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Abstract
Surface-functionalized mesoporous silica nanoparticles (MSNP) can be used as an efficient and
safe carrier for bioactive molecules. In order to make the MSNP a more efficient delivery system,
we modified the surface of the particles by a functional group that enhances cellular uptake and
allows nucleic acid delivery in addition to traditional drug delivery. Non-covalent attachment of
polyethyleneimine (PEI) polymers to the surface not only increases MSNP cellular uptake, but
also generates a cationic surface to which DNA and siRNA constructs could be attached. While
efficient for intracellular delivery of these nucleic acids, the 25 KD PEI polymer unfortunately
changes the safety profile of the MSNP that is otherwise very safe. By experimenting with several
different polymer molecular weights, it was possible to retain high cellular uptake and transfection
efficiency while reducing or even eliminating cationic MSNP cytotoxicity. The particles coated
with the 10 KD PEI polymer was particularly efficient for transducing HEPA-1 cells with a
siRNA construct that was capable of knocking down GFP expression. Similarly, transfection of a
GFP plasmid induced effective expression of the fluorescent protein in > 70% cells in the
population. These outcomes were quantitatively assessed by confocal microscopy and flow
cytometry. We also demonstrated that the enhanced cellular uptake of the non-toxic cationic
MSNP enhance the delivery of the hydrophobic anticancer drug, paclitaxel, to pancreatic cancer
cells. In summary, we demonstrate that by a careful selection of PEI size, it is possible to construct
cationic MSNP that are capable of nucleotide and enhanced drug delivery with minimal or no
cytotoxicity. This novel use of a cationic MSNP extends its therapeutic use potential.
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INTRODUCTION
Based on properties such as large surface area and ordered porous channels that can be used
to encapsulate molecules, mesoporous silica nanoparticles (MSNP) have emerged as an
efficient drug delivery platform.1-5 In addition to the well-developed surface chemistry,
silica materials are known to be safe, biodegradable and potentially biocompatible.6, 7 We
and others have demonstrated that this drug transport system is suitable for the delivery of
anticancer drugs, including camptothecin, paclitaxel, and doxorubicin.1, 2, 8 The chemical
stability of the particles contribute to their therapeutic utility by allowing the attachment of
functional groups for imaging and targeting applications along with the placement of a series
of nanovalves for on-demand drug release.2, 9, 10

In addition to being used for the delivery of chemical therapeutic agents, MSNP have the
potential as hybrid organic-inorganic materials that can act as carriers for nucleic acids and
therefore potentially useful for the delivery of small interfering RNAs (siRNAs) and other
forms of gene therapy.11-13 As opposed to other gene delivery systems based on inorganic
materials, the porous structure of MSNP allows both the binding of nucleotides on the
surface as well as the encapsulation of small molecules within the particles. It is even
possible to combine these modules to achieve dual delivery of drugs and nucleic acids.13 To
maximize the delivery of negatively charged nucleic acids to cells, the silica surface has to
be converted into positive charge in order to bind DNA and siRNA. Some of the methods
for introducing cationic charge on inorganic materials, which include silica, iron oxide, and
gold, typically involve surface grafting with amine groups and coating with cationic
polymers (e.g. polyethyleneimine, polyamidoamine, and polylysine) through either covalent
or electrostatic association.12, 14-20 The gene delivery capabilities of these surface modified
materials have been demonstrated and may prove useful as alternatives to traditional viral
vectors.

In this article, we studied the effects of polyethyleneimine (PEI) coating on the MSNP in
terms of cellular uptake, cytotoxicity, and efficiency of nucleic acid delivery. PEIs are
synthetic cationic polymers that compact DNA and siRNA into complexes that are
effectively taken up in cells to make nucleic acid delivery and gene therapy possible.21-23

Although the polymer itself is used as a delivery vehicle, PEI can also be attached to
nanoparticle surfaces through covalent and electrostatic interactions to achieve the same
goal.11, 16, 17, 19, 24 Complexing the polymer with the nanoparticles has the potential
advantage of facilitating DNA and siRNA delivery by a multifunctional platform that also
allows imaging, targeting and concurrent drug delivery. PEI was chosen as the polymer
coating to enhance the particle uptake into cells and facilitate endosomal escape for the
nucleotide delivery.25 It is documented that while low MW PEI is not cytotoxic, these
polymers are ineffective at transfecting nucleotides in contrast to the high MW PEI. In this
regard, it has been demonstrated that the size (MW), compactness and chemical
modification of PEI affect the efficacy and toxicity of this polymer.26, 27 Therefore, we
experimented with several PEI polymer sizes ranging from MW of 0.6 to 25 KD in order to
balance the efficiency of nucleic acid delivery and cellular toxicity. PEI cytotoxicity occurs
via a proton sponge effect, which involves proton sequestration by the polymer surface that
leads to heightened proton pump activity inside the cell, osmotic swelling of the endocytic
compartment, endosomal rupture and ultimately cell death by a mitochondrial-mediated
mechanism.28, 29 We demonstrate that the reduction of the polymer size is capable of scaling
back the cytotoxic effect, but demonstrate that particles coated with polymers of 10 KD or
less still maintain the feature of facilitated cellular uptake of cationic nanoparticles, most
likely due to high avidity membrane binding and efficient membrane wrapping that allows
these particles to enter cellular endocytic compartments. We show that the cellular uptake of
PEI-coated MSNP, irrespective of polymer size, is considerably enhanced compared to
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unmodified MSNP (silanol surface) or particles coated with phosphonate or poly(ethylene
gylcol) groups. Finally, we demonstrate that PEI-coated particles bind plasmid DNA and
siRNA with high affinity, enabling us to achieve efficient cellular delivery of these nucleic
acids with non-toxic MSNP coated with 10 KD PEI.

RESULTS
Physicochemical characterization of the NP

MSNP were synthesized according to a modified procedure previously described.12, 30 The
primary particle size is in the 100-130 nm range with a uniform pore size ~2.5 nm as shown
by TEM (Fig 1A). To conduct biological experimentation, particle size and zeta potential
were measured in water as well as tissue culture media.31 For the purposes of this study we
used DMEM supplemented with 10% fetal calf serum (FCS) or BEGM as is or
supplemented with 2 mg/ml BSA (Table 1). We observed that the addition of protein leads
to improved particle dispersion by countering the colloidal forces that promote particle
aggregation in salt containing media (Supplemental Fig. 1). While all of the non-PEI coated
particles exhibited a negative zeta potential, PEI-coated particles showed a positive charge
(Table 1). However, with the addition of FCS or BSA, all PEI-coated particles assumed
negative zeta potential.

