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Abstract

Drug-containing nanoparticles (NPs) with monodisperse, controlled particle sizes are highly
desirable for drug delivery. Accumulating evidence suggests that NPs with sizes less than 50 nm
demonstrate superior performance /n vitroand /n vivo. However, it is difficult to fabricate
monodisperse, drug-containing NPs with discrete and incremental difference in sizes required for
studying and characterizing existing relationships among particle size, biologic processing, and
therapeutic functionality. Here, we report a scalable process of fabricating drug-silica conjugated
nanoparticles, termed drug-silica nanoconjugates (drug-NCs), which possess monodisperse size
distributions and desirable particle sizes as small as 20 nm. We found that 20-nm NCs are superior
to their 50-nm and 200-nm NC analogues by 2-5 and 10-20 folds, respectively, with regard to
tumor accumulation and penetration, and cellular internalization. These fundamental findings
underscore the importance and necessity of further miniaturizing nanomedicine size for optimized
drug delivery applications.
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Nanomedicines in the form of polymer-drug conjugates, micelles, nanoparticles (NPs) and
vesicles have been extensively studied in the past 2-3 decades for drug and gene delivery
applications.1=2 Although promising, the clinical translation of nanomedicines has proven
very difficult.3 Numerous studies have been designed and performed using nanomedicine as
a new modality for improved cancer treatment. However, very few nanomedicines have ever
been clinically evaluated and even less been approved for clinical cancer treatment.10: 11
Although no generalized pathway exists for the clinical translation of nanomedicine, there is
a consensus that a clinically applicable nanomedicine should at least possess controlled
physicochemical and pharmacological properties. Specifically, such nanomedicine should
have controlled size with low size dispersity, high drug loading, high loading efficiency,
controlled drug-release kinetics, and sufficient stability and capability of staying non-
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aggregated in biological media. It should also be easily manufactured at a large-scale, from
grams up to kilograms scale, and lyophilized to form solid formulation. Very few
nanomedicine systems can meet all these formulation requirements that are critical to their
clinical translation.

There has been growing interest in using nanomedicines for targeted or personalized cancer
therapy.L: 2 Accumulating evidences show that the size of nanomedicine plays a vital role in
controlling systemic and lymphatic biodistribution, tumor targeting and penetration, and
cellular internalization of drug delivery vehicles.12-23 NPs with size controlled within 20-60
nm have been particularly interesting and actively pursued because some recent studies
showed that NPs within this size range have distinct biodistribution, tumor penetration and
cellular trafficking properties that are critical to the /n7 vivo use of nanomedicine. For
instance, Tseng and his team reported that 30-nm NPs were able to drain into the local
auxiliary lymph nodes with high efficiency after footpad administration of NPs while the
100-nm NPs were nearly undetectable in these tissues.2* Chan and his co-workers reported
that 20-nm and 60-nm gold NPs, as model drug delivery systems, permeate tumor tissues
much more rapidly than 100-nm particles /7 vivo.2> Similar results were also reported by
Pun and coworkers.2 Jing et a/. reported that 40~50-nm NPs outperformed NPs in different
size ranges for altering signaling processes that regulate various cellular functions.1®

Nanomedicines are typically prepared through bottom-up approaches, such as self-assembly
of amphiphilic copolymers for the preparation of micelles or vesicles, and nanoprecipitation
of hydrophobic polymers for the preparation of NPs. The micellation, vesiclization and
nanoprecipitation methods certainly allow for facile preparation of nanomedicines at a large
scale. However, the drawbacks of these formulation methods are also obvious; the resulting
micelles, vesicles or NPs often have broad particle size distributions, and variable,
sometimes uncontrolled drug loading and release profiles. It is also extremely difficult to
prepare NPs with narrow or mono-dispersity in size controlled within 100 nm using these
conventional technologies. There were even less reports of the /n vitroand in vivo properties
of NPs with discrete size less than 50 nm.13: 1524, 25. 27 Here, we report the synthesis of
drug-silica conjugated NPs (Scheme 1), termed drug-silica nanoconjugates (drug-NCs) and
denoted as drug(dye)X (X = particle size in nm), which can be formulated at nearly any size
ranging between 20 nm and 200 nm with mono-disperse size distribution (less than 10%
coefficient of variation (CV), the ratio of the standard deviation o to the mean . of particle
size), 10-20% drug loading and controlled drug release profiles. These drug-NCs can be
easily prepared on gram scale but still with perfectly controlled size and mono-disperse size
distribution. They showed size-dependent cell uptake, biodistribution and tumor penetration
capability. By addressing several formulation/development issues (e.g., salt-stability,
scalability and lyophilizability, etc.), we developed a potentially clinically applicable
drug(dye) delivery nanomedicine platform that can be precisely controlled formulated at any
size between 20 and 200 nm on large scale.

RESULTS AND DISUSSION

Silica NPs can be easily prepared on large scale with discrete, monodisperse particle sizes
through the condensation reaction of tetraethyl orthosilicate (TEOS) or tetramethyl
orthosilicate (TMOS). For example, monodisperse silica spheres with controlled sizes (50
nm - 2 ym) can be prepared in a reaction mixture of water, alcoholic solvent, ammonia, and
alkyl silicate ester by controlling alcoholic solvents, different alkyl silicate esters, as well as
the concentration of each component.28 Silane coupling agents containing a trialkoxysilane
group can be readily incorporated into silica NPs during such condensation reaction.2? We
reasoned that trialkoxysilane-containing drugs (dyes) through a degradable ester linker
should be able to be condensed with TEOS or TMOS to allow the drug (dye) molecules to

ACS Nano. Author manuscript; available in PMC 2013 May 22.



