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Silica chemistry provides pathways to uniquely tunable nanoparticle platforms for biological imaging. It has been a long-standing problem to synthesize fluorescent silica nanoparticles (SNPs) in batch reactions with high and low fluorescence intensity levels for reliable use as an intensity barcode, which would greatly increase the number of molecular species that could be tagged intracellularly and simultaneously observed in conventional fluorescence microscopy. Here, employing an amino-acid catalyzed growth, highly fluorescent SNP probes were synthesized with sizes < 40 nm and well separated intensity distributions, as mapped by single-particle imaging techniques. A seeded growth approach was used to minimize the rate of secondary particle formation. Organic fluorescent dye affinity for the SNP during shell growth was tuned using specifics of the organosilane linker chemistry. This work highlights design considerations in the development of fluorescent probes with well separated intensity distributions synthesized in batch reactions for single-particle imaging and sensing applications, where heterogeneities across the nanoparticle ensemble are critical factors in probe performance.

number of fluorescent tags that can be reliably distinguished using commercially available microscopes. This problem motivates a need for novel fluorescent tags that increase the number of molecular species that can be imaged in parallel, while maintaining the small sizes and target labeling capabilities of traditional fluorophores 7 .

Optical barcodes for highly multiplexed imaging have been realized in micron-sized beads exhibiting multiple spectral colors at distinguishable intensity levels [8][START_REF] Zhang | Microspheres with fluorescent spherical zones[END_REF][START_REF] Banerjee | Production of dyed polymer microparticles[END_REF] . These bead-based technologies typically rely on "bath dye" approaches for controlling fluorescence intensity, where solvent-swollen polymer particles are incubated in a solution of organic dye molecules, allowing dyes to absorb into the particles. Subsequent solvent removal traps dyes inside the particles [START_REF] Zhang | Microspheres with fluorescent spherical zones[END_REF][START_REF] Banerjee | Production of dyed polymer microparticles[END_REF] .

Using micron-sized particles, intensity barcodes with up to ten distinguishable intensity levels can be generated simply by changing the concentration of dyes in the bath [8][START_REF] Zhang | Microspheres with fluorescent spherical zones[END_REF][START_REF] Banerjee | Production of dyed polymer microparticles[END_REF] . Despite wide success in micron-sized particles, the development of nano-sized intensity barcodes remains a challenge 7 .

Highly-loaded microbeads may contain thousands of dyes per particle, allowing use of widely separated adjacent intensity levels 8 . For example, a factor of two difference in dye concentration may be used to generate microbeads that differ in dye-loading by an average of one thousand dyes. However, similar strategies cannot be applied in nano-sized systems, where small particle volumes necessitate use of substantially lower numbers of dyes per particle to prevent fluorescence quenching 11 . Under this constraint, a factor of two difference in dye concentration results in average differences of only a few dyes per particle and as illustrated in Figure 1, local fluctuations in dye concentration alone may cause overlap between intensity distributions [START_REF] Banerjee | Production of dyed polymer microparticles[END_REF] .

While previous reports have shown that this problem can be solved using programmable materials, including DNA and RNA 7,12 , only limited success in nanoparticle-based systems has been achieved 13,14 . Distinguishable intensity levels are difficult to achieve in nanoparticles using infiltration-based batch synthesis approaches even at increasing dye concentrations, due to low encapsulation efficiency 15 . Previous reports have shown that highly dye-doped nanoparticles with minimal fluorescence quenching may be synthesized by controlled covalent attachment of dyes during particle growth 16 . However, using these methods, the batch synthesis of nanoparticles with non-overlapping intensity distributions is complicated by heterogeneities across the ensemble, often exacerbated by secondary particle formation during growth 17 . Here, we have addressed these problems using a highly tunable synthesis method for covalently encapsulating organic fluorescent dyes inside silica nanoparticles (SNPs), by controlling secondary particle formation and varying the organosilane linker chemistry to the dye, demonstrating that high and low dye-loaded SNP intensity distributions are well separated as mapped by single particle fluorescence imaging.

