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Abstract

Over the last twenty years, many strategies utilizing sol-gel chemistry to integrate biological cells 

into silica-based materials have been reported. One such strategy, Sol-Generating Chemical Vapor 

into Liquid (SG-CViL) deposition, shows promise as an efficient encapsulation technique due to 

the ability to vary the silica encapsulation morphology obtained by this process through variation 

of SG-CViL reaction conditions. In this report, we develop SG-CViL as a tunable, multi-purpose 

silica encapsulation strategy by investigating the mechanisms governing both silica particle 

generation and subsequent interaction with phospholipid assemblies (liposomes and living cells). 

Using Dynamic Light Scattering (DLS) measurements, linear and exponential silica particle 

growth dynamics were observed which were dependent on deposition buffer ion constituents and 

ion concentration. Silica particle growth followed a cluster-cluster growth mechanism at acidic 

pH, and a monomer-cluster growth mechanism at neutral to basic pH. Increasing silica sol aging 

temperature resulted in higher rates of particle growth and larger particles. DLS measurements 

employing PEG coated liposomes and cationic liposomes, serving as model phospholipid 

assemblies, revealed electrostatic interactions promote more stable liposome-silica interactions 

than hydrogen bonding and facilitate silica coating on suspension cells. However, continued silica 

reactivity leads to aggregation of silica coated suspensions cells, revealing the need for cell 

isolation to tune deposited silica thickness. Utilizing these mechanistic study insights, silica was 
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deposited onto adherent HeLa cells under biocompatible conditions with micron scale control over 

silica thickness, minimal cell manipulation steps, and retained cell viability over several days.

Graphical Abstract

Silica sols are generated via vapor deposition of tetramethylorthosilicate into buffer. By varying 

the buffer ionic consituents, concentration, pH, and sol aging temperature, silica particle size in 

silica sols can be controlled, facilitating deposition of silica layers with tunable thickness on 

mammalian HeLa cells (represented by red fluorescense).
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1. INTRODUCTION

The generation of functional hybrid biomaterials for development of whole cell based 

biosensor1–2 continues to be a challenging research topic. One strategy that has shown 

promise for generating functional cell based biosensors is encapsulation of biomolecules and 

whole cells in silica via the sol gel process.3–8 In this strategy, hydrolysis and condensation 

of silica precursors is utilized to form cell-silica nano-bio interfaces that afford cells 

protection from harsh ex-vivo conditions with robust control of material structure and 

properties.9–10 Carturan et al. pioneered silica encapsulation of cells by using the sol–gel 

process to incorporate genetically engineered Saccharomyces cerevisiae (S. cerevisiae) cells 

in tetraethyl orthosilicate (TEOS)-based gels. Subsequent studies showing encapsulation of 

cells in low density silica gels,11 and highly ordered silica thin films12–13, as well as 

generation of cell template silica-cell composites, showcased that varying sol-gel parameters 

can facilitate cell encapsulation in diverse silica geometries with wide ranging organic/

inorganic interphases for biosensing, bioanalysis, and artificial organ applications.7–8, 14–18
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While initial research focused on cell encapsulation in gels and thin film matrices, single cell 

encapsulation in nanometer scale silica shells has also been realized. Carturan et al. 

established the concept of single cell encapsulation by exposing cells to an alkoxysilane 

containing gas stream, generating thin silica shells on the cell surface, the thickness of which 

could be controlled by varying the exposure time of cells to the gas stream. However, this 

approach can be technically challenging, requires cells to be attached to a scaffold material, 

and does not ameliorate compressive stresses associated with silica condensation. Recently, 

Choi et. al. developed a chemical nano-encapsulation approach where the cell surface is 

functionalized with polyelectrolyte polymer layers which promote condensation of silica 

from pre-hydrolyzed sols, coating cells in nanometer scale silica shells while shielding the 

cell surface from condensation induced compressive stresses. While this method allows 

encapsulation of a variety of prokaryotic and eukaryotic cell types in both silica and non-

silica based shells with control of shell thickness,19–21 the cytotoxic synthetic polycationic 

polymers and multiple deposition and wash steps employed in these studies limit their 

application for encapsulating more fragile eukaryotic cell lines (such as CANARY22), with 

robust sensing capabilities. To encapsulate more sensitive eukaryotic sensing cell lines, a 

facile silica encapsulation strategy is needed which offers tunable cell encapsulation, while 

minimizing cell manipulation steps and exposure to cytotoxic polycationic polymers.

One encapsulation process with the potential to meet this need is the Sol-Generating 

Chemical Vapor into Liquid (SG-CViL) deposition approach.23–24 In SG-CViL, silica sols 

are generated via deposition of an alkoxysilane vapor into buffer, and then aged. Aging 

allows evaporation of harmful reaction constituents (i.e. methanol) and polymerization of 

cytotoxic tetramethylorthosilicate (TMOS) monomers, greatly increasing sol 

biocompatibility. Subsequent mixing of aged silica sols with cell suspensions results in cell 

encapsulation in either large silica species, or deposition of thin silica films on cell surfaces, 

with maintained cell viability and functionality.23 The encapsulation of cells in distinct silica 

morphologies through variation of SG-CViL parameters indicates the ability; to control the 

thickness of the cell encapsulating matrix; however, leveraging this ability requires 

understanding the mechanisms governing SG-CViL silica particle generation and subsequent 

interaction with phospholipid assemblies. To develop this mechanistic understanding, silica 

particle growth in SG-CViL silica sols was observed via dynamic light scattering (DLS) 

using a variety of reaction conditions. These studies show that silica particle size can be 

controlled by varying reaction buffer composition, ionic concentration, pH, and sol aging 

temperature. We further show that liposome-silica colloids are more stable when silica 

interacts with liposomes via electrostatic bonding compared to hydrogen bonding. 

