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ABSTRACT
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Effect of drug-eluting nanoparticles (prednisolone) on injured pulp,
in vivo.
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Treatment of irreversible pulpitis is focused on removing the affected tooth structure
including the pulp. Pharmacologic treatments may only help control symptoms of
pulpitis.
This study evaluated the effect of prednisolone-eluting nanoparticles on inflamed pulp in
rat teeth.

48 adult rat molar teeth received cavity preparations. After 2 weeks of exposure, only one
half of the group received prednisolone. Pulp tissues were harvested at 2, 4, and 24 weeks
for PCR to obtain levels of TNF-α, IL-1β, PDGF-α, and TGF. The results were
compared at the three time points with 2-way ANOVA and Tukey’s HSD test. A p ≤ 0.05
was considered significant.

Prednisolone-eluting nanoparticles significantly reduced the level of TGF (F = 4.435, p ≤
.041) but did not significantly affect the levels of TNF-α, IL-1β, and PDGF-α.
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INTRODUCTION
Dental caries is a costly global health problem that affects billions of individuals
worldwide. It is considered the most prevalent chronic disease on the planet (Selwitz et
al., 2007). In its early stages, dental caries is characterized by localized demineralization
in the outer tooth layer (enamel), caused by products of bacterial metabolism (e.g. lactic
acid, ammonia, urea, and indole), and subsequently, the demineralization spreads over
time and affects deeper structural layers of the tooth (dentin) and results in cavity
formation (Takahashi and Nyvad, 2011). Furthermore, bacterial antigens (e.g.
lipopolysaccharide and lipoteichoic acid) diffuse through dentin and elicit immune
responses that result in pulpal inflammation (Nissan et al., 1995; Bergenholtz, 2000;
Bergenholtz and Lindhe, 1975; Bergenholtz and Warfvinge, 1982; Warfvinge an
Bergenholtz, 1986).
In general, inflammation can be viewed as both beneficial and harmful to the host. On
one hand, it is a natural response that involves the activation of the innate immune system
and the release of inflammatory products. On the other hand, a prolonged inflammation
can lead to an unwanted destruction of cells and tissues. When an adequate reparative
process does not follow the inflammation of the tooth pulp and tooth supporting
structures, it can lead to severe, irreversible damages (Safavi et al., 2007). The balance
between the protective and destructive outcomes lies on various events coordinated by
different molecules known as cytokines and growth factors. While the exact details of
these events are not fully understood, there are some key cytokines and growth factors
known to play an essential role in the inflammatory and wound healing processes.
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Cytokines and growth factors
One of the key inflammatory cytokines is tumor necrosis factor-α (TNF-α). It has
multiple functions, including induction of cytokine production, activation and expression
of adhesion molecules, and stimulation of cell proliferation (ElSalhy et al., 2012).
Overall, TNF-α is responsible for coordinating the early host response to injury, thus
bringing the initial stage to the inflammatory process (Hehlgans and Pfeffer, 2005). Due
to this reason, TNF-α is often referred to as a pro-inflammatory cytokine (Li et al., 2015).
Interleukin-1β (IL-1β) is another pro-inflammatory cytokine that helps mediate the
inflammatory process. In response to inflammatory and infectious stimuli, IL-1β
functions to modulate cell migration and release of other chemical mediators during
innate immune response to tissue damage (Lima et al., 2014). In fact, both TNF-α and
IL-1β are released in the early stage of inflammatory process at the site of injury once
macrophages and monocyte are activated and help synthesize other cytokines and
inducers of acute inflammation (Lima et al., 2014).
While TNF-α and IL-1β are essential pro-inflammatory cytokines involved in
inflammation, platelet-derived growth factor (PDGF-α) and transforming growth factor
(TGF) are two of the most important growth factors involved in the late stages of wound
healing process (Liebert, 2009). The function of PDGF-α is to stimulate cell proliferation
and extracellular matrix production of fibroblasts, aids in repairing damaged vascular
walls, and activate macrophages at the wound site (Liebert, 2009). Similarly, TGF is
associated with producing various cell types including periodontal ligament fibroblasts as
well as extracellular matrix production in the injured dental pulp as part of a reparative
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process (Liebert, 2009; D'Souza et al., 1998; Melin et al., 2000). Due to the fact that
these growth factors are mainly associated with wound healing, they are considered antiinflammatory in contrast to the pro-inflammatory TNF-α and IL-1β (Safavi et al., 2007).
Given their unique roles in the early and late stages of the inflammatory process, TNF-α,
IL-1β, PDGF-α, and TGF were used as acute and chronic markers of inflammation in
this study.
Endodontics: limitations of the current methods and technology
Focusing on the biology of the normal pulp as well as diseases and injuries of the pulp,
the goal of endodontics is to prevent and eliminate pulpal inflammation (pulpitis) and any
associated periapical condition (Gomes-Filho et al., 2010; Albuquerque et al., 2014).
Pulpitis is considered to be an outcome of the host defense mechanism, which limits or
prevents the progression of pulpal injury or damage, often caused by dental caries that
allow bacteria to invade the pulpal tissue (Mjor et al., 2001). This invasion can trigger a
complex process that involves various elements, such as the cytokines and growth factors
mentioned above, that not only help destroy the invading bacteria but also damage the
pulpal tissue because the process does not discriminate between enemy and host. (Zero et
al., 2011). As a result of this non-discriminatory destruction of cells, clinical symptoms
(e.g. pain and swelling) develop. In untreated pulpitis situations, the inflammation can
extend to the periapical area, causing bone loss (Zero et al., 2011).
Two methods are combined and most commonly used today to treat pulpitis: mechanical
instrumentation and chemical irrigation. According to the Swedish Council on Health
Technology Assessment (2012), nickel-titanium rotary instruments, especially those with
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an improved design on their cutting surfaces, have made mechanical pulpal debridement
more effective when compared to stainless-steel files. Coupled with available irrigation
solutions,