Differences in the cytotoxic potential of anionic vs cationic MSNP
To screen for particle hazard, we used the MTS assay, which reflects dehydrogenase activity
in healthy cells.29 While most of the MSNP did not interfere in MTS activity in the PANC-1
and BxPC3 pancreatic cancer cell lines, particles coated with the 25 KD PEI polymer
showed decreased cellular viability (Fig. 1B). The particles coated with the 25 KD polymer
also induced toxicity in macrophage (RAW 264.7) and bronchial epithelial (BEAS-2B) cell
lines staining (Supplemental Fig. 2). The toxicity was confirmed by propidium iodide (PI)
staining, which showed that the rate of cell death was progressive over 15 hour period
(Supplemental Fig. 2). We also confirmed that similar to our previous results with cationic
polystyrene nanoparticles,29 the toxicity of cationic MSNP involves an effect on
mitochondria as determined by JC-1 fluorescence (Supplemental Fig. 2). JC-1 measures
mitochondrial membrane potential (MMP). In contrast, phosphonate-coated nanoparticles
(MSNP-Phos) were non-toxic and did not perturb the mitochondrial function (Supplemental
Fig. 2).

To confirm that PEI toxicity is due to cationic charge, succinic anhydride was used to
convert the primary NH2 to COOH groups.29 Supplemental Fig. 3A demonstrates that this
conversion reduced the toxicity of MSNP-PEI-25 KD in a dose-dependent fashion.
Depletion of the primary NH2 groups was confirmed by fluorescamine, which yields green
fluorescence when it reacts with primary amines (Supplemental Fig. 2B). Thus, succinic
anhydride reduced the mean fluorescence intensity (MFI) in a dose-dependent fashion. The
stability of PEI attached to the MSNP surface was confirmed by coating FITC-labeled
MSNP with rhodamine-B labeled PEI. Confocal microscopy confirmed that both labels co-
localize as shown by the composite yellow fluorescent spots in the cell (Supplemental Fig.
4).

Differences in the cellular uptake of anionic versus cationic MSNP
We have previously shown that the cellular toxicity of cationic polystyrene nanoparticles
involves a high rate of cellular uptake due to tight surface membrane binding, which
facilitates particle wrapping and cellular uptake.28, 29 Cellular uptake of FITC-labeled
MSNP was assessed by flow cytometry and confocal microscopy.29 FITC-labeled MSNP
were incubated with PANC-1, BxPC3, RAW 264.7, and BEAS-2B cells. This resulted in a
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clear shift in the MFI of the different cellular populations following treatment with particles
coated with 1.2 and 25 KD PEI polymers as compared to the phosphonate-coated MSNP
(Figs. 2 and 3; Supplemental Fig. 5).

When expressed as fold-increase in the MFI compared to untreated cells, the relative
abundance of MSNP-PEI-25 KD and MSNP-PEI-1.2 KD uptake was two orders of
magnitude higher than the phosphonate or PEG-coated particles (Figs. 2, 3; Supplemental
Fig. 5). In contrast, there was no difference in the uptake of RITC-labeled MSNP in the
same cells treated with the FITC-labeled particles. This confirms that the cationic charge is
responsible for high cellular uptake. The flow data was corroborated by confocal studies that
showed a significant increase in the number of PEI-coated particles in all cell types (Figs. 2,
3 and Supplemental Fig. 5). Please notice that a large fraction of the MSNP-PEI-25 KD
particles localized at the cell membrane as demonstrated by the composite yellow
fluorescence in pancreatic cancer cells stained with the red-fluorescent wheat germ
agglutinin (Figs. 2, 3). It is possible that this membrane binding might contribute to the
toxicity of these particles.

Reducing PEI polymer length maintains effective nucleic acid delivery but eliminates
cellular toxicity

While PEI is quite effective for complexing and delivering nucleic acids, polymer-based
delivery of DNA and siRNA often leads to cytotoxicity due to damage to the surface
membrane, lysosomes and mitochondria.21, 26, 29 However, based on the observation that
decoration of MSNP with a 1.2 KD polymer resulted in a non-toxic particle, we explored the
effect of a range of PEI polymers in terms of achieving cellular delivery versus reduction of
toxicity. MSNP were coated with 0.6, 1.2, 1.8, 10 and 25 KD polymers and their cytotoxic
potential assessed in various cell types. This included the use of HEPA-1 cells for which
there is a commercial variant expressing green fluorescent protein (GFP) for the purposes of
assessing siRNA knockdown. No toxicity was seen with particles coated with 0.6, 1.2 and
1.8 KD PEI polymers (Fig. 4 and Supplementary Fig. 6). While MSNP-PEI 10 KD exerted
toxic effects at the highest dose (50 μg/ml) tested, MSNP-PEI 25 KD was responsible for
the decline in MTS activity at doses ≥ 12.5 μg/ml (Fig. 4 and Supplementary Fig. 6). This
demonstrates that it is possible to adjust MSNP toxicity according to the polymer length
used and is the first demonstration that the choice of the PEI polymer length can be used to
modify the toxicity of MSNP while still maintaining a useful function.

To assess the efficacy of different PEI-coated MSNP in terms of siRNA and plasmid DNA
delivery, we first determined the nucleic acid binding capacity of the particles using a gel
retardation assay. The data show high siRNA and plasmid DNA binding capacity that was
mostly independent of the PEI MW (Fig. 5). All available DNA and siRNA molecules were
bound to the cationic particle surface at particle-to-nucleic acid ratios of 10-100 (Fig. 5B).
Noteworthy, the high binding efficacy of MSNP was accompanied by protection of DNA to
DNase I degradation (Fig. 5C). By contrast, phosphonate-coated particles did not show
effective DNA binding.

To test whether siRNA delivery to its GFP-expressing HEPA-1 cells could provide
knockdown of the expression of this fluorescent protein, 100 ng GFP-siRNA was complexed
with MSNP-PEI and incubated with the cells for 48 hr. Comparison of the MFI of
transfected versus control cells showed that particles coated with 10 and 25 KD polymers
were capable of knocking down GFP expression by 55% and 60%, respectively (Fig. 6A).
This was comparable to the transfection efficiency of commercially available transfection
agent, Lipofectamine 2000. By contrast, scrambled siRNA delivery did not have a GFP
knockdown effect (Fig. 6A). Moreover, siRNA delivery by 0.6, 1.2 and 1.8 KD PEI-coated
particles did not exert an effect on GFP expression. GFP knockdown was confirmed by
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confocal microscopy (Fig. 6B) and immunoblotting for GFP protein expression
(Supplementary Fig. 7). Please notice that although the toxicity of the 25 KD polymer may
contribute to decreased GFP expression, the 10 KD polymers is not toxic at this dose (Fig.
4). Scrambled siRNA delivery had no effect on GFP expression (Fig. 6B). Confocal studies
using Texas Red-labeled siRNA were performed to track the intracellular fate of the
particles (Fig. 6B). This confirmed that the particles coated with longer polymers were taken
up in larger numbers than the shorter range polymers in HEPA-1 cells (Fig. 6B,
Supplemental Fig. 7B).