1X31-)lew1a1ems 1X31-){Jewiaremsg

1Xa1-)lewarems

Tang et al.

Page 3

be incorporated into the resulting silica NPs, which can be released through the cleavage of
the ester linker. To demonstrate this concept, we started with 1, a trimethyl orthosilicate that
contains pyrenemethanol (Pyr-OH) as the model drug. By carefully controlling reaction
conditions, we were able to prepare Pyr-NCs with discrete sizes 15 nm apart between 20 nm
and 80 nm. As shown in Figure 1a and Table 1 (entry 1-5), NCs with sizes of 22.2 + 1.7 nm
(Pyr20), 36.3 £ 2.9 nm (Pyr35), 49.3 £ 2.9 nm (Pyr50), 64.1 £ 3.1 nm (Pyr65) and 80 nm
(Pyr80) can be readily prepared in multigram quantities. To test the reproducibility of these
conditions to prepare NCs with the corresponding size, we repeated each experiment 3 to 5
times and found that the NCs with the desired size could be precisely produced each time.
For instance, the five experiment for making Pyr20 under the same condition resulted in
particles with size of 22.2 + 1.7 nm, 22.7 £ 2.4nm, 22.9+£1.9nm, 22.2 + 1.1 nm and 26.2 +
2.4 nm (Figure 1a). The CV values of these five experiments are 7.7, 10.6, 8.3, 5.0 and 9.2,
respectively, with an average of CV value of 8.1%. The low CV values (< 10%) of Pyr20
NC indicate these particles are technically monodisperse by industry standard.3C The
conditions of making pyrene-containing NCs of 35, 50, 65 and 80 nm showed similar
control over NC size, monodispersity and reproducibility (Figure 1a). The hydrodynamic
sizes of these Pyr-NCs were also measured by dynamic light scattering (DLS)
(Supplementary Table S3), which are larger than the hard core sizes measured by scanning
electron microscopy (SEM). All the PDI values measured by DLS are below or around 0.1
indicating again the high monodispersity of these Pyr-NCs. To be consistent, all NC (NP)
sizes and size distributions reported in the following part of this paper, except for those in
Figure 4b Table 2 and Table S3, were determined based on the SEM data of the particles, by
averaging the particle size of a representative SEM image containing at least 100 particles.

NCs with particle size 100 nm or larger should be much easier to prepare compared to
smaller particles. As expected, both 100-nm and 200-nm Pyr-NCs (Pyr100 (101.3 + 3.6 nm)
and Pyr200 (202. 6 + 5.9 nm)) were prepared with monodisperse size distribution (CV <
10%) and high reproducibility (Figure 1a and entries 6-7 in Table 1). Statistical
significances (p < 0.01) were found for all NCs with adjacent sizes between 20 and 200 nm.
We compared the silica NCs with polymeric NPs prepared through nanoprecipitation (NPP)
of amphiphilic copolymers and demonstrated the difference between these two methods for
particle size control. Silica NCs can be easily prepared with monodisperse size distributions
(CV < 10%). However, polymeric NPs prepared through NPP methods have polydisperse
size distribution. For instance, poly(lactide-co-glycolide)-&-methoxy-PEG (PLGA-PEG) di-
block copolymer with a 13-kDa PLGA block and 5-kDa PEG, was precipitated to form
PLGA-PEG NPs. The resulting NPs showed a much broader size distribution as compared
to silica NCs (CV = 39.2%, entry 8, Table 1; Supplementary Figure S1).

We next attempted to incorporate therapeutics and dyes to silica NCs using the same
reactions under similar conditions. Camptothecin (Cpt), a cytotoxic chemotherapeutic agent
which inhibits the DNA enzyme topoisomerase |, was converted the corresponding silane
derivative 2 (Scheme 1) with Cpt connected a trialkoxysilane group via a hydrolyzable
thioether ester linker, and then incorporated into the silica NCs under similar conditions
used for preparing Pyr-NCs with similar sizes. As expected, remarkable control over particle
size was observed for the reaction, which resulted in monodisperse Cpt-NCs in all
corresponding size ranges (entries 9-12, Table 1). For the Cpt-NCs with expected size of 20,
50, 100 and 200 nm, the obtained NC sizes were 26.3 £ 2.5 nm, 51.5 + 3.8 nm, 96.1 + 8.8
nm and 222.7 £ 16.5 nm (Figure 1b; Supplementary Figure S2). We also attempted to
incorporate other therapeutic agents (e.g., paclitaxel (Ptxl)) or fluorescent dyes (e.g.,
rhodamine B (RITC) and IR783) using similar approach with corresponding silane reagents
(3-5) to prepare 20-nm and 50-nm NCs (Figure 1b). As expected, all obtained NCs
containing Ptxl, RITC or IR783 were monodisperse (CV < 10%) and had the expected
particles size (entries 13-19, Table 1). In order to increase the systemic circulation half-life
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and reduce aggregation of NCs in blood,3! the surface of NCs was modified with PEG via
the use of 1-(2-(2-methoxyethoxy)ethyl)-3-(3-(trimethoxysilyl)propyl)urea (MPEGsgy-sil) 6
(Scheme 1). The resulting pegylated NCs displayed remarkable stability in both PBS (1x)
and cell medium containing 10% fetal bovine serum (FBS) (Supplementary Figure S3); the
NC size remained unchanged for hours.