Ultimately, we utilize insights from these mechanistic studies to define SG-CViL parameters 

that allow silica deposition on HeLa cell surfaces with micron scale control of layer 

thickness and maintained cell viability.

2. Methods

2.1. Materials

Aqueous solutions were prepared using deionized water (DI). Calcofluor white stain, 2-(4-

Amidinophenyl)-6-indolecarbamidine dihydrochloride (DAPI), Dulbecco’s Modified 
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Eagle’s Medium (DMEM), Fetal Bovine Serum (FBS), sodium acetate, sodium chloride, 

sodium phosphate (dibasic, heptahydrate and monobasic, monohydrate), potassium chloride, 

potassium phosphate, penicillin-streptomycin, Rhodamine B, and tetramethylorthosilicate 

(TMOS), were purchased from Sigma-Aldrich (St. Louis, MO). 1,2-dipalmitoyl-sn-

glycero-3-phosphocholine (DPPC), 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-

(methoxy(polyethylene glycol) 2000) ammonium salt (DSPE-PEG2000), and 1,2-

dipalmitoyl-3-trimethylammonium-propane (TAP) lipids were purchased from Avanti Polar 

Lipids (Alabaster, AL). Carboxyfluorescein Diacetate (CFDA) and propidium iodide (PI) 

were from Invitrogen and Yeast Peptone Dextrose (YPD) was from Sunrise Scientific 

products (San Diego, CA). Phosphate buffered saline (PBS 10×) was from Fischer Scientific 

(Hampton NH).

2.2. Particle Growth Under Various SG-CViL Conditions

Silica particle growth was characterized under various reaction conditions using dynamic 

light scattering (DLS) measurements conducted with a Malvern Zetasizer DLS instrument. 

For all experiments, tetramethylorthosilicate (TMOS) was deposited into buffer for 30 min, 

as shown schematically in Figure 1, step 1. For buffer composition studies (step 1, branch 1, 

Figure 1), TMOS was deposited into 1× phosphate buffer saline (PBS, 1.05 mM KH2PO4; 

155 mM NaCl; 2.97 mM Na2HPO4*7H2O), sodium phosphate buffer (NaPB, 24 mM 

NaH2PO4; 76 mM Na2HPO4), sodium chloride (NaCl, 100 mM) solution, sodium acetate 

buffer (NaAc, 1.05 mM KH2PO4; 155 mM sodium acetate; 2.97 mM Na2HPO4), or 

potassium buffer, (K-buffer, 155 mM KCl; 4.02 mM KH2PO4).

In salinity experiments (step 1, branch 2, Figure 1), TMOS was deposited into 0.5×, 1×, 

1.5×, or 2× concentration PBS. To examine pH effects on particle growth (step 1, branch 3, 

Figure 1), TMOS was deposited into 1× PBS at pH 6.4, 7.4, 8.4 and 9.8. Post deposition, the 

resulting sols were diluted with 1 mL deposition buffer (3 mL final volume) and placed in 

the DLS instrument for particle size analysis. The average particle diameter of silica in the 

diluted sols was measured for 90 minutes (aging time) at 40°C (aging temperature) using a 3 

min measurement interval. For aging temperature studies (step 1 branch 4, Figure 1) TMOS 

was deposited in 1× PBS, pH 7.4, and particle size was measured as described above, but 

with aging temperatures of 25°C, 30°C, 35°C and 40°C.

2.3. Liposome Encapsulation with Various SG-CViL Conditions

2.3.1. Liposome Preparation—PEG liposome lipid thin films were prepared by mixing 

1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) and 1,2-distearoyl-sn-glycero-3-

phosphoethanolamine-N-(methoxy(polyethylene glycol) 2000) ammonium salt (DSPE-

PEG2000) in a 95:5 molar ratio of DPPC to DSPE. For cationic lipid films 1,2-

dipalmitoyl-3-trimethylammonium-propane (TAP) was substituted for DSPE-PEG 2000 at 

90:10 and 80:20 molar ratio of DPPC to TAP. Lipids were then dried under nitrogen flow 

and placed in a vacuum oven at 50°C for 2 hours to completely remove the chloroform 

solvent. Buffer (1 mL, 1× PBS) was added to lipid films, followed by sonication in a 

sonicating bath for 30 min at 50°C to generate a liposome suspension (final lipid 

concentration of 5 mg/mL). Liposome suspensions were subsequently extruded through 200 
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and 100 nm pore size membranes (11 passages per membrane) to generate monodisperse 

liposome suspensions for deposition experiments.

2.3.2. Varying Deposition Time—For mechanism studies involving PEG liposomes, 

SG-CViL silica sols were generated by depositing TMOS in 1.98 mL 1× PBS for 5, 10, 12, 

or 15 minutes at 23°C. Following unsealing of the CViL chamber, 20 μL of 5 mg/ml 

liposome solution was added to silica sols and particle size was analyzed using DLS.

2.3.3. Varying pH—SG-CViL silica deposition was performed for 15 min at 30°C as 

described in section 2.3.2 using 1× PBS at pH 12. Liposome solution (20 μL, 5 mg/mL) was 

added to the sols and the particle size measured pre and post addition of acetic acid (50 μL, 

50% v/v) to the silica-liposome solution.

2.3.4. Varying Surface Charge—For cationic liposome studies, SG-CViL was 

performed for 10 min at 30°C as described in section 2.3.2, substituting cationic liposomes 

for PEG liposomes. Additionally, experiments were conducted with liposomes present in the 

buffer during TMOS deposition (referred to as in-situ CViL) for comparison to SG-CViL. 

For in-situ CViL deposition, a cationic liposome solution was prepared by adding 20 μL of 5 

mg/mL liposome stock solution to 1.98 mL of 1× PBS. Particle size results are averages 

from 3 independent experiments analyzed using students T-test.

