicic acid would be
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97.8 mg/L, only about 7 ppm different from that of (TEOS).... Despite the small difference in

total dissolvable TEOS amounts between (TEOS) . and (TEOS+APS).q, for example, Fig. 2e

shows the dissolved silicic acid of 5.5 ppm and 17.6 ppm, respectively on day 2. Thus, the

dissolved silicic acid concentration is more than 3 times higher in (TEOS+APS)... suspension,

and it is reasonable to argue that the rapid dissolution from the silica nanoparticles containing APS

is not caused by other factors such as different amount of TEOS in the nanoparticles or the

solubility limit, but mainly due to the catalytic effect from APS.

It can also be found that even though dissolution is not as rapid as the (TEOS+APS).qe Or

(TEOS+APS)core(APS)snen nanoparticles, the (TEOS)core(APS)shen formulation dissolved and

released silicic acid much faster than the traditional (TEOS).. nanoparticles, indicating that the

APS on the surface also facilitated breaking of the siloxane bonds. Interestingly, at first glance,

the TEM images after dissolution do not look well-correlated with the SMA assay results. Fig. 2¢

shows the (TEOS+APS)... nanoparticles after dissolution for 96 hours, and the morphology has

been changed to a hollow structure, unlike the (TEOS)cye 0r (TEOS)core(APS)shenn formulations,

which maintained their original solid spherical morphologies. For the (TEOS+APS).oe

nanoparticles, the outer region was maintained, resulting in hollow structures. This may be
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attributed to the presence of APS mostly in the inner region of the nanoparticle, facilitating

hydrolysis of siloxane bonds. Two possible contributors to this incomplete dissolution of the silica

are that the system had not reached equilibrium and that the degree of condensation might be

different in the interior and exterior regions, with the inner region having less complete

condensation. The (TEOS)core(APS)shen nanoparticles, where most of the APS is located on the

nanoparticle exterior, did not transform into a hollow structure, but still released a significant

amount of silicic acid, suggesting that the many siloxane bonds on the surface were hydrolyzed

due to the presence of APS. These data suggest that the location of APS within the nanoparticle is

likely more important than the degree of condensation. Based on these two nanoparticles’

dissolution behaviors, it was initially hypothesized that the (TEOS+APS)core(APS)shen

nanostructure would dissolve at a much more rapid rate, achieving more complete dissolution.

However, the TEM image in Fig. 2d shows that the inner region of the particle remains relatively

unaffected, and the silicic acid release rate, which was similar to that of the (TEOS+APS) o

nanostructure, was mainly caused by hydrolyzed TEOS from the nanoparticle exterior. This

surface hydrolysis was confirmed by size analysis of TEM images measured after dissolution. In

Fig. 3, the nanoparticles with APS on the surface showed a significant decrease in diameter
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compared to the (TEOS+APS).. nanoparticles, which supports the fact that the (TEOS+APS) o

hydrolysis occurs mostly in the nanoparticle interior. Solid-state silicon NMR spectra of post-

aging (TEOS+APS)... showed that the degree of condensation was changed after the hydrolysis

(ESI, S6).
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Fig. 3. Violin plot of TEM diameter measurement of the three particles before and after the

dissolution (representative TEM images in Figure 2). The redline represents the median, the blue

lines represent the lower quartile and upper quartile, respectively. The width of the curve represents

approximate relative frequency of data points in each diameter region. The statistical significance
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testing was performed via a one-way ANOVA with Tukey’s multiple comparisons test to see the

size change after dissolution: ****p < (0.0001.
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Fig 4. BET nitrogen adsorption and desorption isotherm plots for the three nanoparticles before
and after incubation in water at a concentration of 100 ppm for 7 days. a) (TEOS)cy.. b)

(TEOS+APS)core, and ¢) (TEOS+APS)core(APS)spel-
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Table 2. BET surface area and pore volumes of the three particles before and after the incubation

in water at a concentration of 100 ppm for 7 days, derived from isotherms showing in Figure 4.

fresh

fresh aged aged Apore
BET pore fresh BET pore aged volumes BET
volumes pore pore 5 surface
surface 3 surface  volumes (cm’/g)
(em’/g) ~ Vvolumes 3 volumes g) area
(193 (emly o Mgy (19532
(m'/g) 1'1m) (m’/g) (1.9-3nm) nm)
(TEOS)_.. 83.0 0.0098 0.53 207.7 0.029 098  196% 150%
(TEOS+APS) 82.1 0.0096 0.59 271.9 0.033 072 244% 231%
(TEOS+APS)  (APS) .~ 755 0.0091 0.50 77.8 0.0093 0.61 2% 3%