Silica chemistry provides a uniquely tunable platform for nanoparticle synthesis, where particle size [18][19][20] , nanoscale morphology 21 , and surface properties 22,23 can be precisely controlled.

Recent advances in fabrication have extended the range of accessible particle sizes to below 10 nm, using water as a solvent 18 , and established efficient methods for surface functionalization with a variety of targeting moieties 22,23 , making such materials ideal candidates as probes for biological imaging. We use a previously reported method for amino acid catalyzed growth of SNPs in aqueous media 19,20 to investigate the synthetic parameters that govern single-particle intensity distributions in fluorescent dye-loaded SNPs. Using this basic framework, we demonstrate two different approaches for synthesizing bright SNPs with tunable average fluorescence intensity levels and sizes below 40 nm. Controlled distributions of dyes within individual SNPs are achieved by incremental shell growth, allowing dyes to remain unquenched even at high loadings. The resulting SNPs are up to 100 times brighter than the constituent dyes. Optimized intensity distributions, as mapped by single-particle imaging techniques, are achieved by using a seeded growth approach to minimize the rate of secondary particle formation and by tuning the affinity of the organosilane linker for the SNP during shell growth to improve the incorporation efficiency of the often-expensive fluorescent dye molecules, by means of functional groups able to hydrogen bond to silica surface silanol groups.

Fluorescent SNPs were prepared either by homogenous or seeded growth in the presence of a silane-conjugated, fluorescent cyanine dye, Cy3 (Figure 2a) (see Supporting Information for detailed methods). We utilized l-arginine as a base catalyst for SNP formation in aqueous media at elevated temperatures of 60 C 19,20,24 . As previously studied in detail 18,25 , under such conditions (i.e. aqueous medium at elevated temperatures) silica nanoparticle formation proceeds via the rapid formation of small (< 2 nm) silica clusters which subsequently aggregate into larger particles. In this system, however, a thin layer of tetraethoxysilane (TEOS) added to the top surface of the aqueous reaction volume serves as the silica source, with the interfacial area determining the rate of hydrolyzed TEOS diffusing into the water phase. For SNPs synthesized using what we call in the following the "homogenous" growth approach (Figures 2a andc), Cy3 dye was covalently coupled to an aminopropyltriethoxysilane (APTES) and added to the water phase before TEOS was layered on top. APTES was chosen for its relatively slow hydrolysis kinetics, as compared to aminopropyltrimethoxysilane (APTMS) 26 , to minimize self-aggregation and quenching of Cy3 dyes during particle nucleation. Due to the slow reaction rate of the sterically hindered Cy3/APTES conjugate, it is not fully consumed during the core synthesis. Three subsequent TEOS additions in 8 hr increments were therefore used to allow for continued attachment of unreacted Cy3/APTES to SNPs, resulting in highly dye-doped particles. After growth was completed, SNPs were stabilized by covalent attachment of polyethylene glycol (PEG) chains 22 . SNPs were subsequently purified using gel permeation chromatography (GPC) to remove any unreacted chemicals 18,23 (Figures S1c andd).