2.4. Whole Cell Encapsulation of Cation Coated-Suspension Cells

2.4.1. Suspension Cell Culture—Saccharamyces cerevisiae (S. cerevisiae,) were 

inoculated into 5 mL YPD rich media (10 g/L yeast extract, 20 g/L peptone, and 20 g/L 

dextrose) and incubated under rotary shaking at 30°C 18 to 24 hours. Jurkat cells were 

cultured in RPMI supplemented with 10% fetal bovine serum, 1% penicillin/streptomycin in 

a CO2 incubator at 37°C, 5% CO2 in 25 mL culture flasks. Cultures were maintained by 

diluting cell suspensions 1:10 (v/v) every 3 days using fresh RPMI culture media

2.4.2. Characterization of Silica Interaction in Suspension Cells using 
Fluorescence Microscopy—S. cerevisiae and Jurkat cells (1×106 cell/mL) were 

pelleted, washed twice with 1 mL 1× PBS, pH 7.4 and stained with 2% calcofluor white (S. 
cerevisiae) or 10 μM 4′,6-diamidino-2-phenylindole dihydrochloride (DAPI, Jurkat) for 30 

min. Post staining, cells were washed twice with 1× PBS and incubated with 1× PBS, pH 

7.4, containing 200 μM spermidine for 5 min at 30°C in a shaking incubator. Silica sols were 

generated by performing SG-CViL for 20 min at 23°C in 1× PBS pH 7.4, adding 1 μM 

Rhodamine B to the sample chamber prior to SG-CViL initiation to fluorescently label 

silica.23 Spermidine coated S. cerevisiae and Jurkat cells were resuspended in 1 mL 

fluorescently labeled silica sol for 10 min at 30°C in a shaking incubator. Cells were washed 

twice via centrifugation and resuspension in 1 mL 1× PBS and imaged using Olympus 

FE10i laser scanning confocal microscope system using a 60× water objective.

2.5. Whole Cell Encapsulation of Adherent Cells Using Tuned SG-CViL Parameters

2.5.1. Cell Culture—HeLa cells from approximately 80% confluent cultures were 

trypsinized and diluted in cell culture media (10% fetal bovine serum; 1% penicillin/
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streptomycin in DMEM) to a final concentration of 100,00 cell/mL. Cell suspension (200 

μL) was pipetted in the center of tissue culture treated confocal microscopy slides that had 

been previously attached to cell culture dishes (Matek), and cells were allowed to adhere for 

30 min under culture conditions (37°C; 5% CO2). Post adherence, 3 mL of media was added 

to cell culture dishes and cells were incubated an additional 18 to 24 hours before silica 

encapsulation (section 2.4.3.

2.5.2. Fluorescence Microscopy Characterization of Silica-HeLa Interaction 
Under Varying SG-CViL Encapsulation Parameters—HeLa cells were stained with 

the DNA binding dye, 4′,6-diamidino-2-phenylindole dihydrochloride (DAPI, 10 μM) for 30 

min, washed twice with 1× PBS, pH 7.4, and incubated with 1× PBS, pH 7.4, containing 

200 μM spermidine for 5 min at 30°C in a shaking incubator. All silica sols used for HeLa 

encapsulation were generated by performing SG-CViL for 30 min at 40°C. To image silica 

deposition on HeLa cells silica was fluorescently labeled by adding 1 μM Rhodamine B to 

the sample chamber prior to initiation of the SG-CViL reaction.23 Spermidine coated HeLa 

cells were treated with 3 mL of fluorescently labeled SG-CViL silica sols generated using 

1× PBS or 1× K-buffer using two aging regimes (unaged, or aged 30 min at 40°C) for 20 

min at 30°C in a shaking incubator. Post silica deposition, cells were washed twice with 1× 

PBS, pH 7.4, and imaged with an Olympus FE10i laser scanning confocal microscope 

system using a 60× water objective using Fluoview software to measure silica thickness.

2.5.3. Morphology and Viability Analysis of Silica Coated HeLa Cells—To 

characterize cell morphology and viability post deposition, phase contrast microscopy and 

vital dye staining were used. HeLa cells were encapsulated in SG-CViL generated silica, as 

described in section 2.4.3, without fluorescent labeling of cells or silica. Post silica 

deposition, cells were washed twice with 1× PBS, followed by addition of 3 mL cell culture 

media, and cells were returned to the incubator. Cells were imaged at 30 min, 48 hours, and 

96 hours post encapsulation using a phase contrast 40× objective. To assess cell viability 96 

hours post encapsulation, cells were incubated with 1.5 mL of carboxyfluorescein diacetate 

(CFDA) and propidium iodide (PI) solution (10 μM CFDA, 4 μM PI in 1× PBS, pH 7.4) for 

30 min at 30°C. Post staining, cells were imaged using confocal fluorescence microscopy, 

counting cells that fluoresced green as viable, and cells that fluoresced red or yellow as non-

viable. Error bars represent standard deviations of 10 independent regions of interest in a 

single culture dish.

3. RESULTS AND DISCUSSION

3.1. Influence of SG-CViL Reaction Parameters on Particle Generation

Mechanistic investigations initially focused on examination of silica particle growth in silica 

sols generated by depositing TMOS into an aqueous buffer system in the absence of 

biomolecules as detailed schematically in Figure 1. To examine the silica particles size 

distribution in silica sols, DLS measurements were performed on sols generated using a 

variety of reaction parameters (Figure 1). For these experiments, sols were generated by 

depositing TMOS for 30 min at 40°C (Figure 1, steps 1 and 2). Following sol generation, 

sols were placed in the DLS instrument and aged for 90 minutes in order to examine particle 
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size evolution over time. For all experiments, data are plotted only if there are 10 million or 

greater photons collected per time point (minimum number required for accurate size 

determination using cumulant analysis of the scattering data). The effect of different buffer 

systems, salt concentration, pH and sol-aging temperature are summarized in Figure 1 (step 

3). Careful control over these reaction parameters can result in the facile, biocompatible, and 

tailorable generation of homogenous silica sols with known silica particle size distributions, 

ideal for encapsulation of phospholipid assemblies, including whole cells, while maintaining 

desired biological functions.