such

as

sodium

hypochlorite

(NaOCl),

chlorhexidine,

and

ethylenediamintetraacetic acid (EDTA), a clinician can remove microorganisms and
diseased pulpal tissue (Hojati et al., 2013). While this strategy may provide a successful
pulpal therapy, it can be limited, aggressive, and even outdated. It is focused on excising
the affected hard tissues (cavity preparation) and either the placement of a restoration if
the patient is suffering from reversible pulpitis or the radical amputation of the tooth pulp
if the patient is suffering from irreversible pulpitis (Rosenberg et al., 2009). At the same
time, the complexity of the tooth anatomy is not fully addressed.
Tooth anatomy: dentinal tubules
Dentinal tubules are microscopic channels that extend outwards, through dentin, from the
pulp to the enamel border. In humans, they are 0.3 – 2 µm in diameter and usually taper.
The dentinal tubules may exhibit branching as they approach the pulp (Figure 1).
Dentinal tubules are abundant in dentin: their density ranges from 10 – 30 tubules per 100
µm2 of dentin and increases with more branching as they approach the pulp (Mjor et al.,
2001).
Dentinal tubules serve as an important route for the delivery of nutrients to the dentin
from the pulp and contain various cellular and molecular components: dentinal fluids, unmineralized collagen, cellular processes of odontoblasts (cells that line the roof of the
pulp chamber and deposit dentin), sensory nerve terminals, and immunoglobulins and
complement proteins that assist with the defense against microorganisms (Mjor et al.,
2001). It is thought that mechanical and thermal stimuli activate sensory processes in
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dentinal tubules by changing the pressure and the movement of the fluid in these tubules
(Magloire et al., 2010). It is also through these tubules that the products of bacterial
fermentation and bacterial antigens attack the pulp and cause pulpitis (Love and
Jenkinson, 2002).
Often, mechanical instrumentation and chemical irrigation do not complete remove the
offending bacterial products from dentinal tubules, allowing pathogenic bacteria to
persist in the pulpal system (Chowdhury et al., 2013; Moghadas et al., 2012). For
instance, a study by Waltimo et al. reported persistence of pulpal infection in 20-33% of
pulpal treatments. In addition, it has been reported that sealers lose their antibacterial
properties within a week rendering the obturated pulp vulnerable to subsequent bacterial
invasion (Chowdhury et al., 2013). Therefore, an approach more conservative and less
invasive than the current endodontic therapy would require utilizing the microscale
anatomy of dentinal tubules.
Nanoparticle technology: potential alternatives to current endodontic therapy
It is fitting that such intricate and minute dentinal tubules are approached with agents that
are also small in scale. In fact, biocompatible small particles or nanoparticles have been
developed and are used routinely in dentistry today as an integral component in direct
restorations, porcelains, cements, and mineralized bone scaffolds.
As drug carriers, the use of nanoparticles has led to unique advantages over traditional
drug carriers of larger size. The common shortcomings of traditional drug delivery
include degradation of the medicinal compounds before reaching their target as well as
difficulty gaining access to this site. Such a small size (1-100 nm) of nanoparticles
translates into a surface area-to-volume ratio much greater than larger drug carriers
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(Mody et al, 2010). As a result, this ratio enables nanoparticles to:
•

allow various surface engineering methods that can increase the stability and
versatility of medications delivered while reaching the target tissues with accuracy;

•

dissolve at various rates that can be moderated, resulting in enhanced control of drug
release; and

•

possess more functional surfaces onto which various molecules can attach, enhancing
the effectiveness of the delivery of the drugs to the target cells as well as making
these nanoparticles multifunctional (i.e. simultaneous delivery of medications and
materials, such as biosensors, Bhardwaj et al., 2014).

Applying this nanoparticle concept, nanoscale therapeutic agents have been developed
and examined for their potential therapeutic effect. One of them is nanoscaled endodontic
irrigation solution as an alternative to NaOCl, which can be caustic and dangerous if
applied improperly (Moghadas et al., 2012). Therefore, an irrigation solution with a
biocompatible ingredient that can also travel through the minute passages of dentinal
tubule could be more valuable that currently available solution. One example is an
irrigant that contains nanoparticles carrying silver ions, which have shown antimicrobial
properties equivalent to that of NaOCl (Moghadas et al., 2012). The silver ions have
bactericidal effect by disrupting bacteria’s membrane, cytoplasmic DNA, and proteins
(Moghadas et al., 2012). Combined with ethanol that also disinfects and reduces surface
tension, the nanosilver irrigant may be able to help rid of harmful bacteria and bacterial
agents in the dentinal tubules and pulp (Moghadas et al., 2012). However, silver ions are
also known to cause damages to human cells in long-term, and the properties and longterm effect of this irrigant still need to be studied in depth (Moghadas et al., 2012).
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There have been other attempts to overcome the limitations of current endodontic
therapy. Both passive diffusion and iontophoresis has been studied and tried as a potential
pulpal treatment. They involve charged minerals including potassium and fluoride that
are small enough to pass through dentinal tubules, but unfortunately, they have showed
little therapeutic effect. (Ikeda and Suda, 2013; Li et al., 2013). Shrestha et al. conducted
experiments on delivering chitosan antibacterial nanoparticles using high-intensity
focused ultrasound (HIFU). HIFU was effective in propelling the nanoparticles into
dentinal tubules. However, the study was limited to an in vitro analysis and the effect of
these nanoparticles on inflamed pulpal tissues in vivo was not determined.
While the use of nanoparticles to explore dentinal tubules is feasible and sensible, an
active, guided method for delivery of drug-eluting nanoparticles through dentinal tubules
to the pulp needs to be developed and tested in vivo for therapeutic effects of medication
on the pulp.
Innovation: preliminary results of nanoparticle delivery in vitro
The nanoparticles in this study consist of biodegradable iron cores coated by starch or
chitosan, to which therapeutic agents, such as prednisolone, can be ionically bound with a
strength that can be adjusted depending on the chemistry used. These particles have been
tested and determined to be biocompatible and non-toxic in cell cultures, preclinical
models, and human clinical trials in quantities much greater than the amounts this study
proposes to use (Hellstern et al., 2006; Jain et al., 2008; Lubbe et al., 1996; Lubbe et al.,
2001). In particular, these particles have been used with great success to treat inner and
middle ear diseases (Nacev et al., 2012; Sarwar et al., 2013; Shen et al., 2013). If
delivered properly into the pulp, nanoparticles with an agent known to be effective
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against pulpal inflammation could produce a similar success and even provide a novel
therapeutic method in endodontics.
A novel solution to treat pulpitis is to combine two key ideas: (1) to exploit dentinal
tubules; (2) to use magnetic forces, which can be arranged to act in one direction and
actively transport substantially more drug-eluting nanoparticles to the pulp via dentinal
tubules than passive processes, such as diffusion and iontophoresis (Sarwar et al., 2012).
Preliminary in vitro experiments
were

performed

to

test

if

nanoparticles could be guided to
the tooth pulp chamber through
dentinal tubules using magnetic
forces (Masri and Depireux, patent