As a result of covalent dye encapsulation in the rigid silica matrix 4,27,28 , normalized absorption and emission spectra (Figures 3a) show that per dye brightness levels increase ~7 to 8 times over free dye in solution. Only slightly decreased per dye fluorescence enhancements are observed as the concentration of Cy3-silane is increased, suggesting that even at high loadings, dyes remain essentially unquenched. Cy3-labeled SNPs were further characterized using fluorescence correlation spectroscopy (FCS) 27 , where fluctuations in fluorescence intensity generated by particle diffusion into and out of a detection volume of a confocal setup are autocorrelated and fit using a model describing single-component diffusion 4,29,30 . Importantly, a single FCS measurement provides information over hydrodynamic particle size, particle concentration, as well as particle brightness 27 , making it a powerful tool in fluorescent nanoparticle characterization. A 543 nm HeNe laser was used as the excitation source. Figure 3b shows that the average hydrodynamic sizes obtained from FCS fits of Cy3-labeled SNPs synthesized by homogenous growth increase as Cy3/APTES concentration is increased. Using 1.3 M and 24.0 M Cy3/APTES resulted in SNPs with diameters of 27.8 nm and 37.4 nm, respectively. The difference in particle size measured by FCS as a function of Cy3/APTES concentration is corroborated in the corresponding GPC elugrams (Figures S1c andd) of the particles. In this system, a typical GPC elugram exhibits three peaks as a function of elution volume, corresponding to particle aggregates, PEGylated particle product, and free reactants, respectively 18 . Shorter elution times were observed for SNPs prepared using 24.0 M Cy3/APTES (Figure S1d), indicating increased particle size relative to SNPs synthesized using 1.3 M Cy3/APTES (Figure S1c). Transmission electron microscopy (TEM) images and corresponding size analysis (Figure S1a, b) corroborate the APTES-dependent size difference observed in FCS and GPC. Since the Cy3/APTES conjugate is prepared using a 10-fold excess of aminosilane and the reaction is performed at basic pH, these observations are consistent with early aggregation of negatively charged silica clusters (vide supra) facilitated by increasing concentrations of positively charged APTES, resulting in increased average particle sizes 25,31 . Interestingly, the GPC elugram in Figure S1d for particles from the higher dye concentration (24.0 M Cy3/APTES) exhibits a more skewed particle size peak. This suggests that higher concentrations of positively-charged APTES leads to continuous secondary particle formation, as more and more TEOS from the top layer hydrolyzes and diffuses into the water phase, thereby increasing particle size dispersity 32 . Despite increased polydispersity, Figure 3c clearly demonstrates that SNPs with increasing average fluorescence intensity levels could be obtained by adjusting the concentration of Cy3-silane used during particle synthesis, resulting in SNPs that are 15 and 47 times brighter than free Cy3 dye. Unfortunately, due to extreme particle size dispersity at even higher APTES levels, the concentration of Cy3silane could not be increased beyond 24.0 M without complete loss of particle uniformity. Accurate identification of "high" and "low" intensity tags requires minimal overlap between single particle intensity distributions. We therefore evaluated batches of fluorescent dyeloaded SNPs for use as an intensity barcode, assessing single particle analysis based intensity distributions using total internal reflection fluorescence (TIRF) microscopy 14 . For imaging, biotinylated SNPs were immobilized on a streptavidin-coated glass substrate. Small numbers of biotin molecules were introduced to SNP surfaces during PEGylation using ,heterobifunctional PEG molecules (Figures 2a andc). Streptavidin-coated substrates were prepared using a previously established method 33 with slight modifications (see Supporting Information). Briefly, a thiol-coated substrate (blue in Figure 2b) was prepared by silanization of a glass slide (gray) using mercaptopropyltrimethoxysilane (MPTMS). N--maleimidobutyryloxysuccinimide ester (GMBS) was attached to the thiol-coated substrate using its reactive maleimide group and the NHS ester group (green) at the opposite end of the GMBS was coupled to a primary amine on the streptavidin molecule (purple). Substrates were rinsed thoroughly after each step to remove unreacted chemicals. Imaging was performed over a 51.1 x 51.1 μm 2 area containing ~100 SNPs. Single images were acquired for 100 msec. After image acquisition, a spot detection algorithm was used to identify individual SNPs. The background level and full width at half maximum (FWHM) of spots in the x-and y-directions were derived from Gaussian fits. Spot intensity was defined as the background-corrected sum over all pixels within the FWHM 34 (see

Supporting Information and Figures S2 and S3 for details).