3.2. Particle Dynamics

3.2.1. Buffer Solution Affects Particle Dynamics—The impact of SG-CViL reaction 

buffer chemistry (Figure 1, path I) on particle growth is shown in Figure 2. Figure 2A 

displays the average particle size from silica sols generated using 5 different buffer systems: 

phosphate buffered saline (PBS), sodium phosphate buffer (NaPB, minus sodium chloride), 

sodium chloride solution (NaCl, minus phosphate), sodium acetate buffer (NaAc, PBS 

replacing sodium chloride with NaAc), and potassium buffer (K-buffer, replacing sodium as 

cation). Data representing both initial and final particle size, particle growth rate, and 

particle size increase are summarized in Table 1.

Comparing the growth curves presented in Figure 2A, and the data in Table 1, buffer 

composition has a clear effect on particle growth dynamics in SG-CViL silica sols. In K-

buffer, particles are measurable at 0 min, compared to 6 or more minutes for Na-based buffer 

systems. Additionally, in sodium containing sols, while initial particle size values are within 

20 nm of each other (~39–61 nm), the aging time required to achieve measurable particles 

decreases in the order of PBS < NaAc < NaPB < NaCl. Together these trends suggest the 

presence of even a small amount of potassium in buffers results in faster particle generation. 

A detailed discussion of the mechanisms governing particle growth changes with differing 

buffer constituents can be found in the supporting information. Further particle growth 

studies were conducted using PBS due to its known biocompatibility, fast generation of DLS 

observable particles (low monomer content), highest particle growth rate (2 nm/min), and 

widest range of particle sizes (60–255 nm).

3.2.2. Increasing Salinity Increases Particle Growth Rate—Particle growth as a 

function of aging time is plotted in Figure 2B for 0.5× (79.5 mM), 1× (159 mM), 1.5× 

(238.5 mM), and 2× (318 mM) PBS solutions. In general, as PBS concentrations increase, 

there is faster generation of measurable particles and an increase in particle growth rate (data 

summarized in Table 2). These trends are likely a function of an overall increased electrolyte 

concentration.9–10 In 2× PBS, the high concentration of cationic species promotes rapid 

particle formation and aggregation through the bridging mechanism discussed earlier. As 

particles grow, more sodium ions bind to the surface of larger particles, increasing the 

electrostatic bonding of phosphate anions. The increased anionic layer on larger silica 

particles potentially shields smaller silica particles from binding with larger particles. This 

generates two particle populations (note the bimodal particle distribution in Figure 2B) as 

smaller particles do not have enough surface associated cations to overcome the anionic 
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repulsion imparted by negatively charged silica particles, resulting in a lower frequency of 

particle-particle interactions

3.2.3. Increasing pH Decreases Particle Growth—In order to assess the effect of pH 

on particle growth, SG-CViL was performed in buffers with pH varied between slightly 

acidic (pH 6.4), neutral (pH 7.4) or basic (pH 8.4, 9.8). Distinct differences in particle size 

distributions and particle growth behavior were observed. At pH 6.4 (Figure 2C, blue 

diamonds), the particle size distribution comprises three regimes. From t = 0–33 min, the 

particle size distribution was monomodal, showing particle growth from approximately 94.7 

± 10.9 nm to approximately 225.9 ± 68.2 nm. From t = 33–45 min, the particle size 

distribution increased (note larger error bars). This increased distribution likely results from 

the development of large particle aggregates which are hydrolytically unstable, assembling 

and disassembling. At 45 minutes and longer, the larger particle aggregates become stable, 

leading to bimodal silica sols composed of a small particle population and a large particle 

population (see inset Figure 2C). As aging progresses, the large particles continue to 

increase in size; the size of the small particles decreases slightly. This is thought to be due to 

both large particles cannibalizing silicic acid monomers that disassociate from smaller silica 

particle surfaces, and condensation of small particles with larger silica particles. The overall 

shape of the distribution remains bimodal through 75 minutes of aging, at which point the 

sols become un-measurable using DLS, implying that silica species in the sol have 

condensed and formed large, polymeric structures.

In contrast to sols generated at pH 6.4, sols generated at pH 7.4, 8.4, and 9.8 display linear 

particle growth with particle growth rates of 2.03 nm/min (pH 7.4), 1.29 nm/min (pH 8.4), 

and 0.42 nm/min (pH 9.8). The sols further maintain monodisperse particle sizes of 255.7 

± 78.22 nm (pH 7.4), 156.2 ± 23.31 nm (pH 8.4), 68.1 ± 2.24 nm after 90 minutes of aging, 

showing that both particle growth rate and overall particle size decrease with increasing sol 

pH. These data are summarized in Table 3. See the supporting information for detailed 

mechanistic discussion of particle growth with varying pH.

3.2.4. Increasing Temperature Increases Particle Growth Rate—The average 

particle size for silica sols prepared in 1× PBS, pH 7.4, at various aging temperatures is 

shown in Figure 2D, and summarized in Table 4. Of note is the decrease in aging time at 

which particles become measurable with increasing aging temperature. At 25°C, measurable 

particle sizes are not achieved until 48 min post SG-CViL deposition; whereas at 40°C 

measurable particles are achieved 9 min post SG-CViL. Knowing the time needed to achieve 

measurable particles is important as when particles are measurable, it is likely that the 

presence of potentially cytotoxic silica monomers is minimized, maximizing silica sol 

biocompatibility.