Fi g ur e 1 Ex p e r im e nt al d e sig n a n d d el iv e r y o f na n o pa r ti cl e s
to t he pu lp . (A) An ex a m p le o f a m o la r t o ot h wi th i n ta c t cr o wn
a n d ro o t. (B ) B ir ds e y e v ie w o f t he to o th s ho wi n g th e o c c lu sa l
su rfa c e . (C ) C a vi ty p re p a ra t io n e x p osi n g th e d e n ti n o f t h e to o th
wi th o ut a ff e ct in g t he in te g ri ty o f th e p u lp . (D) T he a p ic a l
(b o tt om ) v ie w o f t h e sa m e t o ot h a ft er se c ti o ni n g a t th e l ev e l o f
th e pu l p c ha m b e r (g ra y l in e i n A) to t e st if na n o p a rti c le s p a ss
fro m th e d e n ti n to t h e p u lp c h a m b e r. (E ) Na n o p a rti c le s ( 30 0 n m
h y dr od y n a m ic di a m e te r) a p pl ie d t o th e c a v it y p a ss t h ro ug h
d e n tin to t he p ul p (a m a gn e t is p osi ti on e d u n d e r t h e d ish ). (F )
A lo n gi tu d in a l se c tio n i n a t o ot h tr e at e d wi th n a n o pa rt ic l es
(3 0 0 n m ). E pi -fl uo re sc e n c e m i c ro sc o py (1 0X ) r ev e a ls th a t
Na n o pa r tic l e s (w hi te ) p en e t ra te d e e p i n to d e n tin a l tu b u le s,
p a ssin g t h ro ug h se c o n d a ry d e n tin (fo rm e d a ft e r t o ot h e ru p ti on ),
b e fo re r ea c h i ng th e p u lp .

application

number:

PCT/US2015/039559).
Extracted molar teeth (Fig. 1A) that
were cleaned with a toothbrush and
a

disinfecting

solution

(5.25%

sodium hypochlorite) were prepared to simulate dental caries and to expose the dentin
(1C). The depth of the cavity was on average 2 mm. After sectioning the teeth
horizontally at the level of the pulp chamber using a diamond disk (Fig. 1D), the teeth
were suspended in saline, in a petri dish, and placed on top of an off-the-shelf
Neodynium N52 magnet. Either starch or chitosan coated nanoparticles (50 µL) of 100,
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300 and 500 nm hydrodynamic size, were placed in the cavity. The particles composed of
a magnetic core that could be pulled to the magnet. After 30 minutes, nanoparticles were
seen in the petri dish under the teeth (Fig. 1E). Teeth were then sectioned longitudinally
and examined under an epi-fluorescence microscope, which showed that the fluorescent
nanoparticles could reach deep into dentinal tubules and the pulp chamber (Fig. 1F).
Based on these preliminary findings, nanoparticles can be guided to the pulp and can be
used to deliver medications to potentially produce a therapeutic effect on pulpal disease.
In this study, commercially available nanoparticles (Chemicell from Berlin, Germany)
were used in vivo on adult Sprague-Dawley rat teeth. Specifically, their molars were used
because: (1) they are anatomically and developmentally similar to human teeth, albeit
smaller in size (Dammaschke, 2010); (2) the diameter of dentinal tubules of rat molars is
within the range of diameters reported for dentinal tubules in humans (Forssell-Ahlberg
et al., 1975); (3) the histologically observed healing of dental pulp tissue after injury in
rats is comparable with the healing process described in humans and may simulate
healing in human pulpal tissues better than other species, such as dogs (Murray et al.,
2007); and (4) there is a wealth of data about the normal appearance of pulpal tissues,
tissues surrounding the teeth, and the immunological responses in rats that could be used
as reference (Dammaschke, 2010).
The rats received prednisolone-eluting nanoparticles on tooth pulp. Prednisolone, a
steroid, is a proven anti-inflammatory drug that can reduce prostaglandin as well
leukotriene synthesis by inhibiting phospholipase A2 (Jalalzadeh et al., 2010). A
preoperative, single oral dose of prednisolone (30 mg) has shown to help reduce
postoperative pain from endodontic procedure (Jalalzadeh et al., 2010).
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However, the therapeutic effect of prednisolone, when administered orally, appears to be
limited in its ability to reducing symptoms associated with pulpal inflammation and postoperative pulpal therapy (Jalalzadeh et al., 2010). In this study, the prednisolone was
administered into rats’ teeth, in which cavity preparations were done to induce pulpitis.
The delivery method of prednisolone utilized in this study can prove to be gentle yet
active. It could even reduce the need for endodontic treatment. It only requires a small
permanent magnet and commercially available nanoparticles. This treatment is
considerably less expensive while providing a procedure that is both less painful and less
traumatic than traditional endodontic treatment. It could allow for intervention at an
earlier stage of the disease (i.e. before ischemic necrosis occurs). Delivering medications
directly to the affected area with more efficacy could also decrease side effects compared
to systemic drug delivery. This technique would be simple and could be readily translated
to clinical use.
The aim of this study was to test the effect of prednisolone-eluting nanoparticles on the
dental pulp. A polymerase chain reaction (PCR) was used to test for changes in the levels
of TNF-α, IL-1β, PDGF-α, and TGF in the pulp over three time periods, 2, 4, and 24
weeks.
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PURPOSE
The purpose of this in vivo research study was to evaluate the effect of prednisoloneeluting nanoparticles on inflamed pulp in rat teeth. The effect was examined by
measuring the levels of TNF-α, IL-1β, PDGF-α, and TGF after the following two
treatment conditions: pulp tissues receiving nanoparticles with prednisolone via
magnetism and pulp tissues not receiving nanoparticles. In addition, different time
periods—2-, 4-, and 24-week—were examined with respect to their effect on the levels of
the mediators. Last but not least, the drug condition and time period were examined to
determine if they could provide any clinical insight.
The findings from this study should help establish an effective pulpal drug delivery
system. Moreover, it should be a basis for studies on larger animals and humans to
further develop this technology from bench to clinic.
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HYPOTHESIS
Null Hypotheses
1. There is no significant difference between the different drug conditions (+p/-p)
with respect to the level of the different inflammatory mediators (TNF-α, IL-1β,
PDGF-α, and TGF);
2. There is no significant difference in the level of inflammatory mediators among the
different time periods (2, 4, and 24 weeks);
3. There is no significant interaction between the drug conditions and time periods
with respect to the level of inflammatory mediators.
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MATERIALS AND METHODS
This experiment was performed under the Institutional Animal Care and Usage
Committee (IACUC) protocol #0214015, approved by the University of Maryland,
Baltimore. Adult Sprague-Dawley rats were used to test the effects of prednisoloneeluting nanoparticle on tooth pulp. To perform the experiment, simulated cavities that
extend into dentin (0.25 mm deep, 0.5 mm diameter) in rat mandibular molar teeth were
be prepared. A total of 56 molars were prepared in the mandible of 23 rats. 8 of those
teeth served as a negative control group. This group received no cavities or prednisoloneeluting nanoparticles but their cytokines and growth factor levels were still measured to
establish a baseline or “calibrator” (See Real time PCR analysis below).
The rest 48 teeth received cavities that were left exposed without restoration for 2 weeks.
Two weeks after cavity preparation, the teeth were randomly divided into two groups:
prednisolone-eluting nanoparticles (+p) and non-eluting nanoparticles (-p). These two
groups were further divided into three, to be examined at the three time periods, 2, 4, and
24 weeks (n = 8).
Teeth tissues were harvested to perform PCR on pulpal tissues to determine the levels of
TNF-α, IL-1β, PDGF-α, and TGF.
Animal anesthesia and preparation
Adult Sprague-Dawley rats were anesthetized using ketamine/xylazine (100/10 mg/kg,
I.P). Anesthetized rats were placed on a surgical table on a regulated heating blanket in
the supine position. A small horizontal metal bar secured to the surgical table was placed
on top of the mandibular incisors and used to stabilize the mandible. A stereotaxic incisor
holder was attached to the maxillary incisors and used to open the mouth. A dental loupe
13