In the next set of experiments we assessed the efficacy of DNA delivery by transfecting a
GFP plasmid into HEPA-1 cells. While plasmid delivery by the 10 and 25 KD PEI-coated
particles resulted in abundant cellular fluorescence, only faint fluorescence was observed
when the carrier particle was coated with a shorter length polymer (Fig. 7). The transfection
efficiency with the longer length polymers compares favorably to the results with
Lipofectamine 2000. Moreover, while this commercial agent only transduced a fraction of
the cells in the population, MSNP-PEI 10 KD transfected >70% cells in the population (Fig.
7B). This was confirmed by the magnitude of the MFI increase with the particles versus
Lipofectamine 2000 (Fig. 7A). Although also efficient for DNA delivery, MSNP-PEI 25 KD
did result in toxicity as explained previously. This may not constitute a problem when stable
transfections are being performed because one selects for viable and proliferating cells
containing the expressed gene.

Cationic MSNP is effective for delivering paclitaxel to pancreatic cancer cells
We have recently demonstrated that MSNP are capable of delivering water-insoluble drugs
to cancer cells.2 In light of the high cellular uptake of PEI-coated particles, it was logical to
ask whether in the traditional use of the MSNP, the polymer attachment still allows effective
delivery of the hydrophobic cancer drug, paclitaxel, to PANC-1 and BxPC3 cells. Paclitaxel
was loaded into MSNP-PEI 1.2 KD and 25 KD in DMSO, followed by washing in aqueous
buffer to entrap the hydrophobic drug in the particle pores. Release of the drug from the
pores using methanol confirmed that equal amounts of paclitaxel were loaded into MSNP
irrespective of the polymer MW (Supplemental Fig. 8). Subsequent assessment of the
impact of paclitaxel on the viability of PANC-1 and BxPC3 cells showed the efficacy of
PEI-coated MSNP in drug delivery (Fig. 8). Thus, paclitaxel delivery by MSNP-PEI-1.2 KD
induced a rate of cytotoxicity that is superior to the drug delivery by an aqueous suspension
of paclitaxel and as efficient as the drug suspended in DMSO (Fig. 8). While MSNP-PEI 25
KD showed intrinsic particle-related toxicity at doses > 25 μg/ml, the effect was comparable
to MSNP-PEI 1.2 KD (Fig. 8). These data demonstrate that the enhanced cellular uptake of
non-toxic cationic MSNP is capable of enhancing the delivery of hydrophobic cancer drugs.
This is also a novel demonstration for the delivery function of MSNP.

PEI-coated MSNP are devoid of toxicity in vivo
In order to achieve therapeutic delivery of nucleic acids and drugs, it is required that cationic
particles are well-tolerated and without any evidence of toxicity in vivo. Hence, it was
necessary for us to demonstrate that PEI-coated MSNP can be safely administered to
animals and we chose intravenous injection of 25 KD PEI-coated particles to perform this
analysis. MSNP-phosphonate and saline-only injections were used as controls. Particles
were injected via the tail vein at doses of 40 mg/kg once a week for two weeks. In order to
keep the particles appropriately dispersed, it was necessary to stabilize them against
aggregating effects of the saline carrier. Saline alone yielded particles sizes of 984 and 842
nm, respectively, for MSNP-phosphonate and MSNP-PEI 25 KD. Particle dispersion was
improved by adding 2% mouse serum, which reduced the particle size is to 249 and 278 nm,
respectively, in saline. Animals were sacrificed two weeks after the first injection and blood
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and major organs such as liver, kidney, spleen, lung, heart, and brain were removed for
study. Biochemical analysis of the serum did not show any significant changes in liver
function, kidney function, cholesterol and triglycerides, glucose, CO2 content and
electrolytes of PEI versus phosphonate particles or the saline control (Table 2). Moreover,
histological examination of the major organs did not show any gross pathology;
representative liver, spleen and kidney sections are shown in Supplemental Fig. 9. In
summary, these data confirm the safety of phosphonate MSNP and demonstrate that
particles coated with 25 KD PEI, which is responsible for considerable in vitro cytotoxicity,
is also well-tolerated in vivo. This demonstrates that PEI-coated in MSNP could in principle
be safely implemented for in vivo drug and siRNA delivery. However, for this to become a
therapeutically useful option, additional experimentation is required to show that the
circulatory half-life and pharmacokinetics of MSNP delivery system that can achieve
effective drug and nucleic acid delivery.

DISCUSSION
In this paper we demonstrate that surface coating with PEI yields cationic MSNP with
therapeutically useful nucleic acid delivery properties that include high binding avidity of
DNA and siRNA as well as a high rate of cellular uptake. We show that siRNA complexed
to the MSNP-PEI surface is quite effective to achieve GFP knockdown in transduced
HEPA-1 cells, while plasmid DNA delivery is comparable to a commercially available
transfection agent. We further demonstrate that the facilitated cellular uptake of cationic
particles enhances the ability of MSNP to deliver the hydrophobic chemotherapeutic agent,
paclitaxel, to pancreatic cancer cells. A potential downside of cationic functionalization for
drug or nucleic delivery is the possibility of cytotoxicity, best demonstrated by the use of
MSNP-PEI 25 KD. However, we demonstrate that this toxicity could be reduced or
eliminated by attaching shorter length polymers that retain nucleic acid and drug delivery
capabilities. Moreover, injection of MSNP coated with PEI 25 KD did not lead to obvious
toxicity in vivo. Thus, we demonstrate that the therapeutic use of the MSNP platform can be
extended to delivery of DNA and siRNA constructs. From the perspective of MSNP as a
therapeutic platform, these are novel and encouraging findings.