An increase in particle growth rate with increasing aging temperature was also observed in 

Figure 2D and Table 4. The higher silica particle growth rate in sols aged at higher 

temperatures is likely due to temperature effects on silica solubility and enhanced reaction 

kinetics. Above pH 7, the solubility of amorphous silica increases with increasing 

temperature.9 Therefore, at the pH of 7.4 in these experiments, silica solubility increases 

with temperature. This leads to greater accessibility to hydrolyzed silica monomers needed 
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for nucleation and particle growth. Additionally, higher aging temperatures result in 

relatively greater particle movement, increasing the frequency of particle-particle 

interaction, and in higher condensation reaction kinetics.10

3.3. Parameter Tuning for Liposome Encapsulation

Having examined the effect of SG-CViL reaction parameters on particle growth in silica sols 

in the absence of biomolecules, mechanistic studies were next performed to gain 

understanding on how reaction parameters affect the interaction of silica sols with a model 

phospholipid assembly (Figure 1, path II). For these mechanistic studies, a liposome system 

was utilized to model silica interaction with cell membranes. Insights from this model were 

applied to advance the ability to control SG-CViL parameters that facilitate integration of 

cells within SG-CViL generated silica materials.. Liposomes formulated with a polyethylene 

glycol (PEG) polymer covalently attached to the hydrophilic head group of the lipid were 

used for hydrogen bonding studies. Pegylated liposomes were utilized in order to increase 

liposome colloidal stability. Liposome formulations lacking PEG, or other hydrophilic 

coatings, rapidly fused together before TMOS exposure could be completed (data not 

shown). These studies reveal that controlling hydrogen bonding dynamics via pH variation is 

necessary for stable silica deposition on PEG liposomes. Subsequent studies substituting 

PEG conjugated lipids for cationic lipids demonstrate cationic based electrostatic 

interactions facilitate greater control over silica-biomolecule interactions

3.3.1. SG-CViL Liposome Encapsulation is Time Sensitive—Initial liposome 

experiments focused on varying deposition time and are presented in Figure S2. Liposomes 

showed no significant size increase upon addition to silica sols generated by depositing 

TMOS for 5, 10, or 12 min. However, liposomes added to sols generated by depositing 

TMOS for 15 min increased in size to greater than 1 μm, with samples containing clearly 

visible aggregates (See inset Figure S2A). Aggregation was also observed in 5, 10, and 12 

min samples approximately 15 min post liposome addition to sols. SEM-EDS analysis of 12 

min and 15 min samples (Figure S2B) confirms aggregates are micron sized and contain 

silica, suggesting silica-liposome interaction results in aggregate formation, Liposome 

aggregation was also observed when experiments were performed using PEG 350 and PEG 

5000 conjugated lipids, lower PBS concentrations (0.1×), and longer TMOS deposition 

times (30 min). (data not shown). The results indicate liposome aggregation is independent 

of PEG chain length, buffer salt concentration, or hydrolyzed silica content.

3.3.2. Increasing pH Decreases Liposome Aggregation—Numerous reports have 

shown silica interacts with PEG via hydrogen bonding of surface silanols with polyether 

oxygens in PEG, leading to silica particle formation and aggregation.25–27 Given this, we 

hypothesized that silica induced liposome aggregation results from hydrogen bonding of 

SG-CViL generated silica with PEG liposomes. To examine this interaction, SG-CViL 

deposition was performed at differing pHs, as shown in Figure 3. When liposomes were 

added to silica sols generated at pH < 12 (Figure 3A), aggregation similar to that shown in 

Figure S2A occurred within one minute of liposome addition to sols. However, no 

aggregation was observed when liposomes were added to pH 12 silica sols. Further, 

liposomes increased in size by less than 4 nm (83.8 nm to 87.1 nm) 3 days post liposome 
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addition to pH 12 sols (Figure S3) indicating that highly basic conditions inhibit silica 

induced liposome aggregation, likely due to deprotonation of surface silanols at basic pH 

inhibiting silica-PEG hydrogen bonding interactions.10, 28

The lack of liposome aggregation in pH 12 sols, in addition to data suggesting that the 

acetate ion stabilizes silica particle growth (Figure 2A), suggest an avenue for controlling 

liposome-silica interaction through pH variation using acetic acid. To test this hypothesis 

liposomes were first added to pH 12 silica sols (SG-CViL silica-liposomes), or to 1× PBS, 

pH 12, without silica (control liposomes). The initial particle size was determined to be 

approximately 82 nm for both conditions (Figure 3B, light grey bars). Following analysis, 

acetic acid (1.2% final concentration in sols, pH ~ 5.0) was added to the samples, and the 

particle size was again measured (Figure 3B, black bars). When acetic acid was added to the 

control liposome sample, there was a small increase in the average particle size and size 

distribution (82.2 ± 1.6 nm to 94.7 ± 5.5 nm, N=3 p>0.05), likely due to some hydrogen 

bonding of acetate ions with PEG. When acetic acid was added to SG-CViL silica-liposome 

solutions, there was a substantial increase in the average particle size from 82.6 ± 1.2 nm to 

123.3 ± 6.2 nm (N = 3, p<0.05). The SG-CViL-liposome suspension does not aggregate after 

addition of acetic acid, as the particle suspension remained monodisperse 16 days post acetic 

acid addition (Figure S4).

We propose that the liposome size increase was likely a result of the added acetic acid 

reducing the sol pH and protonating some of the silanol groups. This facilitated hydrogen 

bonding between silica and PEG, coating the liposomes in silica. The lack of aggregation 

indicates that the acetate ion stabilized the particle suspension against aggregation via 

electrostatic particle repulsion and shielding of surface silanols by the acetate ion. This 

mechanism is represented schematically in Figure 4.