To further investigate the physical change in each nanoparticle type after dissolution, nitrogen

adsorption-desorption measurements were performed. The surface area and pore volume of the

(TEOS)core, (TEOS+APS)core. and (TEOS+APS)core(APS)shen nanoparticles were measured and

compared. As shown in Fig. 4 and Table 2, all three nanoparticles’ surface area and pore volume

increased after dissolution, but the degree of change was quite different among the different

nanostructures. First, the surface area of (TEOS).,. nanostructure increased 150% due to

hydrolysis. From the isotherm plot, no noticeable hysteresis can be seen, and this indicates that

this increased surface area was mainly due to increased porosity on the surface and the nanoparticle

interior. This is further supported by an overall increase in pore volume from 0.53 to 0.98 cm?/g.

Additionally, the pore volume change in the small pore size region (1.9 to 3 nm) showed an
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increase of 196%, which indicates that the nanoparticles experienced hydrolysis throughout the

entire nanostructure. The (TEOS+APS).... nanostructure showed the most significant change in

surface area, and this change was confirmed also by the obvious hysteresis in the isotherm plot

between the 0.6 to 0.9 relative pressure region, indicating the hollow structure of the nanoparticles.

However, the overall pore volume change was smaller than that of the (TEOS).. nanostructure,

as the change resulted in about 35-40 nm macroporous hollow structure, which eliminated the

possibility of forming a mesoporous structure (with smaller, nanometer-scale pores), which would

be the major surface area contributor for the nanoparticle. Interestingly, the

(TEOS+APS)core(APS)shen nanostructure showed the least change among three. From the isotherm

plot, no new hysteresis nor clear increased adsorbed nitrogen was observed, and as shown in Table

2, both pore volume in the small nanometer pore range as well as surface area increased only about

2 to 3%. This indicates that this nanoparticle did not dissolve much in the interior region. This was

even lower than the theoretical surface area change with the assumption that no density change

occurred when the nanoparticle diameter changes from 50.2 nm to 44.3 nm as measured from TEM

images (calculated to be approximately a 13% decrease). It was unexpected that the

(TEOS+APS)core(APS)shen nanostructure showed an even lower degree of change than the
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traditional (TEOS).... nanostructure, which released the least amount of silicic acid to media. The

experimental and analytical errors during BET measurement should be considered, but even with

that being considered, it is still clear that the interior region of the (TEOS+APS)core(APS)shen

nanostructures degraded much less than the traditional (TEOS).y.. This result suggests that the

catalytic effect of APS on breaking siloxane bond in the interior region was suppressed to a great

degree when there was APS on the surface of the nanoparticle as well, and this observation matches

well with the TEM images of the nanoparticles measured in Fig 2d.
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Fig. 5. The normalized nanoparticle density distribution for three particles as a function of density

before (fresh) and after dissolution (aged 3 days). a) (TEOS)core(APS))shen, b) (TEOS+APS)core, and
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¢) (TEOS+APS) ore(APS)snen. Density distributions correspond to the mode mobility diameter for

each distribution.

Nanoparticle density distributions measurements are an additional method to assess degradation.

TEM measurements are somewhat limited in their ability to estimate the density of the

nanoparticles; this is because TEM depends on contrast, and contrast is a relative measurement to

the background. Depending on the experimental procedure and material, the darkness of the

nanoparticle in bright-field TEM may vary. BET measurement also presents limited utility for

assessing density because it assumes that the powdered nanoparticles are one big homogenous

matrix, and information on the single nanoparticle level is inaccessible. Therefore, we utilized

aerosol IM-MS to examine the density distributions of the (TEOS).ore(APS )shent, (TEOS+APS)core,

and (TEOS+APS)core(APS)shenn nanostructures. Prior to aerosol IMS, SMPS measurements (Fig. S8)

revealed that the mode mobility diameters for aerosolized (TEOS)¢ore(APS)shenr, (TEOS+APS)core,

and (TEOS+APS)core(APS)shen were all near 57.2 nm, decreasing to 55.2 nm after aging. In all

distributions, there was a second peak in the 30-50 nm range as well. The larger mobility diameters

than observed via TEM and second peak are attributable to non-volatile residue in aerosolized
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droplets; droplet devoid of a silica nanoparticle leave a smaller residue particle, while droplets

containing a silica nanoparticle have a residue coating on the particle, increasing the diameter from

the true diameter. Nonetheless, the presence of non-volatile residue on particles does not preclude

the use of aerosol IM-MS to infer density distributions, as changes in density are still detectable.