(3.5x magnification) was used to visualize the teeth during preparation.
Rat teeth preparation
A high-speed dental hand-piece was used to prepare the rat mandibular molars. Irrigation
with cold, sterile isotonic saline was applied during preparation to avoid excessive heat.
Suction was applied to prevent saline and tooth debris from penetrating the animal’s
airway. A round carbide bur was used (0.5 mm in diameter). The cavity extended
approximately 0.25 mm into the dentin.
Nanoparticle delivery in rats
An off-the-shelf Neodynium N52 magnet was placed directly under the mandible of the
rat. Nanoparticles (1 µL) were applied to the cavity per tooth. After 30 minutes, the
magnet was removed and the cavity was washed using isotonic saline in the presence of
strong suction. The cavity was applied with 37% phosphoric acid. Bonding agent was
applied and light-polymerized for 20 seconds. Finally, the composite was placed and
light-polymerized for 20 seconds.
Sample collection and storage
Prior to harvesting the pulpal tissues, each rat was euthanized using sodium pentobarbital
(100 mg/kg). The jaws were sectioned to separate the control and experimental sides. The
part of the jaws containing the control and experimental molar teeth were decalcified,
embedded in paraffin, and sectioned coronally (7 µm thick).
Collected pulpal tissue specimen from each rat molar tooth was flash-frozen. The
specimen was then ground using a precooled sterile mortar and pestle and dispersed in
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one ml of lysis buffer. The mixture was incubated at 4°C for one hour. The supernatant
was collected after centrifugation and stored at −80°C prior to being sent to an external
laboratory for PCR.
PCR: RNA Extraction and cDNA Synthesis
Total RNA was extracted using the Qiagen RNeasy Mini Kit (Qiagen Sciences,
Germantown, MD; Cat. no. 74104) according to the manufacturer’s instructions with
optional DNase treatment. Subsequently, 1µg total RNA was used as template to
synthesize cDNA with the High Capacity cDNA Reverse Transcription Kit (Applied
Biosystems, Foster City, CA; Cat. no. 4368814) with a reaction volume of 50µL.

PCR: Primer Design
Primers for all SYBR assays were designed using Primer 3 (Ye, et al. Also see
http://www.ncbi.nlm.nih.gov/tools/primer-blast/index.cgi). Sequences for all primers are
listed in Table 1. Melting curve analysis was performed to insure single-product
amplification for all primer pairs. TaqMan® assays were obtained from Applied
Biosystems.
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Table 1 Sequences of all primers used.
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70
Yes
NM_012675.2

Sequence (5’ ! 3')
GCAGCTTTCGACAGTGAGGA
ATCCCACGAGTCACAGAGGA
291

Product length

Exon junction

Template

Rattus norvegicus IL-1β

Forward primer
Reverse primer

Product length

78

Product length

CTCACTTTTTCCTCCGGGCT
TGTGAGGAGACAGCTGAGGA
114

Forward primer
Reverse primer

Product length

Template

NM_012802.1

9559 (between pos. 1715384 and 1705824 on NW_007905979.1)

Sequence (5' ! 3')

Rattus norvegicus PDGF-α

Total intron size

NM_053836.1

Template

221/222 (forward primer) on template NM_053836.1

CCAAGCAGGCCACAGAATTG
TCAAATCCAACACACGCTGC

Forward primer
Reverse primer

Exon junction

Sequence (5' ! 3')

NM_031512

Rattus norvegicus IL-2

Template

103/104 (forward primer) on template NM_031512.2

ACTCCGGGCTCAGAATTTCCAAC
TCCAGGCCACTACTTCAGCATC

Forward primer
Reverse primer

Exon junction

Sequence (5’ ! 3')

Rattus norvegicus TNF-α

Table 1. Sequences for all primers used.