3.3.3. Cationic Liposome Surface Increases Stability—Cationic liposomes were 

prepared by replacing DSPE-PEG 5000 lipids in lipid formulations with either 10 mol% or 

20 mol% of the positively charged lipid, 1,2-dipalmitoyl-3-trimethylammonium-propane 

(TAP). To interrogate potential differences in cationic liposome-silica interaction at different 

stages of silica generation, two silica exposure methods were utilized: an in-situ method, 

where cationic liposomes were present in 1× PBS during TMOS deposition (Figure 1, step 

2), and the SG-CViL method, where cationic liposomes were added to silica sols post 

TMOS deposition (Figure 1, step 3).

Figure 5 plots the particle diameter of liposomes containing 10 mol% (10% TAP-liposomes, 

Figure 5A), or 20 mol% TAP (20% TAP-liposomes, Figure 5B), using both in-situ and SG-

CViL exposure methods. For 10% TAP-liposomes, exposed to silica via the in-situ approach, 

liposome size increased roughly 10% from 195 ± 15.2 to 216.6 ± 12.9 nm (p > 0.05 N=3). 

Treatment with silica via SG-CViL resulted in liposome size increase of approximately 

120% (432.2 ± 320. 9; p > 0.05 N=3 nm), indicating generation of nanoscale liposome-silica 

aggregates. Additionally, a small peak (43.3 ± 3.4 for the in-situ approach and 81.5 ± 59.6 

nm for SG-CViL), not present in control liposomes is evident in liposomes with 10 mol% 

TAP, indicating generation of small silica particles in the liposome suspension.
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Compared to 10 mol% TAP-liposomes, 20 mol%-TAP liposomes exposed to silica increased 

in size by approximately 10%, from 203.7 ± 9.8 nm to 224.3 ± 12.9 nm (in-situ CViL; p < 

0.05 N=3) and 224.4 ± 34.8 nm (SG-CViL; p > 0.05, N=3) nm. Zeta potential measurements 

of liposome suspensions showed greater positive zeta-potential for 20 mol% TAP-liposomes 

(34.3 ± 5.16 mV) compared to 10 mol% TAP-liposomes (12.6 ± 0.96 mV) with a decrease 

of approximately −15 mV upon liposome exposure to silica, confirming silica association 

with the liposome surface (see Figure S5 for zeta potential values).

While only one experimental condition resulted in a statistically significant increase in 

liposome size, the lack of small particle, and reduced size variability observed for 20 mol% 

TAP liposomes compared to 10 mol%-TAP, suggests increasing TAP concentration provides 

a sufficiently high positive surface charge to the liposomes to stabilize silica at the liposome 

surface through electrostatic interactions.29–30 However, when silica deposition time is 

increased to 15 minutes for 20 mol%-TAP liposomes, liposomes aggregate(data not shown). 

This indicates the stabilization is dependent on silica concentration as well as charge. 

Importantly, the nano-scale liposome-silica interaction observed with 20 mol% TAP 

liposomes, compared to the aggregates observed using PEG containing liposomes (Figure 

S2), shows that cation mediated electrostatic interactions provide an avenue for controlled 

silica deposition on lipid membranes using SG-CViL under physiologic conditions that are 

relevant for living cell encapsulation.

3.4. Electrostatic Interactions and SG-CViL Particle Size Variation Facilitate Whole Cell 
Encapsulation

3.4.1. SG-CViL Induces Aggregation of Cation Coated Suspension Cells—To 

examine silica deposition on cation coated suspensions cells, S. cerevisiae and Jurkat cells 

were coated with the natural polycation, spermidine, and exposed to Rhodamine B-labeled 

SG-CViL silica sols (20 min deposition time, 1× PBS, pH 7.4, no aging). When cells are 

exposed to silica sol, they become surrounded by red fluorescence, as shown in Figure 6A 

and 7B, indicating silica deposition on the cell surface of cation coated cells. However, there 

is pronounced aggregation of cells similar to the liposome aggregation observed in Figure 3. 

This suggests that the cell associated silica remains reactive and capable of condensing with 

the silica on neighboring cells despite cation mediated electrostatic cell-silica interactions, 

likely because there are insufficient positive charge sites to completely shield hydrolyzed 

silanols. Pelleting cells likely facilitates condensation of unshielded silanols by bringing 

these species into intimate contact, leading to cell aggregates even after resuspension. While 

silica induced aggregation of suspension cells could be useful for generating multi-cellular 

constructs for investigating proximity based cell-cell communication phenomena such as 

flocculation,31 it highlights the need for cell isolation in order to access and maintain single 

cell-silica geometries using SG-CViL.

3.4.2. Tunable Silica Deposition on Adherent HeLa Cells—Given the liposome and 

polycation modified cells in suspension results in Figure 5, along with previous work 

showing that polycation layers promote silica condensation on cell surfaces through 

electrostatic interaction of silica with the polycation,12, 19–21 studies were performed to 

determine if controlling silica particle size via deposition buffer and sol aging (Section 2.2) 
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facilitated tunable silica deposition on spermidine coated HeLa cells. The adherent nature of 

HeLa cells allows cell exposure to SG-CViL silica sols while preventing major cell-cell 

physical interactions, reducing or eliminating the silica induced aggregation seen with cells 

in suspension (Figure 6).