RNA interference describes natural processes that lead to gene silencing by siRNA.32

siRNA has been widely used as an experimental tool that is now also becoming the focus of
the pharmaceutical industry.33 Currently there are a number of clinical trials underway that
include the use of siRNAs to treat various disease processes.34, 35 As for most molecular
therapies, in vivo delivery is a major hurdle in successful implementation and has sparked a
number of strategies to increase siRNA circulatory half-life, facilitate transduction across
biological membranes, and achieve cell-specific delivery.34, 35 We propose that packaging
of siRNA on the surface of cationic MSNP is capable of meeting each of these objectives.
First, the MSNP surface can be functionalized to enhance siRNA binding through the
attachment of PEI polymers, which in their own right have been used as effective siRNA
compacting and transducing agents. The tight complexing between PEI and nucleic acids on
the particle surface protects these molecules from enzymatic degradation as we
demonstrated for DNA. Furthermore, the positive charge of PEI-coated nanoparticles leads
to strong electrostatic interaction with the negatively charged cell surface membrane,
leading to facilitated particle wrapping and cellular uptake. This is in agreement with the
recent demonstration that PEI-coated nanoparticles is taken up into cells at high
efficiency.10, 25 However, the latter study did not look at nucleic acid delivery but did show
that the attachment of a ligand such as folic acid further enhances uptake in cancer cells.2,10

While PEI can be used in various ways to make siRNA delivery complexes, coating it onto
the surface of MSNP is particularly advantageous because this therapeutic platform acts as a
carrier with large surface area, is inexpensive and simple to synthesize, can be decorated

Xia et al. Page 6

ACS Nano. Author manuscript; available in PMC 2014 January 23.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



with functional groups and fluorescent tags and can be used for magnetic resonance imaging
through the inclusion of superparamagnetic iron oxide nanocrystals.2 Not only have we
shown PEI coating can enhance siRNA delivery, but the particles also are capable of
paclitaxel delivery, which constitutes a significant therapeutic advance for MSNP. One can
envisage using siRNA and drug delivery simultaneously, e.g., delivery of siRNA that
knocks down the expression of the P-glycoprotein (Pgp) drug exporter at the same time as
delivering a chemotherapeutic agent that is exported by Pgp.36 This could be an effective
strategy for the treatment of cancers that have developed a drug resistance based on the
activity of this exporter.

Several advantages of MSNP-PEI for the delivery of siRNA also hold true for plasmid DNA
transduction. In fact, a number of modifications of the PEI polymer, including various
polymer sizes, degrees of branching, thiol cross-linking and covalent attachment have been
used as gene transfer agents since the 90’s and are enjoying increasing popularity because of
the high transfection efficiency of plasmid DNA and siRNA into cells and live
animals.21-23, 37 The advantage of using PEI for gene transfer lies in the simplicity with
which the polymer can be mixed with DNA/siRNA without involving covalent attachment.
Moreover, PEI protects the nucleic acids from degradation by nucleases. In all of these
therapeutic applications, however, one has to keep in mind that the high MW polymer could
cause toxicity.26 In a novel undertaking, we now show that it is possible to modify the
potential basis for toxicity while maintaining effective nucleic acid delivery by using
intermediate length polymers. We show how these intermediate length polymers lead to
effective cellular uptake and siRNA/plasmid DNA delivery. Moreover, our approach leads
to transfection of > 70% cells in the population, which is clearly advantageous from the
perspective of gene therapy.

Other than mediating its effect through high cellular uptake, the efficient gene transduction
ability of PEI proceed via the proton sponge effect, implying that the primary amines buffer
the protons being pumped into the lysosomal compartment by the v-ATPase (proton
pump).21, 29, 38 This results in heightened pump activity, leading to the accumulation of a
Cl− and a water molecule for each proton that is retained; ultimately this leads to osmotic
rupture of the endosome.39 While effective for delivering the nucleic acid cargo to the
cytosol, the effect of PEI or cationic particles on the proton pump is a major contributory
factor in cationic cytotoxicity.29 Cationic nanoparticle toxicity can lead to clinically
significant adverse health effects.40-42Methods to reduce cationic toxicity but leaving cargo
delivery intact are highly desired.43 Experimental examples of how PEI toxicity has been
reduced include neutralizing the cationic charge by anhydride, differential ketalization,
altering PEI crosslinking through adjustment of disulfide content and using shorter
polymers.29, 44-47 We demonstrate that the latter principal can also be applied to PEI-coated
MSNP, where we have been able to reduce or eliminate cytotoxicity while maintaining
efficient nucleic acid delivery. Thus, by attaching a 10 KD polymer, we were able to
demonstrate that it was possible at particle doses < 50 μg/ml to obtain highly efficient
transduction without any cell death. Our data also indicate that the PEI-coated MSNP can be
intravenously injected into mice without causing acute toxicity. It appears, therefore, that
cationic toxicity can be controlled to achieve a therapeutically useful outcome. While the
gene transduction efficiency is significantly reduced with lower MW (0.6-1.8 KD)
polymers, the facilitated MSNP uptake is good enough to achieve efficient paclitaxel
delivery (Fig. 8).

While our study is mostly limited to demonstrating successful transduction across biological
membranes, it would be clearly necessary to conduct studies to demonstrate the therapeutic
efficiency of the MSNP platform in vivo. To date, only limited in vivo data have been
published regarding the toxicity, biodistribution, and biopersistence of MSNP.1, 48-50
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Coating of MSNP by MRI agents has been used to perform in vivo imaging; this
demonstrated that the particles could still be detected in the circulation 30 min after
administration, but then accumulate in the RES system such as liver and spleen, with less
signal coming from the kidney, lung, and heart.1, 50 Another interesting finding is that
MSNP accumulate preferentially at tumor sites through an enhanced permeability and
retention (EPR) effect.1 To achieve the full potential of MSNP, detailed in vivo testing
should be done to assess biodistribution, pharmacokinetics, and targeting.

It is encouraging that our in vivo safety study did not show any signs of toxicity after
intravenous injection, including for particles coated by the 25 KD polymer. The lack of in
vivo toxicity in spite of the in vitro cytotoxic effects can best be explained by the dilution of
the particles in the circulatory system and the strong defense capabilities of the body against
foreign substances. The extent to which these protective mechanisms may interfere with the
effectiveness of drug delivery still needs to be determined but could be dealt with in a
rational fashion by dynamic design features such as demonstrated in this study.

CONCLUSION
Polyethyleneimine-coated mesoporous silica nanoparticle is a versatile delivery system that
can facilitate cellular uptake to increase drug delivery payload and also be utilized to
improve nucleic acids delivery for therapeutic and experimental use. While the potential
cytotoxicity of PEI attachment could interfere with the efficacy of siRNA delivery, it is
possible by selecting optimal polymer lengths to maintain high transfection efficiency while
simultaneously reducing or eliminating toxic effects. While inefficient for gene delivery,
coating with low molecular weight PEI polymers is nonetheless efficient to increase delivery
of antitumor drug paclitaxel into cancer cells. These hybrid organic-inorganic porous
nanoparticles can potentially be useful for the simultaneous delivery of nucleotides and
small molecules into cells.