After we prepared drug(dye)-NCs with precisely controlled size, we next studied the size
effect of these new drug delivery systems on their /n vivo biodistribution, tumor tissue
penetration and cellular internalization. All silica NCs involved in the following /7 vitro and
in vivo studies have identical surface properties, spherical shape and chemical structures and
compositions; particle size was the only parameter changed in these studies. Pegylated silica
NCs with discrete sizes of 20, 50 and 200 nm containing rhodamine B (RITC) (termed
RITC20, RITC50 and RITC200, respectively) were prepared at a 4:6 ratio of 10 (entries 14—
16, Table 1; Supplementary Figure S4). To facilitate /n vivo/ex vivo analysis of fluorescent
NCs with reduced autofluorescence, we prepared pegylated NCs containing IR783, a near
inferred (NIR) dye at a 5:6 ratio of 10; the resulting NIR active NCs with discrete sizes of
20, 50 and 200 nm were denoted as IR20, IR50 and IR200, respectively (entries 17-19,
Table 1; Supplementary Figure S5).

In the biodistribution study of IR20, IR50 or IR200 /7 vivo using C57BL/6 mice bearing
subcutaneously implanted Lewis lung carcinoma (LLC), tail vein intravenous (i.v.)
administration of the NCs followed by tissue harvesting 24-hour later showed that majority
of NCs were accumulated in liver and spleen, few were in the respiratory and urinary
systems (Figure 2a). The fluorescence of IR was found to have excellent tissue transmission;
IR concentration can be quantitatively assessed in tissues with thickness 2 mm or less
(Supplementary Figure S6). Importantly, NCs with smaller sizes distributed and
accumulated in the tumor tissue more efficiently than NCs of larger sizes (Figure 2b). The
injected doses of NCs normalized for tumor tissue weight (1.D.%/g) were 4.18 + 0.81, 0.98
+ 0.59 and 0.52 + 0.05 for IR20, IR50 and IR200, respectively. A decrease in particle size
by 2.5-fold from 50 nm to 20 nm resulted in an increase of NC concentration by 330% in
tumor tissue (from 0.98 to 4.18, **p < 0.01). In comparison, a decrease in particle size by 4-
fold from 200 nm to 50 nm resulted in an increase of NC concentration in tumor tissue by
only 88% (from 0.52 to 0.98). NC size showed significant influence on the systemic and
tissue biodistribution, and this effect seems to be more profound for NCs below 50 nm in
size. These results underscore the importance of studying nanomedicines with sizes less than
50 nm.

As the silica NCs used in our study do not have targeting ligand, the accumulation of these
NCs should follow the enhanced permeation and retention (EPR) effect,32 a widely
recognized passive targeting mechanism, for their accumulation and retention in the tumor
tissues. While the NCs extravasate the leaky vasculatures into the tumor tissues, the
capability for the NCs to diffuse away from the capillary blood vessels and vasculature
should have significant effect on the retention of NCs. We went on and studied the size
dependency of silica NCs diffusion/penetration in tumor tissues. We performed the tumor
penetration study by incubating LLC tumors (grown in C57BL/6 mice with ~200 mg) for 48
hours in culture medium containing equal concentration of IR20, IR50 or IR200. The tumor
sections (20 um in thickness) were then analyzed by NIR fluorescence microscope. As
shown in Figure 2c the size dependency of tumor penetration was obvious with IR20
penetrating tumor tissue with the greatest depth from the periphery of the tumors, followed
by IR50 with intermediate penetration depth and IR200 with limited tumor penetration. To
quantify the penetration, we defined the tumor tissue penetration depth as the distance from
the periphery of the tumor to the site where the fluorescence intensity decreases by 95% as
compared to the tumor periphery fluorescent intensity. The penetration depths of IR20, IR50
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and IR200 were found to be 1,396 um, 660 um and 88 um, respectively (Figure 2d). The
penetration depth of IR20 is twice and sixteen times of that of IR50 and IR200, respectively.
To verify the size-dependency of tumor penetration /7 vivo, we intravenously administered
RITC20, RITC50 and RITC200 to LLC-bearing C57BL/6 mice viatail vein. Tumors were
collected 24 hours post-injection, fixed and sectioned. After the blood vessel was stained
with human Von Willebrand Factor antibody (green, FITC channel in Figure 2¢), the tumor
tissues were then analyzed using confocal microscope to study the distribution of NCs in
tumor tissues relative to the blood vessels. This study showed the effect of biodistribution
and diffusion collectively. RITC20 and RITC50 significantly outperformed RITC200, and
diffused away from and situated distally to the blood vessel. Comparing the representative
regions of interest, the fluorescence intensity of RITC20 is 4- and 22-times greater than
RITC50 and RITC200, respectively. This observation of size-dependent /n vivo penetration
is consistent with the observations from the tumor penetration studies using ex vivo model
(Figure 2c) and the size-dependent biodistribution studies (Figure 2b).