Figure 7 contains representative images of spermidine coated HeLa cells exposed to unaged 

silica sols (abbreviated UA) or silica sols aged for 30 minutes (abbreviated 30 min-age) 

generated using 1× PBS, pH 7.4 (Figure 7A, B), or K-buffer (Figure 7C, D). When 

spermidine coated HeLa cells were treated with PBS generated silica sols aged for 0 minutes 

(Figure 7A, PBS-UA) a thin, conformal red fluorescence (Rhodamine B labeled silica, see 

Experimental Section 2.5.2) was visible on the cell surface, indicating deposition of a thin 

silica layer on the HeLa cell surface, measured at approximately 1 μm in thickness using the 

measurement tool in Fluoview imaging software. Increasing sol aging time to 30 minutes 

resulted in an increase in the silica layer deposited on HeLa cell surfaces to approximately 5 

μm (Figure 7B, PBS-30 min age). Additionally, the presence of areas lacking red 

fluorescence within the deposited silica layer indicates a certain level of porosity on part of 

the silica layer. When spermidine coated HeLa were exposed to K-buffer generated silica 

sols aged for 0 min (Figure 7C, K-buffer-UA), the amount of cell associated silica increased 

substantially compared to cells treated with PBS-UA cells, resulting in an approximately 15 

μm thick silica layer deposited on the cells. A further increase in silica deposition to a 

thickness of greater than 20 μm was observed on cells exposed to K-buffer generated sols 

aged for 30 min (Figure 7D, K-buffer-30 min age). Additionally, areas lacking red 

fluorescence are limited in Figure 7D, indicating, perhaps, a more condensed silica layer on 

cells in Figure 7D when compared to cells in Figure 7B.

The change in thickness of the deposited silica layer on HeLa cells with different sol 

generating parameters (i.e. deposition buffer and aging) likely results from the effect of these 

parameters on silica particle size in sols. At pH 7.4, as particle sizes increase, particle 

surface charge becomes more negative.32 The particle size in unaged K-buffer sols was 

nearly 4 times larger than unaged PBS sols (177.1 ± 23.9 nm compared to 47.8 ± 8.22 nm). 

Given the much larger particles in K-buffer-UA sols compared to PBS-UA sols, the 

increased silica deposition observed on K-buffer UA sols treated cells may also be due to the 

larger particles having more electrostatic attraction to the positively charged spermidine on 

the HeLa cell surface.33 Additionally, the larger particles that initially bind to the HeLa cell 

surface could provide more sites for particle condensation than the smaller particles 

generated using PBS. The increase in potential condensation sites could increase the 

frequency of particle-particle interactions such that more silica is deposited from sols with 

larger particles than from sols containing smaller particles (see Figure 7A, C). A similar 

mechanism may explain the increased coating of cells when sols are aged for 30 min 

(compare Figure 7B & D), as sol aging increases silica particle size in both buffer systems, 

increasing both electrostatic binding of particles with the HeLa cell surface and subsequent 

particle condensation.

3.4.3. Morphology and Viability of SG-CViL Encapsulated HeLa—To characterize 

HeLa cell response to encapsulation using different sol generation parameters, cells were 

encapsulated using sols generated in either PBS or K-buffer that were unaged or aged for 30 
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min (section 2.5.3). Post encapsulation, growth media was added to cells and cells were 

incubated under standard culture conditions. Phase contrast images of cells 30 min, 48 

hours, and 96 hours post SG-CViL are presented in Figure 8. When examined over time, 

encapsulated cells density increases over the 96 hour analysis time frame, indicating cells 

remained capable of growth and division. Taken together, data in Figure 7 and 8 suggest the 

possibility that silica deposited on cells exposed to SG-CViL silica sols was not deposited as 

a fully condensed, cross-linked layer, but as a loosely cross-linked polymeric structure, or 

particle assemblage. Under these conditions, the less cross-linked structure of the deposited 

silica layers would be mechanically flexible enough to allow cells the freedom to grow and 

divide 11, though more detailed time lapse fluorescence microscopy studies are needed to 

confirm this.

In addition to cell growth, phase contrast images taken 48 and 96 hours post encapsulation 

show silica encapsulated cells contain vacuole-like structures that are absent in uncoated 

controls regardless of the sol generation parameters (see Figure S6 A & B for larger sized 

images from Figure 8 to more easily visualize vacuoles). 96 hours post encapsulation the 

vacuoles are less abundant in cells treated with PBS-UA, PBS-30 min age, and K-buffer-UA 

sols, with cells in these three conditions having similar morphology to uncoated control 

cells. In contrast, cells treated with K-buffer-30 min sols are larger in size than uncoated 

controls and contain prominent vacuoles.

Based on previous work showing that silica particles can be internalized by cells via 

formation of micropinosomes, we hypothesize that the vacuole structures observed in cells 

treated with SG-CViL generated silica sols could arise from cell internalization of silica after 

deposition.34–36 Importantly, when cells were examined using vital fluorescent dyes,12 cell 

viability was determined to be 99.0 ± 0.27 % (uncoated control), 98.3 ± 2.7 % (PBS-UA), 

98.0 ± 2.1 % (PBS-30 min age), 95.9 ± 7.2 % (K-buffer-UA), and 89.8 ± 12.4 % (K-

buffer-30 min age) 96 hours post encapsulation. (For representative fluorescent viability 

images, see Figure S7). This, combined with growth and division of cells exposed to SG-

CViL, indicates that the silica coating treatment, encapsulation within silica, and the 

development of vacuoles in response to silica encapsulation, did not compromise cell 

viability under the time frame investigated. However, it cannot be discounted that vacuole 

formation in SG-CViL treated cells results from induction of non-apoptotic cell death 

pathways such as oncosis that would result in viability loss for cells at extended storage 

times 37. Given vital dye staining only provides information on cellular esterase activity and 

membrane permability, further experiments to assess ATP synthesis and measure 

intracellular ROS generation are needed to develop a more complete understanding of 

cellular behavior post silica encapsulation.