MATERIALS AND METHODS
Reagents

Tetraethylorthosilicate (98%), cetyltrimethylammonium bromide (CTAB, 95%), fluorescein
isothiocyanate (FITC, 90%), polyethyleneimine (MW 1.2 and 25 KD), poly(ethylene glycol)
methyl ether (MW 5 KD), N,N′-disuccinimidyl carbonate (DSC, 95%), 4-
(dimethylamino)pyridine (DMAP, 99%), aminopropyltriethoxysilane (APTS, 99%), 3-
(trihydroxysilyl)propyl methylphosphonate (42%), succinic anhydride (99%),
fluorescamine, paclitaxel, propidium iodide (PI), β-actin antibody, and bovine serum
albumin (BSA) were from Sigma (St. Louis, MO). Polyethyleneimine (MW 0.6, 1.8, and 10
KD) were from Alfa Aesar (Ward Hill, MA). The MTS assay kit was from Promega
(Madison, WI). Dulbecco’s Modified Eagle’s medium (DMEM), penicillin/streptomycin,
and L-glutamine were purchased from Invitrogen (Carlsbad, CA). Fetal calf serum (FCS)
was from Atlanta Biologicals, Inc (Lawrenceville, GA). siRNA for GFP knock down was
purchased from IDT Technologies (Coralville, IA). For all experiments and analyses, water
was de-ionized and filtered with a 0.45 μm pore size polycarbonate syringe filter (Millipore,
Billerica, MA). All chemicals were reagent grade and used without further purification or
modification.

Synthesis and surface modification of mesoporous silica nanoparticles MSNP
The basic synthesis of MSNP was conducted by mixing the silicate source
tetraethylorthosilicate (TEOS) with the templating surfactants cetyltrimethylammonium
bromide (CTAB) in basic aqueous solution (pH 11). In a round bottom flask, 100 mg CTAB
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was dissolved in a solution of 48 ml distilled water and 0.35 ml sodium hydroxide (2 M).
The solution was heated to 80°C and stirred vigorously. After the temperature had stabilized,
0.5 ml TEOS was added slowly into the heated CTAB solution. After 15 min, 0.23 mmol of
the organosilane solution was added into the mixture. 3-trihydroxysilylpropyl
methylphosphonate was used for phosphonate surface modification, and
aminopropyltriethoxy silane (APTS) was used for amine surface modification. After 2 hr,
the solution was cooled to room temperature and the materials were washed with methanol
using centrifugation. In order to incorporate fluorescent dye molecules in the silicate
framework, fluorescein-modified silane was first synthesized and then mixed with TEOS.
To synthesize fluorescein-modified silane, 2.4 μL APTS was mixed with 1 mg fluorescein
isothiocyanate (FITC) in 0.6 ml absolute ethanol, and stirred for 2 hr under inert atmosphere.
In another formulation, rhodamine B isothiocyanate (RITC) was used instead of FITC to
synthesize rhodamine B-modified APTS. The dye-modified silane was then mixed with
TEOS before adding the mixture into the heated CTAB solution. The surfactants were
removed from the pores by refluxing the particles in a mixture of 20 ml methanol and 1 ml
hydrochloric acid (12.1 M) for 24 hr. The materials were then centrifuged and washed with
methanol.

For the poly(ethylene glycol) modification, 1 g of poly(ethylene glycol) methyl ether (MW 5
KD, mPEG) was dried under vacuum for 30 min and dissolved in 5 ml dioxane (with slight
heating). mPEG has only one reactive end that can be attached to the particle surface and
limits the coupling process only to that end, whereas normal PEG has two reactive ends and
may cause particle cross-linking. 307.4 mg disuccinimidyl carbonate (DSC) was dissolved
in 2 ml anhydrous DMF (with slight heating) and mixed with the mPEG solution. 146.6 mg
4-(dimethylamino)pyridine was dissolved in 2 ml acetone and added slowly into the mPEG
solution The mixture was stirred for 6 hours under an inert atmosphere. The polymer was
precipitated by the addition of 30 ml diethyl ether to the solution and separated by
centrifugation. After washing the polymer twice with diethyl ether, the activated mPEG was
dried under vacuum. 60 mg of amine-modified MSNP was washed and resuspended in 2 ml
anhydrous DMF. 300 mg of the activated mPEG was dissolved in 9 ml DMF and mixed
with the particles. The mixture was stirred for 12 hr and washed thoroughly with DMF and
PBS.

To perform polyethyleneimine (PEI) modification, 5 mg of phosphonate-modified MSNP
were dispersed in a solution of 2.5 mg PEI (MW 25 KD) and 1 ml absolute ethanol. The
process to coat the particles with other PEI polymers (MW 0.6, 1.2, 1.8, 10 KD) was carried
out similarly. After the mixture was sonicated and stirred for 30 min, the particles coated
with PEI were washed with ethanol and PBS. Thermogravimetric analysis showed that the
amount of PEI on the particles was approximately 5 weight percent. To succinylate the PEI
25K-coated particles, 1 mg particles were resuspended in 0.25 ml anhydrous DMF and
mixed with different amounts of succinic anhydride (0.15 mg, 0.075 mg, and 0.015 mg).
The mixture was sonicated and stirred overnight. The succinylated particles were washed
with DMF and resuspended in PBS. To fluorescently label PEI (MW 25 KD), 60 mg of PEI
25 KD was dissolved in 10 ml carbonate buffer (pH 9) and mixed with 1 mg rhodamine B
isothiocyanate dissolved in 1 ml DMSO. The mixture was stirred for 24 hr at 4°C and
dialyzed against distilled water. The rhodamine B-labeled PEI 25K was attached to the
particles by using similar procedure for the unlabeled PEI.

Physicochemical characterization
All MSNP were characterized for size, size distribution, shape, and charge (Table 1). The
shape and structure were characterized using a transmission electron microscope (JEOL
JEM 2010, JEOL USA, Inc., Peabody, MA). Microfilms for TEM imaging were made by
placing a drop of the respective particle suspension onto a 200-mesh copper TEM grid

Xia et al. Page 9

ACS Nano. Author manuscript; available in PMC 2014 January 23.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



(Electron Microscopy Sciences, Washington, PA) and then drying at room-temperature
overnight. A minimum of 5 images of each sample was collected to obtain representative
views. Particle size and zeta potential in solution were measured by ZetaSizer Nano
(Malvern Instruments Ltd., Worcestershire, UK). This instrument measures the light
scattering (DLS) from a suspension at an angle of 173°. Size measurements were performed
on dilute suspensions in water or complete cell culture media at pH 7.4. The ZetaSizer Nano
was also used to measure the electrophoretic mobility of the MSNP suspended in solution.
Electrophoretic mobility is used as an approximation of particle surface charge and can be
used to calculate zeta potential. The Helmholtz-Smoluchowski equation was used to
recalculate electrophoretic mobility into zeta potential.