Template
strand
Plus
Minus

Plus
Minus

Template
strand

Plus
Minus

Template
strand

Plus
Minus

Template
strand

20
20

Length

20
20

Length

20
20

Length

23
22

Length

65
178

Start

214
291

Start

90
380

Start

Start

84
159

Stop

233
272

Stop

109
361

Stop

Stop

59.96
59.89

Tm

59.75
59.69

Tm

60.32
59.96

Tm

63.3
62.4

Tm

55
55

GC%

55
50

GC%

55
55

GC%

52.2
54.5

GC%

3
1

2
3

Self
Self 3'
complementarity complementarity
4
0
6
0

4
3

Self
Self 3'
complementarity complementarity

6
3

Self
Self 3'
complementarity complementarity

Real-Time PCR Analysis
Real-time PCR was performed on the ABI 7900HT Fast Real-Time PCR System
(Applied Biosystems) using assays specific for each gene of interest. For SYBR assays,
each reaction well contained 5µL of Power SYBR Green PCR Master Mix (Applied
Biosystems, Cat#4367659), cDNA equivalent to 20ng of total RNA and 400nM each of
forward and reverse amplification primers in a reaction volume of 10µL. For TaqMan®
assays, each reaction well contained 5µL of Gene Expression Master Mix (Applied
Biosystems, Cat#4370074), cDNA equivalent to 20ng of total RNA and 0.5µL of 20X
concentrated TaqMan® assay in a reaction volume of 10µL. Cycling conditions were as
follows: 95°C for 10 minutes for polymerase activation, followed by 40 cycles of 95°C
for 15 seconds and 60°C for 1 minute. Data analysis was performed using Sequence
Detection System software from Applied Biosystems, version 2.4. The experimental Ct
(cycle threshold) was calibrated against the endogenous control product GAPDH.
Samples were analyzed for relative gene expression by the DDCt method (Pfaffl, 2001).
To account for variability of samples, a duplicate of each sample was obtained and a
mean value of each duplicate was used in the DDCt method. The negative control group
that did not receive any treatment in the study acted as the “calibrator” to which the
samples were compared. The relative quantitation (RQ) value of the calibrator group was
set to 1 since it did not vary.
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POWER ANALYSIS
A study by Isett in 2003 showed that with an n of 2 in each group, a one-tailed test, 4
different groups, and an effect size of 1,238, the power was equal to 1.00 (100%). Given
the extremely large standard deviations in both groups (±1236), an n of 8 was used in
each group instead.
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STATISTICAL ANALYSIS
One examiner (SC), blinded to the experimental group of the preparations, evaluated all
the specimens. The laboratory technician (YJ), other than the examiner (SC), labeled the
specimens without any indication of experimental group. PCR results indicating the
levels of the TNF-α, IL-1β, PDGF-α, and TGF were compared. The following variables
were determined.
Independent Variable-1 = drug conditions: prednisolone-eluting nanoparticles (+p) and
non-eluting nanoparticles (-p);
Independent Variable-2 = time: 2, 4, and 24 weeks;
Dependent Variable = level of inflammatory mediators: TNF-α, IL-1β, PDGF-α, and
TGF.
A 2-way Analysis of Variance (ANOVA) was used with Tukey’s Honestly Significant
Difference (HSD) test. A p ≤ .05 were considered significant.
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RESULTS
In this in-vivo study, the effect of prednisolone-eluting nanoparticles on inflamed pulp in
rat teeth was examined. Once the nanoparticles were delivered with prednisolone using
magnetic forces into the pulp, the rat teeth were examined at 2-, 4-, and 24-week
intervals. At these times, PCR was performed on pulpal tissue specimens to determine the
level of TNF-α, IL-1β, PDGF-α, and TGF.
Magnetic forces were utilized as part of the drug delivery system. The application of
magnetic force on medication-loaded nanoparticles is a novel concept and hypothesized
to be an effective way to deliver medication into the pulp. Therefore, it was expected that
the level of each mediator would decrease with the delivered medication (prednisolone).
This outcome may be translated as therapeutic in terms of reducing inflammation.
There were three results to report for each mediator based on the 2-way ANOVA
computations: (1) drug condition; (2) level of mediator by time; and (3) interaction
between drug condition and time.
TNF-α
There was no significant difference between the group without prednisolone and that with
prednisolone (F = 1.904, p ≤ .18). The level of TNF-α was at its lowest at 2 weeks,
followed by 4 and 24 weeks. There was no significant difference in the level among the
different time periods (F = .051, p ≤ .95). There was no significant interaction between
the drug conditions and different time periods (F = .815, p = .45). See Table 2 and
Figures 2-4.
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Table 2. Two-way ANOVA results for comparison of the two different drug
Table 2 Two-way ANOVA results for comparison of the two different
conditions (prednisolone and no prednisolone) and the three different times (2, 4,
drug conditions (prednisolone and no prednisolone) and the three
and 24 weeks) with respect to the level of TNF-α.
different times (2, 4, and 24 weeks) with respect to the level of TNF-a.
Drug conditions

N

Mean ± SD
(ratio)

F

p

Observed
power (%)

No prednisolone (-p)

24

.9905 ± .07

1.904

≤ .18*

27

Prednisolone (+p)

24

1.021 ± .07

2

16

1.001 ± .09

.051

≤ .95*

5.7

4

16

1.007 ± .07

24

16

1.009 ± .07

Drug condition x time

48

.815

≤ .45*

18

Time (weeks)

*Non-significant
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Ratio of TNF-α

0.8

0.6

0.4

0.2

0
No prednisolone (-p)

Prednisolone (+p)
Medication groups

Fig. 2 The
level of
TNF-α
the two groups:
no prednisolone
and prednisolone
Figure
2 The
level
of detected
TNF-αindetected
in the
groups, no(-p)
prednisolone
(-p)
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=
1.904,
p
≤
.18).
and prednisolone (+p). They were not significantly different (F = 1.904, p ≤
.18).
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0.8

0.6

0.4

0.2

0
2

4
Time periods (weeks)

24

Fig. 3 3
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levellevel
of TNF-α
detected detected
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Figure
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of TNF-α
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not
show
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≤
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significantly different (F = .051, p ≤ .95).