While the NCs diffuse into tumor tissue, whether the NCs stay in interstitial extracellular
matrix or are internalized and reside inside the cells should impact the penetration depth in
tumor tissue as well as the capability of retention. We thus compared the size-dependent
uptake of these NCs in HeLa cells. Cellular internalization of RITC20, RITC50 or RITC200
into the HeLa cells for 30, 60, or 90 minute incubation was analyzed by fluorescence-
assisted flow cytometry (FACS) to assess the kinetics of NC internalization (Figure 3a). We
found that smaller NCs were internalized into HeLa cells faster and more efficiently than
NCs with larger size, in terms of both percentage of the fluorescent cells and total
accumulated mean fluorescence intensity. The number of fluorescent cells accounts for
1.4%, 6.6% and 9.2% of the total treated cells for 30-, 60- and 90-minute incubation with
RITC200. These numbers were 6.6%, 37.2% and 55.2% for RITC50, and 21.9%, 49.1% and
71.0% for RITC20, respectively (Figure 3a). The fluorescence intensities of cells for 30-,
60- and 90-minute incubation with RITC200 were 0.18, 0.25 and 0.28, in arbitrary units of
FACS. These numbers were 0.23, 1.15 and 1.52 for RITC50 and 0.73, 1.99 and 5.25 for
RITC20, respectively (Figure 3b). The 20-nm NC was therefore internalized 18.7 times and
3.5 times more than 200-nm and 50-nm NC for a total of 90-minute incubation.
Interestingly, comparing the fluorescence intensity change of the three 30-minute blocks (0-
30 min, 30-60 min and 60-90 min), we found the rate of internalization of 20-nm NC
(RITC20) in HeLa cells were accelerating in the first 90 minutes while the accumulation of
200-nm NC (RITC200) were evidently de-accelerating (Figure 3c). For RITC200, 90-
minute incubation versus 30-minute incubation resulted in an increase of the number of the
fluorescent cells by 660% (9.2% vs. 1.4%), but the total accumulated fluorescence intensity
was only increased by 56% (0.28 vs. 0.18), suggesting that not all internalized RITC200 can
be effectively retained inside of the cells and exocytosis might occur simultaneously.33 In
contrast, 90-minute incubation versus 30-minute incubation of RITC20 resulted in an
increase of the number of fluorescence cells by 340% (71% vs. 21%) and the total
accumulated fluorescence intensity by 720% (5.25 vs. 0.73), clearly indicating that 20-nm
particle can be effectively internalized and retained in the cells, and the internalization/
retention process become more favorable for the duration of study. The size-dependent cell-
uptake and retention was also verified by confocal microscopy study (Figure 3d), which
demonstrated that NCs with smaller sizes were internalized and retained inside the cells
more efficiently than the NCs with larger sizes.

The 20-nm silica NC outperforms the 50-nm NC and the 200-nm NC by ~2-5 times and
~10-20 times, respectively, in terms of biodistribution, tumor tissue penetration, and
internalization to cancer cells. Collectively, 20-nm NCs breach the three physiological
barriers (systemic, tissue, and cellular) that are critical to drug delivery significantly better
than larger particles. We are currently exploring whether the NCs containing targeting
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ligand will follow the same size dependency as what we observed in this study with the use
of non-targeting NCs. Because particles less than 10 nm may be subject to significant renal
clearance and rapid fenestration into other tissues (e.g., lymphatic system), which is
undesirable for sustained circulation that is critical to NC passive targeting and tumor tissue
accumulation via EPR effect, NC around 20-nm may be close to the optimal size for drug
delivery application.

Silica NCs have other promising properties that are noteworthy. First, this nano-fabrication
process as shown in Scheme 1 allows the incorporation of drug (dye) molecules in high
yields (up to 24%) (Table 1) that are comparable to or higher than the FDA-approved drug
delivery systems, such as Doxil (~10%).34 Drug burst release is a long-standing formulation
challenge of nanocarriers with drug encapsulated in polymeric NPs or adsorbed in
mesoporous silica NPs, which causes undesirable dose dumping, significant side effects, and
reduced long-term therapeutic efficacy. Since the drug release kinetics of drug-NCs is
determined by the hydrolysis of the thioether ester bond linker, the release kinetics of drug
from NCs are more controllable with essentially no burst release (Figure 4a). In human
serum, Cpt20 with the hydrophobic thioether ester linker between Cpt and the silica particles
showed sustained drug release with 14.8% of CPT being released in 48 hours (Figure 4a);
the 1Cgq value of Cpt20 in HeLa cells was found to be 220 nM. When the linker was
changed to a hydrophilic amine ester as in Cpt-N20 (entry 20, Table 1; Figure 1c), which
was prepared by using 7 as the corresponding drug-containing silane reagent (Scheme 1),
the Cpt release kinetics can be dramatically accelerated with Cpt being 100% released
within 48 hours, resulting in a much lower ICgq value (9.0 nM, Supplementary Table S4).
This could be due to the fact that hydrophilic amine ester is more assessable by water and
esterase which can accelerate the cleavage of the ester bond. By controlling the feed ratio of
2/7 during Cpt-NC fabrication to the ratios of these two different linkers, the Cpt release
half-life can be precisely adjusted ranging from 24 hours to about two weeks.

Besides controlled particle size, drug loading and release kinetics, other issues critical to the
clinical translation of NP drug delivery system, such as scalability, lyophilizability, and
toxicity, should also be addressed. These issues may also present the bottleneck to the
clinical translation of a nanomedicine. We found the silane chemistry could be easily used
for the large-scale preparation of drug-containing NCs. We tested the preparation of one
gram of 50-nm Cpt-NC in one pot, and successfully obtained NCs with the expected size
(46.4 + 4.6 nm) in quantitative yield within one day (entry 22, Table 1; Supplementary
Figure S2). The NP fabrication process that allows preparation of very small drug delivery
NPs with remarkable control over size and monodispersity and with excellent scalability is
unprecedented and offers clear advantages over many other nanomedicine preparation
methods.