We compared spot intensities from Cy3-labeled SNPs synthesized using the homogenous growth approach and 1.3 μM or 24.0 μM Cy3/APTES. The resulting histograms (Figure 4a), while showing an overall intensity increase for high Cy3-loaded particles, consistent with the increased average brightness/particle values measured using FCS (Figure 3c), substantially overlap. To benchmark the performance of these SNPs, we quantified the overlap between the two intensity distributions shown in Figure 4a. First, a threshold value was identified that minimizes overlap between high and low intensity distributions (dashed black line in Figure 4a). Overlap for high Cy3-loaded SNPs was then defined as the fraction of particles with spot intensity below that threshold value, while overlap for low Cy3-loaded SNPs was calculated as the fraction of particles with spot intensity above the threshold. Using these criteria, 15.3% and 13.4% overlap were calculated for high and low intensity distributions, respectively. This result indicates that on a single particle level, nearly 30% of particles cannot be unambiguously identified based on intensity alone. Clearly, such low identification accuracy would preclude use of these SNPs as an intensity barcode.

To overcome these limitations of the homogenous growth approach (i.e. high concentrations of Cy3/APTES causing extreme polydispersity in SNPs and limited separation from low particle brightness distributions), we introduced a second synthesis approach which we will refer to as the "seeded" growth method. Here, undyed SNPs with sizes < 20 nm were used as seeds for further particle growth (Figures 2a andd). Furthermore, Cy3 dye was covalently coupled to N-(2-aminoethyl)-3-aminopropyltrimethoxysilane (AEAPTMS) instead of APTES. The comparatively fast hydrolysis kinetics of AEAPTMS 26 obviates the prolonged continued growth used to achieve high dye-loadings in the homogenous growth approach. Thus, to maintain relatively small particle sizes (< 40 nm), only one additional TEOS growth step was used. SNPs were again PEGylated prior to purification using GPC. Seeded growth of SNPs was monitored using dynamic light scattering (DLS), demonstrating that incremental shell growth results in steadily increasing particle sizes (see Figure S4a in Supporting Information). Figure 3e shows that as compared to SNPs synthesized by homogenous growth (Figure 3b), the hydrodynamic sizes of SNPs synthesized by seeded growth do not vary significantly with increasing Cy3/AEAPTMS concentration. Using 6.0 M, 24.0 M, and 30.0 M Cy3/AEAPTMS resulted in SNPs with diameters of 34.4 nm, 34.2 nm, and 38.2 nm, respectively. Using the same concentration of Cy3silane, SNPs prepared by seeded growth also exhibit more symmetric particle peaks in GPC (Figure S4e) than SNPs synthesized by homogenous growth (Figure S1d), suggesting that fewer secondary particles are formed. TEM images corroborated that these SNPs are narrowly dispersed (see Figure S4c and d in Supporting Information).

Figure 3d shows that Cy3-labeled SNPs synthesized by seeded growth and using increasing amounts of Cy3/AEAPTMS exhibit per dye fluorescence enhancements of 6 to 7 times. As in SNPs synthesized via homogenous growth, increasing average brightness/particle was achieved by increasing the concentration of Cy3/AEAPTMS conjugate. Figure 3f shows that Cy3-labeled SNPs using 6.0 M, 24.0 M, and 30.0 M Cy3/AEAPTMS are 28, 91, and 106 times brighter, respectively, than free Cy3 dye. Comparison between Figures 3c andf shows that from 24.0 M Cy3-silane concentration upwards, the seeded growth approach is a more efficient method of generating bright fluorescent tags. Cy3-labeled SNPs prepared by seeded growth using 24.0 μM Cy3/AEAPTMS are nearly 2 times brighter than those synthesized by homogenous growth using Cy3/APTES at the same concentration, even though the per dye brightness is slightly decreased in these particles. This increased dye incorporation efficiency is attributed to reduced rates of secondary particle nucleation/formation achieved using the seeded growth approach and to the relatively fast reaction rates of Cy3/AEAPTMS as compared to Cy3/APTES. As this result could not be achieved with Cy3/APTMS (data not shown), we hypothesize that the secondary amines present in AEAPTMS may also contribute to the enhanced association with the growing SNPs by hydrogen bonding to silica surface silanol groups [START_REF] Kroger | Proc. Natl. Acad. Sci[END_REF] , further increasing the incorporation efficiency of Cy3/AEAPTMS relative to Cy3/APTES. The advantages of the seeded growth of fluorescent SNPs using Cy3/AEAPTMS (i.e. increased brightness/particle in FCS) particularly manifested in TIRF microscopy. Single particle intensity distributions for SNP batches synthesized using 6.0 M, 24.0 M, and 30.0 M Cy3/AEAPTMS show that an overall intensity increase is reproducibly observed as the concentration of Cy3/AEAPTMS is increased (see Figure S5 in the Supporting Information).