23

2
1.8
(+p)

1.6

(-p)

Ratio of TNF-α

1.4
1.2
1
0.8
0.6
0.4
0.2
0
2

4
24
Time periods (weeks)
Fig. 4 The level of TNF-α detected in the two groups (-p and +p) at the different time periods
(F = .815,
p = .45,
non-significant).
Figure
4 The
level
of TNF-α detected in the groups at the three time

periods (F = .815, p ≤ .45, non-significant).
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IL-1β
There was no significant difference between the group without prednisolone and that with
prednisolone (F = 3.873, p ≤ .06). The level of IL-1β was lowest at 2 weeks, followed by
24 and 4 weeks. There was a significant difference in the level among the different time
periods (F = 8.189, p ≤ .001). Specifically, the level at 4 weeks was significantly different
from 2 and 24 weeks (p = .003). 2 and 24 weeks did not show any significant difference
(p = .999). There was no significant interaction between the drug conditions and different
time periods (F = 2.544, p ≤ .09). See Table 3 and Figures 5-7.
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Table
3. Two-way
ANOVAresults
resultsfor
for comparison
comparison of
Table
3 Two-way
ANOVA
of the
thetwo
twodifferent
differentdrug
drug
conditions
(prednisolone
and
no
prednisolone)
and
the
three
different
times
(2,(2,
4, 4,
conditions (prednisolone and no prednisolone) and the three different
times
and
weeks)
withrespect
respecttotothe
thelevel
levelof
ofIL-1β.
IL-1β.
and
2424
weeks)
with
Drug conditions

N

Mean ± SD
(ratio)

F

p

Observed
power (%)

No prednisolone (-p)

24

38.11 ± 36

3.873

≤ .06*

49

Prednisolone (+p)

24

22.53 ± 22

2

16

19.04 ± 23a

8.189

≤ .001**

95

4

16

51.01 ± 37b

24

16

19.40 ± 19a

Drug condition x time

48

2.544

≤ .09*

48

Time (weeks)

*Non-significant
**Significant
a,bGroups with different letters are significantly different
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PDGF-α
There was no significant difference between the group without prednisolone and that with
prednisolone (F = 2.616, p ≤ .11). The level of PDGF-α was lowest at 24 weeks,
followed by 4 and 2 weeks. There was a significant different in the level among the three
time periods (F = 3.737, p ≤ .032). Specifically, the level at 2 weeks was significantly
different from 24 but not 4 weeks (p = .041 and p = .94, respectively). The levels at 4 and
24 weeks were not significantly different (p = .086). There was no significant interaction
between the drug conditions and different time periods (F = .925, p ≤ .40). See Table 4
and Figures 8-10.
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Table 4. Two-way ANOVA results for comparison of the two different drug
Table 4 Two-way ANOVA results for comparison of the two different drug
conditions (prednisolone and no prednisolone) and the three different times (2, 4,
conditions (prednisolone and no prednisolone) and the three different times (2, 4,
and 24 weeks) with respect to the level of PDGF-α.
and 24 weeks) with respect to the level of PDGF-α.
Drug conditions

N

Mean ± SD
(ratio)

F

p

Observed
power (%)

No prednisolone (-p)

24

6.376 ± 4.4

2.616

≤ .11*

35

Prednisolone (+p)

24

4.439 ± 4.4

2

16

6.802 ± 5.8a

3.737

≤ .03**

65

4

16

6.311 ± 3.9a

24

16

3.110 ± 2.0b

Drug condition x time

48

.925

≤ .40*

20

Time (weeks)

*Non-significant
**Significant
a,bGroups with different letters are significantly different
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Fig. 8 The level of PDGF-α detected in two groups: no prednisolone (-p) and prednisolone

Figure
8 The
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showed
difference
(F = 2.616,
≤ .11).
p) and prednisolone (+p). They were not significantly different (F = 2.616,
p ≤ .11).
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33

14

(+p)
(-p)

Ratio of PDGF-α

12
10
8
6
4
2
0
2

4
Time periods (weeks)

Fig. 10 The level of PDGF-α detected in the two groups (-p and +p) at the
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TGF
There was a significant difference between the group without prednisolone and that with
prednisolone (F = 4.435, p ≤ .041). The level of TGF was lowest at 24 weeks, followed
by 2 and 4 weeks. There was a significant difference in the level among the three time
periods (F = 7.036, p ≤ .002). Specifically, the level at 4 weeks was significantly different
from 2 and 24 weeks (p = .05 and p = .002, respectively). The levels at 2 and 24 weeks
were not significantly different (p = .427). There was no significant interaction between
the drug conditions and different time periods (F = 3.016, p ≤ .06). See Table 5 and
Figures 11-13.
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Table
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and 24 weeks) with respect to the level of TGF.
Drug conditions

N

Mean ± SD
(ratio)

F

p

Observed
power (%)

No prednisolone (-p)

24

4.435 ± 3.2

4.435

≤ .04**

54

Prednisolone (+p)

24

2.942 ± 2.5

2

16

3.348 ± 2.9a

3.737

≤ .002**

91

4

16

5.460 ± 3.4a

24

16

2.257 ± 1.2b

Drug condition x time

48

3.106

≤ .06*

55

Time (weeks)

*Non-significant
**Significant
a,bGroups with different letters are significantly different
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(p = .05 and p = .002, respectively). The levels at 2 and 24 weeks were not
significantly different (p = .427).
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Fig. 13 The level of TGF detected in the two groups (-p and +p) at the different time periods
(F = 3.016, p ≤ .06, non-significant).