Drug loading of paclitaxel
The modified materials were loaded with paclitaxel by incubating 10 mg of the
nanoparticles in a solution of 1 mg of paclitaxel and 0.25 ml of DMSO for 6 hours. After the
drug-laden nanoparticles were removed from the suspension by centrifugation and the
supernatant removed completely, the materials were dried under vacuum. The drug-laden
nanoparticles were washed and sonicated with PBS. In order to determine the amount of
paclitaxel that partitioned to the MSNP, the aqueous particle suspension were incubated for
6 hours at 4 °C before centrifugation. Methanol was used to release paclitaxel from MSNP
to determine the loading capacity. The drug-laden MSNP pellet was resuspended and
sonicated in methanol on three occasions and the supernatants were combined to measure
the release of the drug by UV absorption at 230 nm. 50 μg/ml particles contained about 1
μM of paclitaxel.

MSNP dispersion and use to perform tissue culture
All cell cultures were maintained in 25 cm2 cell culture flasks in which the cells were
passaged at 70-80% confluency every 2-4 days. RAW 264.7, BxPC3, PANC-1, and HEPA-1
cell lines were cultured in Dulbecco’s Modified Eagle Medium (DMEM) (Carlsbad, CA)
containing 10% fetal calf serum (FCS), 100 U/ml penicillin, 100 μg/ml streptomycin, and 2
mM L-glutamine (complete medium). BEAS-2B cells were cultured in BEGM (Charles
City, IA) in type I rat tail collagen-coated flasks or plates. Cells were cultured at 37°C in a
humidified 5% CO2 atmosphere. To disperse MSNP, the stock solution (in water) was
sonicated (Tekmar Sonic Disruptor probe) for 15 sec prior to aliquoting. In order to coat the
surface of MSNP with bovine serum albumin (BSA), the aliquoted NP suspension (~10 μl)
was mixed with an equal volume of 4% BSA. Tissue culture media (1 ml) was added to the
BSA coated MSNP suspension. Cell culture media deprived of serum (e.g. BEGM) was
modified by addition of BSA at a concentration of 2 mg/ml. The cell culture media
containing MSNP at the desired concentration was sonicated for 15 sec and characterized as
described before.

Assays for cellular viability and mitochondrial function
Cellular viability was determined by the MTS assay, which looks at the reduction of (3-(4,5-
dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium
(MTS) to formazan in viable cells. Briefly, 2 × 104 cells were plated onto 96 multi-well
plates (Costar; Corning, NY). After incubation with the indicated dose of MSNP for various
lengths of time at 37°C, formazan absorbance was measured at 490 nm. The mean
absorbance of non-exposed cells served as the reference for calculating 100% cellular
viability.

Cell death and mitochondrial function were detected using propidium iodide (PI) uptake and
JC-1 fluorescence. Fluorescent probes were diluted in DMEM before the addition to cells
for 30 min at 37 °C in the dark: (i) 5 μg/ml propidium iodide (PI) in 200 μl DMEM
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(assessment of cell death); (ii) 5 μM JC-1 (assessment of Δψm). Flow cytometry was
performed using a LSR (Becton Dickinson, Mountain View, CA). PI was analyzed in FL-2
and JC-1 was analyzed in both FL-1 and FL-2. Forward and side scatter were used to gate
out cellular fragments.

Assessment of cellular MSNP uptake by flow cytometry and confocal microscopy
For the performance of flow cytometry, aliquots of 5 × 104 cells (RAW 264.7, BEAS-2B,
PANC-1, and BxPC3) were cultured in 48-well plates in 0.4 ml medium. RITC-labeled
MSNP with a phosphonate surface coating were added to the above cultures at a dose of 25
μg/ml for 30 minutes, followed by incubation with the FITC-labeled MSNP-PEI series at
final concentrations of 25 μg/ml for 3 hr. All cell types were trypsinized and washed with
trypan blue to quench the fluorescence of cell surface attached MSNP. Cells were analyzed
in a LSR flow cytometer using mean FL-2 and FL-1 to assess RITC and FITC fluorescence,
respectively. Data are reported as fold increase above control (cells without MSNP).

Cellular uptake of MSNP was performed by adding 25 μg/ml of the various MSNP to 8-well
chamber slides (Nunc) in which 5 × 104 cells were cultured in each well containing 0.4 ml
culture medium. Cell membranes were stained with 5 μg/ml wheat germ agglutinin (WGA)
Alexa Fluor® 594 conjugate in PBS for 30 min. Slides were mounted with DAPI (Molecular
Probes, Eugene, OR) and visualized under a confocal microscope (Leica Confocal 1P/FCS)
in the UCLA/CNSI Advanced Light Microscopy/Spectroscopy Shared Facility. High
magnification images were obtained with a 63x objective. Optical sections were averaged
2-4 times to reduce noise. Images were processed using Leica Confocal Software.

Preparation of PEI-MSNP-pDNA/siRNA polyplexes and agarose gel retardation
Agarose gel retardation assay was used to determine the DNA/siRNA binding ability of PEI-
coated MSNP. 0.1 μg plasmid DNA (pEGFP) or siRNA in aqueous solution was used to mix
with PEI-coated nanoparticles to obtain particle to pDNA ratios (N/P) ratios of 5-600. The
mixture was incubated at room temperature for 30 min for complex formation. 10 μL of the
polyplex solution mixed with 2 μL of 6x loading buffer was electrophoresed on 1 % agarose
gel containing 0.5 μ g/ml ethidium bromide (EB) with Tris-boric acid (TBE) running buffer
(pH 8) at 100 V for 30 min. DNA/RNA bands were visualized by an UV (254 nm)
illuminator and photographed with a Bio-Rad imaging system (Hercules, CA). The binding
capacity was expressed by the N/P ratio that shows total retardation of DNA or siRNA
migration (as reflected by the disappearance of DNA/RNA bands on the gel).

DNase I protection assay
Particle/pDNA complexes were prepared at a MSNP/pDNA ratio of 100 with 100 ng pDNA
in 10 μl total volume. The complex solutions were incubated with 1 μl DNase I (2.7 U/μl) in
50 mM Tris-Cl, 10 mM MgCl2, pH 7.4. at 37°C for 30 min. The DNase I was inactivated by
adding 1 μl of 100 mM ethylenediaminetetraacetic acid (EDTA). The pDNA was then
released from the complex by adding 1% sodium dodecyl sulfate (SDS), and analyzed by
1% agarose gel electrophoresis.