Importantly, single particle intensity distributions for batches generated using the seeded growth approach and 24.0 μM Cy3/AEAPTMS (Figure S5b) are also shifted to higher spot intensities as compared to particle batches derived from the homogeneous growth approach at the same concentration of Cy3/APTES (Figure 4a). Designating SNP batches synthesized by homogenous (1.3 M Cy3/APTES) and seeded growth, (30.0 M Cy3/AEAPTMS) as low and high intensity level tags, we approach near perfect identification accuracy. Figure 4d shows that single particle intensity distributions exhibit 0.2 to 0.3% overlap for low (purple) and high (green) Cy3-loaded SNPs, indicating that >99% of SNPs are unambiguously identifiable based on intensity alone. We applied our intensity barcoding scheme to fluorescence images of mixed high and low intensity probes (Figure 4c). Spots above and below the intensity threshold defined in Figure 4d are colored green and purple, respectively. Comparison to images of only high (Figure 4e) or only low intensity (Figure 4b) probes illustrates that highly accurate intensity-based identification can be achieved. While for these proof-of-principle demonstrations, batches from homogeneous and seeded growth were compared, we expect that after careful parameter optimization other combinations, for example of two batches synthesized using seeded growth, will show similar results.

We have described two batch approaches for the synthesis of fluorescent silica nanoparticles using either homogenous or seeded growth. Controlled fluorescence intensity levels can be achieved in these systems simply by varying the concentration of a Cy3-silane conjugate in the batch. We have shown that the precise spatial distributions of dyes within particles can be controlled by silica shell growth, minimizing self-quenching of dyes even in highly dye-doped particles. Comparison of the two approaches highlights that the nucleation of secondary particles during shell growth presents a major challenge in the synthesis of highly dye-doped SNPs with narrowly distributed single particle fluorescence intensity distributions. Using the seeded growth the rate of Cy3 incorporation by choice of silane linker (e.g. AEAPTMS versus APTES), minimizing the effects of secondary nucleation in this system. We find that single particle analysis based fluorescence intensity distributions of SNPs synthesized in these ways are well separated and can therefore be used as an intensity-based barcode. These SNPs are small (< 40 nm), highly biocompatible, and readily functionalizable, making them ideal fluorescent tags for imaging in living biological systems. We have used a single fluorescent dye (Cy3) as proof-of-concept, but expect that our results can be extended to combinations of dyes with multiple spectral colors, greatly increasing the number of SNP tags that can be imaged in parallel using conventional fluorescence microscopy. Additionally, since this strategy relies on the improved incorporation efficiency of a silane linker, we expect that similar results can be achieved using a range of organic fluorescent dyes and linker chemistries, providing an efficient route to encapsulation of these often-expensive molecules. single particle imaging, a thiol-coated substrate (blue) was prepared by incubating a glass slide (gray) in a solution of MPTMS in ethanol (EtOH). Heterobifunctional GMBS was attached to the thiol-coated substrate using its reactive maleimide group and the NHS ester group (green) at the opposite end was coupled to a primary amine on the streptavidin molecule (purple). Substrates were rinsed thoroughly after each step to remove unreacted chemicals. Biotinylated SNPs were attached to streptavidin-coated substrates just before imaging. 
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