Fig. 5a shows the density distribution of the (TEOS)o(APS)snenn nanoparticles prior to dissolution

and post degradation; in both instances, nanoparticles of the peak (mode) mobility diameter were

selected by the DMA, and the APM was stepped to examine particle mass distributions. The

resulting bimodal distribution for the unaged sample arises from non-volatile residue particles, and

is not considered in analysis. The main density peak, with a density near 1.6 g cm, is attributable

to the silica nanoparticles, and there is little-to-no change in the density distribution upon sample

aging. In contrast, examining similar results for the (TEOS+APS).. nanostructures in Fig. 5b,

there is a reduction clear shift in the peak density, indicative of dissolution. As this shift

corresponds to particles of the mode mobility diameter, presumably, the decrease in density is

attributable to the formation of hollow particles of the nanostructure. Finally, in Fig. 5 c, the

nanoparticle density distribution for the (TEOS+APS).o(APS)nen nanoparticle also shows a clear

bimodal distribution prior to dissolution, due to non-volatile residue particles. However, upon agin,
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while a shift to lower densities is evident, this shift is much smaller than observed for the

(TEOS+APS),c nanostructures.

The combined analyses performed suggests two important events regarding the colloidal

stability of silica nanoparticles. First, APS on the surface is highly reactive, and the stability of this

surface functionalization should be evaluated carefully. Secondly, APS on the surface prevented

APS-induced catalytic hydrolysis dissolution behavior in the nanoparticle interior. This was

surprising as the initial hypothesis was that if there was additional APS on the surface, it might

cause the complete dissolution of the nanoparticle instead of forming a hollow structure. This was

APS-specific behavior: when other silica precursor molecules, such as TEOS, TMS or PEG were

added on the surface of the (TEOS+APS).. nanoparticle, no suppression of interior dissolution

occurred (ESI, S8). It is carefully inferred from the results of this study that this APS-induced

dissolution behavior might be related to the regional pH. Propyl amine is a weak base, with a pK,

of around 3 to 4.%° In neutral pH aqueous solutions, the amine group is in a protonated state with

a positive charge, and OH- would be produced upon interaction with water molecules. Perhaps, it

is this hydroxide ion that induces rapid hydrolysis of the siloxane bonds. When APS is located in
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two different regions of the nanoparticles, it is likely that APS on the surface is protonated first,

generating OH-. This would make the media around the nanoparticles basic, but APS in the

nanoparticle interior then acts as acid, removing the OH- in the interior region and slowing down

the hydrolysis. To probe this speculation, another experiment was conducted wherein three

nanoparticles: (TEOS)cores (TEOS+APS)core, and (TEOS+APS)core(APS)ghenn Were dispersed in basic

aqueous solution at pH 11.4, and their morphology changes were measured via TEM (ESI, S9).

As widely known from previous studies, traditional silica nanoparticles degrade and dissolve at a

much faster rate in basic media,* and the suspension of (TEOS)... became transparent after

incubation; only a small number of nanoparticles were imaged via TEM, showing severe

degradation as expected. Surprisingly, the (TEOS+APS) o(APS)snen nanostructure seemed intact,

and little degradation took place. Furthermore, it was inferred from (TEOS+APS).... TEM images

that the outer region where APS is almost absent was significantly degraded, but the interior, where

APS is located, remained relatively intact. From the dissolution images recorded for all three

nanoparticles, it can be concluded that the APS-laden regions of the nanoparticles were not

degraded; this result agrees with all data reported herein if it is assumed that APS can locally

neutralize high pH in basic conditions, protecting the nanoparticles from rapid hydrolysis.
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Conclusion

Monodispersity and colloidal stability are two critical factors that determine nanomaterials’

potential and performance. Many applications involve surface functionalization of nanoparticles

as an essential part of preparation, and APS has been applied to silica nanoparticle in various

studies to effectively enhance the nanoparticles’ functionality. Data about the stability of the

functionalization and how APS-functionalized nanoparticles degrade are largely unavailable. This

study shows that the regional localization of APS on/in silica nanoparticles can dramatically

change the nanoparticles’ dissolution, likely impacting a nanoparticle’s functionality. The distinct

nanostructures designed and synthesized herein using reverse micro emulsion clearly demonstrates

that APS functionalization can facilitate the hydrolysis of the nanoparticles, and in some cases,

decelerate it, depending on the media and how the nanoparticles are prepared. The understanding

gained herein will be used for developing more effective and robust silica nanoparticle

preparations for various applications.
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