Plasmid DNA and siRNA transfection with the use of MSNP-PEI
Plasmid DNA (pDNA) containing a GFP insert was used to transfect HEPA-1 cells cultured
either in Nunc chamber slides for performance of confocal microscopy or in 48-well plates
for assessment by flow cytometry. Cells were plated at a density of 2 × 104 cells per well in
0.4 ml medium. pDNA/MSNP complexes were prepared by mixing 100 ng/ml DNA with 25
μg/ml MSNP for 30 min prior to cellular incubation for 24 hr. Cells were fixed for confocal
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microscopy as described above. Harvested cells were used to conduct flow cytometry on
FL-1 channel.

To perform siRNA experiments, HEPA-1 cells were prior transfected with a GFP plasmid
and then sorted in the FL-1 channel to select stable GFP expressing cells. The sorted cells
were plated at a density of 5 × 104 cells per well containing 0.4 ml culture medium in
chamber slides for performance of confocal microscopy and in 48-well plates for
performance of flow cytometry. MSNP/siRNA complexes were prepared by incubating 500
ng/ml siRNA with 25 μg/ml of MSNP-PEI for 30 min in serum-free DMEM. Cells were
then exposed to the complexes for 3 hr. DMEM + 10% FCS was then added to bring the
final volume to 400 μl for 48 hr. Cells were fixed and prepared for confocal microscopy as
described above. For flow cytometry cells were harvested and analyzed for fold decrease in
GFP expression (FL-1 channel).

Paclitaxel delivery by MSNP-PEI
PANC-1 and BxPC3 cells were plated at 2 × 104 cells per well in a 96 well plate. MSNP
particles, loaded with paclitaxel, were incubated with the cells at doses of 10-50 μg/ml for
48-72 hrs. Free paclitaxel corresponding to the amount loaded into MSNP particles was
suspended or dissolved in PBS and DMSO to serve as controls. MTS assays were performed
after 48 hours to determine the cell viability after treatment.

In vivo MSNP toxicity testing
Animal experiment protocols were reviewed and approved by the Chancellor’s Animal
Research Committee (ARC) at UCLA. Animal experiments were performed in accordance
with UCLA guidelines for care and treatment of laboratory animals and the NIH Guide for
the Care and Use of Laboratory Animals in Research (DHEW78-23). The mice were
randomly divided into three groups: MSNP-phosphonate, MSNP-PEI 25 KD and the saline
control group. We used six mice per group, since this number has enough statistical power
to discern differences in the toxic responses. We used 40 mg/kg particles for intravenous
injection through tail vein once a week for two weeks. Animal weight was monitored after
particle injections. Animals were sacrificed later to obtain blood and organs.

Biochemical serum assays
The serum was obtained by centrifuging the whole blood at 3000 rpm for 15 min. The
biochemical parameters were assayed by UCLA Division of Laboratory Animal Medicine
(DLAM) diagnostic laboratory services.

Histology of major organs
A small piece of liver, kidney, spleen, lung, heart, and brain was fixed by 10% formalin and
then embedded into paraffin, sectioned for 5 μm thick, and mounted on the glass microscope
slides by UCLA Division of Laboratory Animal Medicine (DLAM) diagnostic laboratory
services. The sections were stained with hematoxylin-eosin and examined by light
microscopy. The slides were read by an experienced veterinary pathologist.

Statistical analysis
All data are expressed as the mean ± SD. An unpaired Student's t test was used to assess the
difference between two groups. One-way ANOVA was performed when more than two
groups were compared with a single control. Differences between individual groups within
the set were assessed by a multiple comparison test (Tukey) when the F statistic was < 0.05.
A p< 0.05 was considered significant.
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Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. TEM of the MSNP and cell viability detection by the MTS assay
(A) TEM image shows the particle size and the ordered pore structure. (B) After addition of
appropriately dispersed MSNP exhibiting a range of surface modifications to pancreatic
cancer cell lines at doses ranging from 12.5-50 μg/ml for 16 hrs, cells were incubated with
the MTS reagent for 30 min and the absorbance was measured at 490 nm. All the MTS
values were normalized according to the value of the control (no particle exposure) – this
was regarded as 100% cell viability. The IC50 values of MSNP-PEI-25 KD in PANC-1 and
BxPC3 cells were 37 μg/ml and 46 μg/ml, respectively. The results were reproduced 3
times.
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Fig. 2. Cellular uptake of FITC-labeled MSNP in PANC-1 cells
MSNP were labeled with FITC as described in Materials and Methods. (A) A representative
histogram showing the shift in fluorescence intensity in PANC-1 cells treated with 25 μg/ml
FITC-MSNP that contain different surface modifications (left panel). The fold-increase in
MFI after 3 hr was calculated and used to generate the graph. RITC-labeled MSNP-Phos
served as a control particle to show that coating with PEI leads to enhanced uptake in the
same particle type in the same cell (right panel). (B) Confocal microscopy was used to study
the cellular uptake of FITC-MSNP in PANC-1 cells. Cells were exposed to 25 μg/ml FITC-
labeled particles for 3 hr. After cell membrane staining with 5 μg/ml red fluorescent wheat
germ agglutinin (WGA), cells were visualized using a Confocal 1P/FCS Inverted
microscope. Data are representative of 3 separate experiments. *p<0.01 compared with
control.
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Fig. 3. Cellular uptake of FITC-labeled MSNP in BxPC3 cells
BxPC3 cells were exposed to FITC-labeled MSNP and flow cytometry and confocal
microscopy were conducted as in Fig. 2. Panels (A) and (B) represent similar observations.
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Fig. 4. Cell viability detection by the MTS assay
After incubation with particles coated with polymers of MW 0.6-25 KD at doses of 6-100
μg/ml for 16 hrs, PANC-1, BxPC3, and HEPA-1 cells were incubated with the MTS reagent
for 30 min and the absorbance was measured at 490 nm. All the MTS values were
normalized as described in Fig. 1. The experiment was reproduced 3 times.
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Fig. 5. Gel retardation and DNase I protection assays
Agarose gel electrophoresis of PEI-MSNP/plasmid DNA (pEGFP) (A) and PEI-MSNP/
siRNA (B) complexes at various nanoparticle to nucleic acid (N/P) ratios. Anionic
phosphonate-coated MSNP was used as a control. M=MW marker. (C) DNase I protection
assay. M: DNA marker. Φ: naked plasmid DNA (pEGFP), as negative control. Lane 1,
pDNA/PEI-1.2 KD complex. Lane 2, pDNA/PEI 25 KD complex. Lane 3, naked pDNA
treated with DNase I, positive control. Lane 4, pDNA/PEI 1.2 KD complex treated with
DNase I before pDNA was released by 1% SDS. Lane 5, pDNA/PEI 25 KD complex treated
with DNase I before pDNA was released by 1% SDS. Lane 6, pDNA/PEI 1.2 KD complex
treated with 1% SDS. Lane 7, pDNA/PEI 25 KD complex treated with 1% SDS.

