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nanodiamonds

ND attributes toward clinical implementation, this study reports
the in-human administration of a ND-embedded gutta percha, a
thermoplastic biomaterial that is used as a nonsurgical root canal
therapy (RCT) filler material to prevent reinfection and enable
lesion healing. RCT is a standard treatment used to address infected pulp tissue, composed of blood vessels and nerve tissue,
within the tooth and protect the tooth against future reinfection,
while preserving its function. Therefore, it is a procedure that is
relevant to a broad range of clinical challenges with high prevalence ranging from wound healing to regenerative medicine and
infectious diseases, among others that can be addressed using
emerging technologies such as nanomedicine. There are over
15 million RCT procedures performed each year in the United
States (33). There is a widespread need for RCT procedures
since pulp tissue infection can result from a spectrum of issues
Significance
There is a continued need to advance novel nanomedicine platforms into the clinic to address treatment challenges in oncology,
infection, and regenerative medicine, among other areas. As such,
this work demonstrates the in-human validation of nanodiamonds
through their incorporation into gutta percha [nanodiamondembedded gutta percha (NDGP)], a polymer that repairs root canal treatment sites following tissue disinfection. A randomized,
dual-arm clinical trial was implemented, and study endpoints included confirmation of lesion healing, postoperative pain reduction, and the absence of reinfection. To date, the NDGP-treated
patients successfully met the study endpoints. Therefore, these
findings support the potential expansion of nanodiamonds, and
the broader nanomedicine field, into other disease indications.
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T

he field of nanomedicine has developed several classes of
promising nanomaterials, including polymers, metallic particles, nanocarbons, and other important platforms for applications that include drug delivery and imaging, among others (1–7).
While multiple nanoparticles have been evaluated through inhuman studies, there remains a need to accelerate novel,
nanotechnology-enabled strategies that can enhance the efficacy
and safety of therapy into the clinic (8, 9). Among these strategies are detonation nanodiamonds (NDs), which integrate multiple favorable properties into a single platform. For example,
NDs possess uniquely faceted electrostatic properties that have
mediated marked enhancements in drug delivery and imaging
efficacy (10–24). NDs are highly scalable materials and byproducts of conventional mining and refining. Conventional ball
milling and acid washing as well as other methods have previously been employed to realize uniform particles that are ready
for biomedical applications (25–27). With regard to ND tolerance and biocompatibility, a large body of work has confirmed
that they are well tolerated across in vitro and preclinical models.
Of note, a recent nonhuman primate study was conducted where
standard and elevated dosages and repeated administration over
a 6-mo period revealed no apparent toxicity (28). The administration of NDs alone has also been shown to inhibit bacterial
biofilm formation at dosages comparable to those of ampicillin
(29, 30). ND-containing composite materials have also been
shown to exhibit superior mechanical properties compared with
unmodified materials (27, 31, 32). Harnessing these important
www.pnas.org/cgi/doi/10.1073/pnas.1711924114
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Detonation nanodiamonds (NDs) are promising drug delivery and
imaging agents due to their uniquely faceted surfaces with diverse
chemical groups, electrostatic properties, and biocompatibility.
Based on the potential to harness ND properties to clinically
address a broad range of disease indications, this work reports the
in-human administration of NDs through the development of NDembedded gutta percha (NDGP), a thermoplastic biomaterial that
addresses reinfection and bone loss following root canal therapy
(RCT). RCT served as the first clinical indication for NDs since the
procedure sites involved nearby circulation, localized administration, and image-guided treatment progress monitoring, which are
analogous to many clinical indications. This randomized, singleblind interventional treatment study evaluated NDGP equivalence
with unmodified GP. This progress report assessed one controlarm and three treatment-arm patients. At 3-mo and 6-mo followup appointments, no adverse events were observed, and lesion
healing was confirmed in the NDGP-treated patients. Therefore,
this study is a foundation for the continued clinical translation of
NDs and other nanomaterials for a broad spectrum of applications.
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including trauma, caries, and periodontitis. The purpose of RCT
is to remove bacteria-infected neurovascular and pulpal tissues
within a tooth, shape the canal space for the subsequent administration of a biocompatible filling material, establish a
bacteria-tight seal, and promote healing of periradicular bone
destruction to retain the natural tooth function (34, 35). Successful treatment outcomes are defined by the elimination of
pain, reduced radiolucency of the originally infected bone tissue,
a bacteria-tight seal of the canal, retention of the tooth, and
preservation of natural tooth function (36, 37). While the
treatment success rate of conventional RCT has a reported range
between 73% and 97% (38), ∼65% of the retreatment cases have
been attributed to insufficient obturation (39). Retreatment of
RCT (secondary RCT) as a treatment modality for a failed initial
RCT has resulted in a lower success rate of 78.2% (38). While
tooth extraction and implant placement are alternatives to RCT,
endodontically treated natural teeth maintain proprioception
and physiologic tooth mobility, while implants do not (40).
Furthermore, patients with systemic medical conditions, such
as uncontrolled diabetes or osteoporosis treated with i.v.
bisphosphonates, have increased risk factors for implant survival
(41, 42). Therefore, an improved obturation material may play
an important role in preventing reinfection of root canals and
enhance tooth retention.
The current standard material for RCT obturation is gutta
percha (GP), an inert thermoplastic polymer that is composed
of the GP latex, zinc oxide, a radiopacifier to allow for clinical
X-ray imaging to monitor treatment progress, and a plasticizer
(43). Conventional GP, while frequently used, has previously
been associated with microleakage, allowing oral fluids and
bacteria to access the treated root canal, and suboptimal mechanical properties with respect to handling the material, potentially resulting in buckling during obturation, among others
(44, 45). Alternatives to conventional GP include obturation
polymers that utilize dentin bonding to reduce the likelihood of
failures due to leakage. However, insufficient evidence for enhanced treatment outcome and complications in handling the
materials have led to limited clinical use (46). In addition, several
studies have compared GP devices containing antibiotics, such as
tetracycline and iodoform (47, 48). However, due to limited
evidence and the potential for rapid burst release of the drug,
these devices have also experienced limited use (48).
Challenges associated with conventional GP administration
may be overcome through the incorporation of NDs. The present
study harnessed the combined chemical, mechanical, and architectural properties of NDs to clinically validate a nanodiamond–
gutta percha composite (NDGP) as a root canal filling material
(Fig. 1A). Importantly, the NDGP demonstrated improved tensile strength and resistance to elongation compared with unmodified GP, while retaining similar handling properties to those
of unmodified GP for clinical use such as unimpaired loading
into the obturation system (Fig. 1 B and C) and extrusion (Fig.
1D). In addition, while assessing the potential therapeutic contributions of the NDs was not a primary endpoint of the study,
the root canal obturation with NDGP did not impair periapical
healing compared with unmodified GP after conventional RCT.
In addition, no reinfections were reported for the three NDGPtreated patients. As such, the findings from this small cohort
progress report support the equivalence of NDGP to unmodified
GP, as well as the potential for NDGP to enhance clinical
treatment outcomes incorporating functionalized NDs with antimicrobial agents. Furthermore, this study provides an in-human
evaluation of the clinical tolerance of detonation ND particles,
serving as an important foundation for the continued translation
of NDs toward therapeutic applications.
E9446 | www.pnas.org/cgi/doi/10.1073/pnas.1711924114