Figure 13 The level of TGF detected in the groups at the three time
periods (F = 3.016, p ≤ .06, non-significant).
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DISCUSSION
The following null hypotheses were tested in this study;
1. There is no significant difference between the different drug conditions (+p/-p)
with respect to the level of the different inflammatory mediators (TNF-α, IL-1β,
PDGF-α, and TGF);
2. There is no significant difference in the level of inflammatory mediators among the
different time periods (2, 4, and 24 weeks);
3. There is no significant interaction between the drug conditions and time periods
with respect to the level of inflammatory mediators.

Though there was no significant difference between the two drug groups (+p/-p) for
TNF-α, IL-1β, and PDGF-α, the results in this study showed that the group with
prednisolone-eluting nanoparticles had a significantly lowered level of TGF, rejecting our
first null hypothesis.
The second null hypothesis was also rejected because IL-1β, PDGF-α, and TGF all
produced significant results when analyzed over the three time periods (2, 4, and 24
weeks).
The third null hypothesis was accepted since none of the cytokines and growth factors
showed a significant interaction between drug conditions and time.
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TNF-α
It was mentioned above that TNF-α and IL-1β are generally involved in the early stages
of inflammation as pro-inflammatory cytokines while PDGF-α and TGF, late as antiinflammatory growth factors (Hehlgans and Pfeffer, 2005; Lima et al., 2014; Liebert,
2009).
It can be also said that the two pro-inflammatory cytokines are associated with acute
pulpitis, which can be either reversible or irreversible. Often, there are telltale symptoms
in this stage. It has been shown that the level of TNF-α is higher in symptomatic
irreversible pulpitis than either asymptomatic irreversible pulpitis or normal pulps
(Pezelj-Ribaric et al., 2002). This finding is important since the symptomology can be
used in human subjects.
As for this study’s rat subjects, the symptomology does not apply, so a conjecture can be
made in terms of what stage of pulpitis each rat may be experiencing by looking at the
level of the cytokine and/or growth factor.
Unlike others tested, in this study, TNF-α was higher in the no-prednisolone group than
the prednisolone group (Table 2 and Fig. 2). The difference, however, was not significant
(p ≤ .18).
All of the TNF-α levels were close to 1 (same as the baseline or “calibrator” group, see
Table 2), and thus, the overall level of TNF-α produced from the simulated pulpitis was
not significantly different from that from the untreated group (negative control). It is
likely that the inflammatory response was not sufficient to result in any significant
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changes in TNF-α. The lack of sufficient inflammatory response may also explain why
the level of TNF-α was not significantly different between the prednisolone-eluting and
non-prednisolone groups though the former group had a slightly higher level than the
latter (See Table 2).
With the TNF-α level at its highest at 24 weeks, it may seem that the acute phase of
pulpitis for the rats was at its peak around 24 weeks. It is unlikely, however, that the
acute phase would occur so late for two reasons. One, the TNF-α level only increased by
a fraction from 2 to 24 weeks, and its change was not significant (See Table 2). Two, a
previous study with a similar experimental condition to this study showed that the acute
phase of pulpitis was at its peak before Day 5 based on its histological and cytokine level
findings (Li et al., 2015). The TNF-α level changes in this study alone could not support
presence or absence of acute pulpitis. A histological examination of the pulpal tissue
could help determine the stages of pulpitis.
One may infer from the observed power values in Table 2 that increasing the sample size
(n = 8) could bringing about significant results. However, seeing how close all values
were for the TNF-α level, an increased sample size would not likely show significant
differences. It would be also impractical as it may require many rat subjects to be tested
and sacrificed.
IL-1β
The level of of IL-1β was not significantly different between the prednisolone and noprednisolone groups (p ≤ .06, Table 3 and Fig. 5). As described in the Materials and
Methods, this study involved creating cavities in the rat molar teeth and thus inducing
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pulpal inflammation. Despite the TNF-α level suggesting lack of inflammation, the IL-1β
level approaching significance indicates that this study model is valid to a certain extent.
Specifically, since IL-1β is associated with an early or acute phase of pulpitis, the study
model can be conducive for examining such stage of pulpitis. However, due to the lack of
inflammation-related TNF-α levels shown in this study, the inflammation-inducing
model would need to be re-assessed and modified to simulate inflammation that would
produce measurable levels of critical cytokines, such as TNF-α.
As for the IL-1β levels peaking at 4 weeks and significantly different from 2 and 24
weeks (Fig. 6), there are a few different explanations. One, it is possible that indeed
Week 4 was when the acute inflammatory phase peaked, correlating to the peak level of
IL-1β. For this statement to be true, the inflammatory process from the induced pulpal
injury had to be very slow; or the induced pulpal injury did not alone bring about the
inflammation immediately but the host-bacteria interaction that followed the injury later
helped initiate the inflammatory process (i.e. progression of the caries). Whether Week 4
was the acute pulpits phase or not is debatable since IL-1β can be associated with both
acute plural injury as well as chronic disease (Li et al., 2015). At any rate, the finding that
the IL-1β level was significant different at 4 weeks from 2 and 24 weeks may suggest
there was indeed presence of inflammation as well as pro-inflammatory processes
associated with IL-1β (Li et al., 2015).
It is important to note that the major contribution to the peak came from the control
group, of which the level was approximately 70.11 at 4 weeks (vs. 31.92 in the
experimental). In fact, when the levels are examined separately, this discrepancy is
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obvious (Fig. 7). With the low p-value and high observed power value (.001 and 94.7%,
respectively), it may be more practical to increase the dose of prednisolone-eluting
nanoparticles administered (e.g. from 1 µl to 5 µl) instead of increasing the sample size to
see if there would be a significant interaction between the drug condition and time
periods.
PDGF-α
Similar to IL-1β, the level of PDGF-α was lower in the prednisone-eluting group than the
no-prednisolone group (Table 4 and Fig. 8). Like IL-1β, an increase in the sample size
could produce a significant difference between the two groups.
Unlike IL-1β, the level of PDGF-α was at its highest at 2 weeks and decreased as time
progressed (Fig. 9). This finding could mean that at 2 weeks the inflammation is in its a
chronic stage. The decreasing level of PDGF-α over time could indicate a reduced state
of chronic pulpitis.
Comparing the control and experimental groups, however, one may come to a different
interpretation (Fig. 10). The level of PDGF-α for the control group was at its highest at 4
weeks, potentially indicating a chronic stage of pulpitis at 4 weeks. The experimental
group on the other hand showed non-significant yet slight decrease at 4 weeks and then
gradually decreasing over time. It is possible that the 4-week point was a peak chronic
stage of pulpitis for the rat subjects, and prednisolone-eluting nanoparticles were helping
decrease inflammation in its chronic stage even if the decrease was not significant. With
the observed power value already at 91%, it may be sensible to increase the dose of
prednisolone administered to see if it can make a significant difference in the
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experimental group rather than increasing the sample size.
While the decreased level of PDGF-α at 4 weeks for the experimental group may indicate
reduced state of chronic inflammation, it may also indicate a reduced PDGF-α activity.
Clinically, the reduced activity may be disadvantageous since PDGF-α plays a powerful
role in wound healing by increasing the secretion of other growth factors (Safavi et al.,
2008).