Xia et al. Page 20

ACS Nano. Author manuscript; available in PMC 2014 January 23.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 6. GFP knockdown by siRNA in stable transfected GFP-HEPA cells
HEPA-1 cells with stable GFP expression were used for siRNA knockdown assays. MSNP
coated with different size PEI polymers were used to transfect GFP-specific or scrambled
siRNA and the results compared with Lipofectamine 2000 as transfection agent. (A) GFP
knockdown was assessed by flow cytometry in which GFP MFI was normalized to the value
of control untransduced cells (100%). (B) Confocal pictures were taken showing GFP
knockdown in GFP-HEPA cells. TEX 615-labeled siRNA was used to show the cellular
localization of the nucleic acid bound particles (red dots). X, scrambled siRNA. The
experiment was reproduced 3 times.
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Fig. 7. GFP plasmid DNA transfection into HEPA-1 cells
HEPA-1 cells were used for GFP plasmid DNA transfection. MSNP coated with different
size PEI polymers were used to transfect GFP plasmid DNA and the results were compared
with Lipofectamine 2000 as transfection agent. (A) A representative histogram showing the
shift in green fluorescence intensity in HEPA-1 cells after transfection with Lipofectamine
2000 or MSNP-PEI-10 KD. (B) Confocal pictures showing GFP expression in transfected
HEPA-1 cells. This demonstrates differences in the transfection efficiency as judged by
fluorescent intensity and proportion of cells in the population showing GFP expression. The
experiment was reproduced 3 times.
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Fig. 8. Drug delivery to PANC-1 and BxPC3 cells using PEI-MSNP
A MTS assay was conducted for the paclitaxel-loaded MSNP delivered to these cells at
doses of 3-50 μ g/ml over a 48 hrs period in (A) PANC-1 and (B) BxPC3 cells. The controls
were cells treated with particles only and cells treated with paclitaxel suspended in culture
medium with and without the addition of DMSO carrier. The experiment was reproduced 2
times.
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Table 1

Size distribution of MSNPs in aqueous solutions.

Size (nm)  Zeta Potential (mV)

H2O DMEM
10% serum

BEGM BEGM
2mg/ml BSA

H2O/DMEM+serum/BEGM+BSA

MSNP-OH 1966 408 1096 416 −10.5/−6.8/−7.2

MSNP-Phosphate 1975 306 867 439 −8.9/−6.5/−5.8

MSNP-PEG 2675 405 1215 542 −10.4/−5.9/−4.5

MSNP-PEI 0.6 KD 1689 415 1243 474 +29.5/−7.8/−6.5

MSNP-PEI 1.2 KD 1684 452 1298 502 +38.7/−6.5/−7.1

MSNP-PEI 1.8 KD 1053 510 1087 550 +36.9/−5.4/−3.2

MSNP-PEI 10 KD 614 702 917 684 +34.1/−7.5/−6.9

MSNP-PEI 25 KD 1473 1043 1544 825 +30.8/−5.9/−4.0

Particle size and zeta potential in solution were measured by a ZetaSizer Nano (Malvern). DMEM = Complete Dulbecco’s Modified Eagle Media,
which contains 10% fetal calf serum (FCS). BEGM = Bronchial Epithelial Growth Medium, which includes growth factors, cytokines, and
supplements (no serum).
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Table 2

Serum biochemistry (Avg ± SD, n = 6)

Control (Saline) MSNP-Phos MSNP-PEI 25 KD

CHOL (mg/dL) 162.5±8.5 153.8±15.4 144.4±6.8

CK (U/L) 3000.3±2285.3 2690.5±1129.3 3280.9±1512.7

ALT (U/L) 59.5±6.4 55.7±8.4 46.1±22.6

AST (U/L) 184.2±70.2 182.2±21.1 217.2±65.6

ALP (U/L) 105.2±8.6 102.1±17.5 88.6±48.9

TBILI (mg/dL) 0.7±0.1 0.9±0.3 0.6±0.1

TPROT (mg/dL) 6.2±0.2 6.0±0.4 5.9±0.3

GLU (mg/dL) 140.8±16.5 141.2±29.2 140.8±34.6

PHOS (mg/dL) 8.4±0.7 7.4±1.0 8.3±0.6

CA (mg/dL) 8.9±1.7 9.2±0.4 9.4±0.2

CO2_LC (mEq/L) 10.1±2.2 13.3±3.8 11.3±1.1

BUN (mg/dL) 20.8±2.1 22.3±9.3 22.6±2.6

CREAT (mg/dL) 0.3±0.0 0.3±0.1 0.3±0.0

D-BILI (mg/dL) 0.9±0.2 1.0±0.5 0.7±0.2

ALB (g/dL) 3.3±0.1 3.2±0.2 3.2±0.2

AGR (N/A) 1.2±0.1 1.2±0.1 1.1±0.1

B-CREA (mg/dl) 75.3±16.2 79.2±30.0 82.0±12.4

AMYL (U/L) 1252.2±215.1 1266.0±189.5 1139.4±122.0

LDH (U/L) 681.5±152.8 638.8±133.3 611.0±141.6

MG (mg/dL) 2.0±0.5 2.2±0.2 2.3±0.2

TRIG (mg/dL) 201.2±43.8 178.2±65.3 156.0±28.5

Biochemical parameters includes Cholesterol (CHOL), Creatine Kinase (CK), alanine aminotransferase (ALT), aspartate aminotransferase (AST),
Alkaline phosphatase (ALP), total bilirubin (TBILI), total protein (TPROT), Glucose (GLU), Inorganic phosphorus (PHOS), Calcium (CA),
Carbon Dioxide (CO2_LC), Blood Urea Nitrogen (BUN), Creatinine (CREAT), Direct bilirubin (DBILI), Albumin (ALB), Albumin-globulin ratio
(AGR), Blood Creatinine (B-CREA), Amylase (AMYL), Lactate dehydrogenase (LDH), Magnesium (MG), Triglycerides (TRIG). There is no
statistical significance between each group as analyzed by One-way ANOVA.
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