Aiming to formulate solid silica NCs without aggregation, we tested the lyophilization of
silica NCs in the presence of various lyoprotectants (Table 2). We found dextrose was
overall the best lyoprotectant for silica NC. Silica NCs lyophilized in 1 mL 5% dextrose
solution (known as D5W, routinely used for drug administration in clinic) resulted in solid
formulation of silica NCs with essentially no change of particle sizes after lyophilization and
re-constitution in water (Figure 4b).

Recent studies showed that silica NPs can decompose in blood within a few days,3%: 36
suggesting that this class of NPs can be eliminated by either hepatic or renal clearance,37: 38
thereby minimizing concerns for cumulative tissue damage and associated toxicity. /n vitro
study (MTT assay; Supplementary Table S4) showed almost no toxicity of blank silica NPs
(IC50>1 mM). Acute /n vivotoxicity experiments were performed after i.v. administration of
50 nm silica NPs in C57BL/6 mice at very high dose up to 250 mg/kg. There was no
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mortality or deterioration under general conditions observed in any of the groups. In
addition, there were no treatment related clinical signs and change of body weights.
Representative sections of various organs taken 24 h after injections from control mice
receiving PBS and mice receiving silica NPs were stained by hematoxylin and eosin, and
evaluated by an independent pathologist (Figure 5). The absence of immune or
inflammatory reactions after NC administration supports their lack of toxicity. To facilitate
faster degradation, we prepared bis-silane agents containing pH-sensitive ester (8) or
orthoester domain (9). They can be very successfully incorporated to silica NC to make
mono-disperse silica NC (entries 23-26, Table 1; supplementary Figure S7). These silica
NC fabrication methods are not only independent of agents, but are also independent of
linker (e.g., in the context of using 7, entries 20-21, Table 1) or addition of other silane
reagents (e.g., in the context of using degradable (8) or pH-sensitive (9) silane agent, entries
23-26, Table 1). Study of the /in vivo degradation and clearance of regular silica NCs and 8
or 9-containing silica NCs are underway.

CONCLUSIONS

Silica NPs have been used in various drug and gene delivery applications.22: 23 39-60 For
example, silica NPs with stably bound photosensitizer were used for photodynamic
therapy;°’ mesoporous silica NPs were explored extensively for the encapsulation and
delivery of chemotherapeutics;46: 48. 49, 51-53, 58, 60-63 gj|jca NPs were also used in gene
delivery.47: 48.59. 64 These studies set up the cornerstone for the continuous advancement
and novel design of silica NP based nanomedicine. In this paper, we streamlined a process
for developing potentially clinically applicable drug-silica nanoconjugate delivery system
with well-controlled physicochemical and pharmacological properties. To the best of our
knowledge, this is the only report of a drug/dye delivery nanomedicine platform that can be
easily prepared in gram- or larger scale in dry powder form and can be controlled formulated
to any desirable size ranging from 20 to 200 nm with monodisperse particle size distribution
(CV < 10%). The in vitroand in vivo studies using NCs with discrete sizes of 20, 50, and
200 nm demonstrate that smaller particle size is more efficient in bypassing the systemic,
tissue, and cellular barriers, the three physiological barriers that are critical for effective drug
delivery. Collectively, 20-nm silica NCs outperform 50-nm and 200-nm NCs by ~2-5 and
~10-20 times, respectively, in terms of tumor biodistribution, tumor tissue penetration, and
cell internalization. Due to formulation challenges, FDA-approved drug-delivery
nanomedicines and others under clinical and preclinical investigations mostly have sizes
over 100 nm. Our study not only demonstrates substantial opportunities to further reduce
nanomedicine size that may favorably impact their /n vitroand in vivo performance, in
particular, for sizes ranging from 20 to 50 nm, but also provides a platform technology to
make such particles with these desired properties for clinical drug delivery applications and
fundamental studies.

EXPERIMENTAL SECTION

General procedure for the preparation of Pyr-silica nanoconjugates?28: 65-67

Methanol (1.0 mL), DI water (0.27 mL) and concentrated ammonia (0.24 mL) were mixed.
TEOS (62.5 pL, 0.28 mmol) was then added to the solvent mixture followed by the addition
of a DMSO solution (20 uL) of 1 (2 mg, 4.3 umol). The mixture was stirred at a stirring rate
of 100 rpm at RT for 12 h. The resulting Pyr-NCs were collected by centrifugation at 15k
rpm and washed by ethanol (3 x 1 mL). One drop of a dilute solution of silica NCs in
ethanol on a silicon wafer was allowed to dry in air and then analysed by SEM at 5 kV. The
NC size (200 nm in this case) was determined by averaging at least 100 particles on a
representative SEM image. Fabrication of monodisperse Pyr-NCs with other sizes can be

ACS Nano. Author manuscript; available in PMC 2013 May 22.



1X31-)lew1a1ems 1X31-){Jewiaremsg

1Xa1-)lewarems

Tang et al.

Page 8

similarly achieved by tuning the concentrations of TEOS, water and ammonia (Table 1 and
Supplementary Table S1). Cpt-NCs, PtxI-NCs, RITC-NCs and IR-NCs with monodisperse,
controlled sizes were prepared under similar conditions with the corresponding silane
substrate 2—7 (see Supplementary Information).