TGF
TGF was the only dependent variable that showed a significantly lower level in
prednisone-eluting group than the no-prednisolone groups (2.942 ± 2.5 vs. 4.435 ± 3.2,
respectively; F = 4.435 and p ≤± .04; Table 5 and Fig. 11). Thus, it can be said that the
prednisolone-eluting nanoparticles used in this study potentially have a reducing effect on
the level of TGF. This effect, however, may not be entirely beneficial since TGF is
considered an anti-inflammatory growth factor: with TGF level reduced, continued
inflammatory responses may bring about harm to the host cells and delay the wound
healing processes (Safavi et al., 2008).
When examining the findings time periods and potential interaction between the drug
condition and time periods, TGF was very similar to IL-1β: peaking at 4 weeks and
significantly different from 2 and 24 weeks (Fig. 12). Interpreting this result, however, is
different since the increased level of TGF could indicate an increased activity of TGF,
which may be beneficial to the injured pulp. One important conclusion that could be
made from this finding is that there was indeed a presence of chronic inflammation
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and/or wound healing process (Safavi et al., 2008).
Like IL-1β, the major contribution to the peak resulted from the control group, of which
the level was approximately 7.44 at 4 weeks (vs. 3.48 in the experimental). With the low
p-value at .06 and observed power value of 55.4%, increasing the dose of prednisoloneeluting nanoparticles administered (e.g. from 1 µl to 5 µl) may be the best way to see a
significant difference instead of increasing the sample size. As mentioned above, the
inflammation-inducing model used in this study can be appropriate for examining TGFrelated inflammatory responses, specifically in the chronic stage, as well as wound
healing events.
Overall, the animal inflammation model used in this study reflected both acute and
chronic phases of pulpitis to varying degrees (more chronic than acute). With this finding
and some changes in the study materials and methods (e.g. increased sample size and/or
prednisolone administered), the study may better support that the administration of
prednisolone should be done in the early stage of pulpitis to reduce negative effects of
pro-inflammatory cytokines and allow positive effects of anti-inflammatory growth
factors to be fully utilized. Using nanoparticles to deliver prednisolone to the inflamed
pulp, the pain management process may become more effective with fewer side effects
than the traditional pharmacological method. Most importantly, controlling negative
effects from inflammatory responses using nanodentistry may lead to increased
understanding of the host immune responses as well as development of enhanced
therapeutic strategies.
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LIMITATIONS
The PCR method used in this study relied on mRNA extracted from the samples collected
in order to obtain DNA. One of the potential risks using this technique is that the RNA
template is prone to rapid degradation if not handled properly (Wong and Medrano,
2005). Even when handled properly, there may be some discrepancy between the true
quantity and actual quantity of the protein measured and analyzed in PCR (i.e. absolute
quantitation vs. relative quantitation, latter of which this study analyzed the samples).
The absence of histological analysis and evaluation is also a limitation in this study. As
indicated above, it could help understand the progression of pulpitis in the rat subjects as
there was no other reliable method to determine it.
The concentration of prednisolone delivered to each tooth was about .05 mg/µl per tooth,
which translates as 50 mg/ml. According to Jalalzadeh et al. in 2010, 30 mg of
prednisolone administered to the patient prior to the endodontic therapy was sufficient to
help decrease postoperative pain. Nonetheless, since the exact therapeutic dose of
prednisolone to reduce inflammation—whether in its acute or chronic stage—is not yet
established, a further study is necessary to determine the effective prednisolone dose
when delivered to the pulp via nanoparticles.
The nanoparticles used in this study were coated with iron and polysaccharide in their
core material. Previous studies have shown that the iron as a core could be compatible to
the host (Jain et al., 2008). While this compatibility may be useful in both research and
therapeutic applications, it is not entirely clear what effects it may have. Any therapeutic
effect it can exert on its own was not eliminated or examined in this study, and future
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studies will need to account for this effect.

48

FUTURE RESEARCH
Though the timeline of inflammatory process has been studied and is known, how the
timeline of the process changes when medication, such as prednisolone, is applied is not
yet known. More time periods are recommended in the future studies (e.g. 6, 8, 10 weeks,
etc.).
The therapeutic dosage of prednisolone when delivered to the inflamed pulpal tissues is
also not yet established. Therefore, it may be beneficial to examine the effects of various
doses of prednisolone (i.e. therapeutic effect vs. side effect).
As indicated above, histological findings along with the PCR results may be a valuable
addition to better understand the progression of the inflammation process.
Last but not least, the inflammation-inducing model used in this study needs to be
reassessed and may need to be modified in the future studies to better reflect both acute
and chronic inflammatory responses.
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CONCLUSIONS
Within the limitations of this study, prednisolone-eluting nanoparticles significantly
reduced the level of TGF but not the levels of TNF-α, IL-1-β, and PDGF-α. The study
model used may not have reflect the level of acute inflammation that would produce
significant levels of pro-inflammatory cytokines, TNF-α and IL-1-β. Overcoming the
limitations and considering the changes suggested, future studies may produce clinically
meaningful results and implications.
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