To our knowledge, this is one of the first reports to show silica deposition on adherent 

mammalian cells with micron scale thickness control using a natural polycationic polymer, 

minimal cell washing steps, with potential processing and internalization of the deposited 

silica layer by cells.19–20. The data suggest SG-CViL does not lead to highly cross-linked, 

mechanically rigid silica layers, but layers that are lightly cross-linked, and mechanically 

malleable. These layers are difficult to control when deposited on colloidal phospholipid 

assemblies (liposomes and cells, see Figure 3, 4 and 7), suggesting that the SG-CViL 
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technique requires further adaptation for coating of these assemblies. However, in adherent 

cells systems SG-CViL facilitates well-defined silica deposition by controlling deposition 

buffer and sol aging to precisely generate a desired silica particle size (Figure 7). The 

reactivity of SG-CViL generated silica, while a limiting factor in coating colloidal 

phospholipid assemblies, could provide an avenue for applications such as cell transfection 

in adherent cells by complexing the deposited silica layers with charged molecules such as 

DNA or siRNA using cationic polymers as binding intermediates. Furthermore, the 

flexibility of the silica deposited using SG-CViL may also facilitate integration of fragile 

eukaryotic cells in silica gel monoliths by shielding cells from the compressive stresses 

imparted on cells by condensation of the bulk gel.

4. SUMMARY AND CONCLUSIONS

Data presented herein provide mechanistic insights into particle growth dynamics in 

chemical vapor deposition generated silica sols and the interaction of generated silica 

particles with phospholipid assemblies (liposomes and cells). Studies utilizing different 

buffer systems and buffers of varying salinity showed differing trends in particle growth in 

silica sols. Investigations varying buffer pH demonstrated a pH dependent transition in silica 

particle growth from a cluster-cluster mechanism to a monomer-cluster growth mechanism. 

Additional DLS experiments show that by adjusting aging temperature, silica particle 

growth in SG-CViL silica sols can be controlled at the nanoscale. Employing a model 

liposome system for examination of SG-CViL silica interaction with phospholipid 

assemblies, we suggest silica induces liposome aggregation through a hydrogen bonding 

mechanism when PEG is present in liposome formulations, and that this aggregation can be 

ameliorated through control of hydrogen bonding or substitution of PEG lipids with cationic 

lipids to promote electrostatic interaction. Ultimately, we utilize insights gained from 

mechanism studies and previous work to define a SG-CViL protocol to deposit silica on the 

surface of HeLa cells with micron scale tunability, while maintaining cell viability.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Schematic of mechanistic studies investigating Sol-Generating Chemical Vapor into Liquid 

(SG-CViL) reaction conditions impact on silica particle growth and silica-phospholipid 

assembly interactions.
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Figure 2. 
Particle Growth of SG-CViL generated silica sols using differing ionic solutions (A), 

varying solution salinity (B), pH (C), and aging temperature (D). Particle size was monitored 

for 90 minutes using DLS at 40°C aging temperature, except for experiments in (D) where 

aging temperature was varied. Inset in (A) shows particle size over time of silica generated 

using K-buffer; insets in (B) and (C) show bimodal size distributions at the referenced data 

points. In (D), experiments were conducted using 1× PBS, pH 7.4, with the sols aged at 25, 

30, 35, or 40°C. Error bars represent the standard deviation of N=3 experiments.
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Figure 3. 
(A) Optical image of SG-CViL silica sols generated at varying pH post liposome addition to 

sols. Images show silica induced liposome aggregation is inhibited at high pH. (B) Control 

of liposome-silica interaction via pH and ion parameters. Post-acetic acid addition, SG-CViL 

exposed liposomes increase in size significantly (p<0.05, student’s t-test), whereas control 

liposomes show insignificant increase in size.
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Figure 4. 
Schematic illustration of liposome-silica hydrogen bonding interactions in PBS, and control 

over aggregation via electrostatic stabilization.
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Figure 5. 
Cation mediated interaction of SG-CViL generated silica with cationic liposomes Graphs 

represent particle size of (A) 10 mol% TAP-liposomes and (B) 20 mol% TAP-liposomes in 

buffer without TMOS exposure (control), present in buffer during TMOS deposition (in-
Situ), or added to buffer post TMOS deposition (SG-CViL). Light grey bars in (A) 

correspond to small particle population peak in particle size distribution (see inset). TMOS 

deposition was performed for 10 min at 30C in 1X pH 7.4 PBS buffer. Error Bars represent 

the standard deviation of N=3 experiments
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Figure 6. 
Florescence microscopy images of spermidine coated S. cerevisiae (A) and Jurkat (B) cells 

exposed to SG-CViL generated silica. Images show cell clusters (blue fluorescence) 

surrounded by red fluorescence (silica), indicating silica is deposited on cells and condenses 

with silica on neighboring cells, generating cells aggregates. S. cerevisiae stained with 

calcofluor white, Jurkat with DAPI, and silica with Rhodamine B
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Figure 7. 
SG-CViL generated silica sol buffer composition and aging time can be tuned to provide 

control over silica particle size and silica deposition thickness and morphology on 

spermidine coated HeLa cells. (A, B) Representative images of HeLa cells treated with un-

aged PBS silica sol (A, PBS-UA), or PBS silica sol aged for 30 min (B, PBS-30 min age). 

(C, D) Representative images of HeLa cells treated with un-aged K-buffer silica sol (C, K-

buffer-UA) or K-buffer silica sol aged for 30 min (D, K-buffer-30 min age). Greater particle 

size in silica sol results in thicker and less conformal silica deposition on cells. Red 

fluorescence from Rhodamine B stained silica; blue fluorescence from DAPI stained cell 

nuclei. Scale = 10 μm.

Johnston et al. Page 24

ACS Biomater Sci Eng. Author manuscript; available in PMC 2018 July 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 8. 
Morphology of silica encapsulated HeLa cells over time. HeLa cells exposed to unaged 

(PBS-UA, K-buffer-UA) silica sols or silica sols aged for 30 min (PBS-30 min age, K-buffer 

30 min age) visualized 0.5, 48, and 96 hours post encapsulation show minimal signs of cell 

death (i.e. detachment of cells from culture dishes) despite development of vacuole like 

structures on the cell interior. Scale = 20 μm.
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