General procedure of preparing Cpt- or PtxI-NCs via modified Stéber method*®

The silica NCs of various sizes were prepared using Stéber method as described in the
Method section of the paper without the addition of 1. The obtained silica NCs (4.1 mg)
were re-dispersed in a mixture of EtOH/DI water (0.7 mL/0.2 mL) followed by the addition
of 2 (1.7 mg) in DMSO (100 pL). After the mixture was stirred for 10 min, a NaF aqueous
solution (10 mg/mL, 25 pL) was added. After 12 h of reaction, 6 (10 mg/mL, 100 pL) was
added. The mixture was stirred for another 12 h. The supernatant of the mixture was
analysed by HPLC to determine the unreacted 2 in order to determine the incorporation
efficiency of drugs to NCs. The drug loadings were calculated based on the feed ratio of
drugs and the incorporation efficiency. The NCs were collected by centrifugation at 15k
rpm. The isolated NCs were washed with ethanol (3 x 1 mL) and re-dispersed in DI water or
1x PBS buffer before use. The preparation of PtxI-NC was similar except for addition of 3
(1.0 mg).

Preparation of RITC/IR-NCs via Stéber method

The silica NCs (27.5 mg) of various sizes were prepared as described above without the
addition of drug(dye)-sil reagents. After the reaction was complete, without isolating the
NCs, a methanol solution of 4 (10 mg/mL, 100 pL) was added to the silica NC solution. The
mixture was stirred for 12 h in dark. A methanol solution of 6 (10 mg/mL, 100 uL) was
added. RITC-NCs were collected by centrifugation at 15k rpm, washed with ethanol (3 x 1
mL), and re-dispersed in DI water or 1x PBS buffer before use. IR- NCs were similarly
prepared using 5 instead of 4.

Preparation of Cpt- or Ptxl- silica NCs using degradable silane 8 or 9 via a reverse micro-
emulsion process

During the NC fabrication through the reverse micro-emulsion process, Triton X-100 and n-
hexanol were employed as the surfactant and the co-surfactant, respectively. To prepare 20-
nm Cpt-NCs containing degradable ester bond (Cpt-EB20, Table 1), cyclohexane (7.5 mL),
n-hexanol (1.8 mL) and Triton X-100 (1.77 mL) were mixed and stirred for 20 min. DI
water (480 pL) and 8 (80 pL) were added over the course of 20 minutes. Ammonia
hydroxide (28%, 60 L) was added to initiate the reaction. After 24 h, 2 (17.9 mg, 0.03
mmol) in dichloromethane solution (500 uL) was added. The reaction solution was stirred
for another 12 h. A methanol solution of 6 (10 mg/mL, 600 uL) was added. The supernatant
of the mixture was analysed by HPLC to quantify the unreacted 2 in order to determine the
incorporation efficiency of drugs to NCs. The drug loading was determined based on the
feed ratio of 2 versus 8 and TEQOS, and the incorporation efficiency of 2 to NC. The
emulsion was disrupted by the addition of 10-mL ethanol. The NC (Cpt-EB20) was
collected by centrifugation at 15k rpm and washed with ethanol (3 x 1 mL). Cpt-EB50, Cpt-
AB20 and PtxI-EB20 (entries 23-26, Table 1) were prepared by following similar condition
as summarized in Supplementary Table S2.

Release kinetics

The NC (Cpt20, Cpt-N20 or Cpt-N50) was dispersed in 50% reconstituted human serum
(Sigma-Aldrich) (0.6 mg/mL), equally distributed to 20 vials with 1 mL NC solution per
vial, and then incubated at 37°C. At selected time intervals, one selected vial of each group
was taken out of the incubator. The NC solution was mixed with equal volume of methanol

ACS Nano. Author manuscript; available in PMC 2013 May 22.



1X31-)lew1a1ems 1X31-){Jewiaremsg

1Xa1-)lewarems

Tang et al.

Page 9

(1 mL) and centrifuged at 15,000 rpm for 10 min. The supernatant (1 mL) was transferred to
an Eppendorf tube without disturbing the precipitates (NCs) and tuned to pH 2 with
phosphoric acid (85%, 100 L). The resulting solution was directly injected into HPLC
equipped with an analytical C18 column (Luna C18, 250 x 4.6 mm, 5 ., Phenomenex,
Torrance, CA, USA). A mixture of acetonitrile and water (containing 0.1% TFA) at a
volume ratio of 1:3 was used as the mobile phase. The flow rate was set at 1 mL/min. The
area of the HPLC peak of the released Cpt (Azps = 370 nm) was intergraded for the
quantification of Cpt as compared to a standard curve of free Cpt prepared separately. The
Cpt release kinetic profiles from Cpt20, Cpt-N20 and Cpt-N50 were showed in Figure 4a.

Lyophilization of silica NPs in the presence of lyoprotectants

Silica NPs were prepared at TEOS/6 ratio (wt/wt) of 19.6:1 using Stéber method as
described previously (St-B and St-D) and analysed with DLS. One of the selected
lyoprotectants (Table S2) was added at different lyoprotectant/NP ratio (varying from 1:1 to
10:1 wt/wt) to the NP solution. The solution was lyophilized. The solid-form silica NP/
lyoprotectant was reconstituted with 2-mL DI water to prepare a NP aqueous solution at a
concentration of 10 mg/mL. The reconstituted silica NP was analysed by DLS (Figure 4b).
The silica NP lyophilized in the absence of lyoprotectant and reconstituted with water was
used as the negative control.

Cellular internalization of RITC-NCs

The Hela cells were used to investigate the uptake of RITC20, RITC50 and RITC200
(Table 1). HeLa cells (50,000) were seeded in a 4-well chamber slide for 24 h (37 °C, 5%
COy). Cells were washed once with opti-MEM and then incubated for 1 h (37 °C, 5% CO,)
with opti-MEM (1 mL) containing 100 pg/mL corresponding RITC-NCs. The cells were
then washed by PBS (1 mL) for three times, fixed with 4% paraformaldehyde and
subsequently imaged on a confocal laser scanning microscope. Nuclei were stained by
DAPI. Cells without the addition of RITC-NCs were imaged as the control. The cell uptake
kinetics of RITC-NCs was also studied. HeLa cells (100, 000) were seeded in a 12-well
plate for 24 h. RITC-NCs (100 pg/ml) were incubated with the cells in opti-MEM (1 mL)
over a time course ranging from 30 min to 90 min (37 °C, 5% CO>). The cells were then
washed with PBS (3 x 1 mL) and detached v/a trypsinization. Cells were fixed with 4%
paraformaldehyde for flow cytometry analysis (10,000 cells analysed, red fluorescence, PE
channel). Both the percentage of the fluorescent cells relative to the total analysed cells and
the fluorescence intensity of the fluorescence-positive cells were assessed. All experiments
were performed in triplicate.

Ex vivo tumor penetration study

C57BL/6 mice (female, 12-13 week old) bearing LLC tumors were sacrificed to collect the
tumors when the tumors grew to ~ 7.0 x 8.0 mm. Tumors (n = 3) were ex vivo cultured with
IR20, IR50 or IR200 (Table 1) at concentration of 3 mg/mL NC in cell medium for 48 h.
Tumor without any treatment served as the control. Tumor sections (20 pm thickness) were
collected by cryostat and mounted on glass slides. Fluorescent images were taken on a Zeiss
Axiovert 200M fluorescence microscope with 780 nm laser excitation. A tiling image was
taken with fixed exposure time to show the NC penetration in tumor sections. The
fluorescence intensity in tumor sections was analysed by Image J. To quantify the
penetration of NCs, we defined the tumor tissue penetration depth as the distance from the
periphery of the tumor to the site where the fluorescence intensity decreased by 95% as
compared to the fluorescent intensity at the tumor periphery.
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In vivo tumor penetration study

LLC tumor-bearing C57BL/6 mice were divided randomly into groups of three (n = 3) and
were treated when the mean tumor diameter was in the range of 5.0~6.0 mm. Each animal
received a PBS solution of RITC20, RITC50 or RITC200 (200 pL, 50 mg/mL) through tail
vein administration. The animals were euthanized 24 hours after administration. The tumors
were collected, fixed by 10% formalin, and then embedded in paraffin prior for tissue
sectioning and immunohistochemical staining. A tissue section with approximate thickness
of 5 um were collected from each tumor, mounted on glass slides, and allowed to air-dry.
Fluorescence images were taken on a Zeiss LSM 700 confocal microscope. Tissue sections
were imaged with a 10x/0.3 lens. Developing tumor neovasculature within each tumor
section was identified by the expression of Von Willebrand Factor (Factor V1lI-related
antigen) by incubating slides with a rabbit polyclonal anti-human Factor V111 antibody
(1:200) for 30 minutes at room temperature. Following primary antibody incubation, glass
slides were stained with a FITC-conjugated goat polyclonal anti-rabbit antibody (1/250) for
4 hours in the dark, then coverslipped using VECTASHIELD mounting media (Burlingame,
CA). FITC fluorescence representing endothelial cells was visualized using 488 nm laser
excitation. Red fluorescence of rhodamine, representing silica NCs, was visualized with 555
nm laser excitation.

In vivo biodistribution study

C57BL/6 mice bearing LLC tumors (~5.0 x 6.0 mm) (n = 3) were divided into three groups,
minimizing tumor size variations between groups. Mice were injected intravenously with
IR20, IR50 and IR200 at a dose of 150 mg/kg. Mice were euthanized and dissected 24 hours
post injection. The major organs (liver, spleen, kidney, heard, bladder, lung and tumor) were
collected and fixed in 10% formalin. The fluorescent intensity of IR-NCs in each organ was
measured ex vivo at 800 nm emission using Odyssey infrared mouse imaging system (LI-
COR, Lincoln, NE, USA). The concentration of the IR-NCs in each organ was determined
by comparing its fluorescent intensity against a standard curve of IR-NCs.

In vivo biocompatibility study

Silica NPs of 50 and 200 nm in diameter were prepared by St-C and St-G methods,
respectively, using TEOS/6=19.6/1. They were administered intravenously (200 pL, 25 mg/
mL) via lateral tail vein to the C57BL/6 mice (n = 3) at a dose of 250 mg silica NC/kg. The
animals were sacrificed 24 hours later by carbon dioxide. Organs including heart, lung, liver,
spleen, kidney, stomach, small intestine, and large intestine were fixed in 10% neutral
buffered formalin for 48 hours. The fixed tissues were then processed and trimmed,
embedded in paraffin, sectioned to a thickness of 5 um, and stained with hematoxylin and
eosin for microscopic examination. Characterization of all the collected target tissues for
inflammatory cell infiltrate including macrophages and neutrophils were performed by
systemic microscopic evaluation at 400x magnification and analysed by an independent
pathologist.

Statistical Analyses

Student T-Test (two tailed) comparisons at 95% confidence interval were used for statistical
analysis. The results were deemed significant at 0.01 < p< 0.05, highly significant at 0.001
< p<0.01, and extremely significant at o< 0.001.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel.

Precise size control of drug/dye-silica nanoconjugates (NCs). (a) Preparation of pyrene-
silica nanoconjugates (Pyr-NCs) with discrete size ranging from 20 to 200 nm. Three to five
separate batches of Pyr-NCs for each size were prepared to demonstrate the consistency in
size control and batch-to-batch reproducibility. The diameters of NCs were determined by
measuring the particle size in a representative SEM image containing at least 100 particles
(mean + standard deviation). The difference of NC diameters between each size group is
extremely statistical significant with 99.9% confidence (Student’s t-test (two-tailed), ***p <
0.001). The SEM images of NCs at each size (20, 35, 50, 65, 80, 100 and 200 nm) were
displayed; the higher resolution images of NCs of the corresponding size were shown in the
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inset. (b) Preparation of different drug/dye-silica NCs with sizes of 50 nm and 20 nm. (c)

The SEM images of Cpt20 and Cpt-N20 as the examples to show the excellent size control
and monodispersity of NCs with sizes of 20 nm.
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Figure 2.

Size effect on biodistribution and tumor penetration. (a), (b) C57BL/6 mice bearing Lewis
lung carcinoma (LLC) (size: ~5.0 mm x 6.0 mm; n=3) were injected intravenously with
IR20, IR50 and IR200. Mice were euthanized and the tissues were collected, excised to 2-
mm or less in thickness, and analyzed (Aemission = 800 nm) on an Odyssey infrared imaging
system. The fidelity of utilizing Odyssey infrared imaging system for quantitative IR
analysis in biological tissues was verified in a series of control studies (Supplementary
Figure S6). All the organ distribution are presented as percentage of injected dose (1.D.%, a).
Tumor accumulation data are presented as percentage of injected dose per gram of tumor
tissue (1.D.% / g tissue, b). Student’s t-test (two-tailed) was performed for statistical
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analysis: n.s., not significant; highly statistical significant with 99% confidence, **p < 0.01.
c), d) LLC tumors (size: ~7.0 mm x 8.0 mm, n = 3) were ex vivo cultured with IR20, IR50
or IR200 in cell culture medium for 48 h. The tumors without any treatment served as the
control. The tumor sections of treatment groups (intersections, 20 um in thickness) were
collected by cryostat, mounted on glass slides and analyzed on a fluorescence microscope at
(Aexcitation = 780 nm). A tiling image was taken with fixed exposure time to show the NC
penetration in tumor sections. Scale bar = 500 pm. The fluorescence profile in tumor section
was analyzed by Image J (c) to show the depth of NC penetration in tumor tissues. To
quantify the penetration, we defined the tumor tissue penetration depth as the distance from
the periphery of the tumor to the site where the fluorescence intensity decreases by 95% as
compared to the fluorescent intensity at tumor periphery. The penetration depths of IR20,
IR50 and IR200 were found to be 1396 um, 660 pm and 88 um, respectively. e) C57BL/6
mice bearing LLC tumors (size: ~5.0 mm x 6.0 mm, n = 3) were injected intravenously with
RITC20, RITC50 or RITC200. Mice were euthanized and dissected 24 hours post injection.
Tumor sections (intersections, 5 pm in thickness) were collected in paraffin and mounted on
glass slides. Fluorescence images were taken on a Zeiss LSM 700 confocal microscope.
Representative two-color composite images showing the perivascular distribution of RITC-
NCs (red, Rhd channel) relative to the blood vessels (green, FITC channel) in tissue sections
of LLC tumors were showed and overlaid. Scale bar = 100 um.
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Figure 3.

NC size effect on cellular internalization. (a), (b), (c) Internalization of RITC-NCs into
HelLa cells over 90 min incubation at 37 °C evaluated by the percentage of cells containing
internalized NCs (a), mean fluorescence of treated cells (b) and change of mean
fluorescence every 30 minutes (c). (d) Confocal laser scanning microscopy images of HelLa
cells after 1 h incubation at 37 °C with RITC20, RITC50 and RITC200 (red). The nuclei of
cells were stained by DAPI (blue). Top panel: differential interference contrast (DIC);
bottom panel: overlay of DIC, DAPI and Rhd channels. Scale bar = 10 pm.
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Figure4.

Tunable drug release profiles and solid-form formulation of drug-silica nanoconjugates. (a)
Release kinetics of Cpt-NCs with different linkers and sizes in 50% human serum at 37 °C.
(b) NC size distributions measured by dynamic light scattering (DLS) before lyophilization
(i), after lyophilization in the presence of dextrose (5%) and reconstituted with water (ii),
and after Iyophilization in the absence of dextrose and reconstituted with water.
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control

50 nm

Figure5.

Histopathology of mouse tissues following an intravenous injection of silica nanoparticles
via a tail vein. Representative sections of various organs taken from control mice receiving
PBS and mice receiving 250 mg/kg 50 nm blank silica nanoparticles 24 h post injection
were stained byhematoxylin and eosin. No organs of a mouse given silica nanoparticles
showed any acute inflammations.
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Scheme 1.

Drug/dye-silica nanoconjugate. Schematic illustration of the synthesis of drug/dye-silica
nanoconjugates (NCs). The Stober method (St) or the reverse microemulsion method (Trx)
() was used to prepare drug/dye-silica NCs followed by /n situ surface PEGylation (11). For
NCs formed viathe St method, TEOS was used in a solution of NH,OH/MeOH in the
presence of 1, 4 or 5 or in a solution of NaF/MeOH in the presence of 2, 3 or 7. For NCs
prepared viathe Trx method, 8 or 9 was used in conjunction with 2 or 3 to synthesize the
corresponding NCs.
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