Fig. 1. NDGP clinical presentation. (A) Top–down view and side view of
NDGP in the middle third of the root canal and unmodified GP in the apical
and coronal thirds of the root canal-treated tooth. (B) Top–down view of
unmodified GP in the dispensing unit. (C) Top–down view of NDGP in the
dispensing unit. (D) Extruded unmodified GP (top) and NDGP (bottom).

Results
Thermogravimetric Analysis, Radiopacity, and Mechanical Properties
of NDGP. Thermogravimetric analysis (TGA) spectra of unmodified

GP and NDGP (5 wt% ND) are shown in Fig. 2A. Of note, the 15–
17% weight loss of NDGP and GP observed between 100 °C and
400 °C was attributed to polymer and organic moiety (e.g., stearic
acid) decomposition. At ∼500–550 °C, the NDs underwent an
oxidation reaction, leading to carbon dioxide formation. Therefore,
the weight loss observed between 500 °C and 800 °C is indirectly
attributed to the amount of ND particles embedded in the NDGP.
Furthermore, at a temperature of over 800 °C, both the unmodified GP and the NDGP had large-weight percentages of residue,
79–83% and 74–77%, respectively. The large-weight percentages of
residue suggest the presence of large quantities of ZnO and BaSO4
residues that did not undergo further decomposition.
During endodontic clinical procedures, root canal fillers need
to be visualized by the clinician to monitor the progress of root
canal obturation and ensure complete obturation by minimizing
void spaces, where bacteria can reside. Therefore, to visualize
the root canal filler, radiopacity is a critical property required of
root canal filling materials. As shown in Fig. 2B, we evaluated the
digital X-ray images of GP (top) and NDGP (bottom), which
showed that both materials had equivalent radiopacity qualities.
To characterize the effects of ND incorporation into GP, we
evaluated the mechanical strength properties such as stress–strain
curve (Fig. 2C), elastic modulus (Fig. 2D), tensile strength (Fig.
2E), 0.2% offset yield strength (Fig. 2F), and percentage of
elongation of NDGP compared with those of conventional GP
(Fig. 2G). By incorporating NDs, the mechanical properties of the
NDGP polymer composite were enhanced because of the high
surface area to volume ratio of NDs, which increased the interface
area between the polymer matrix and the reinforcement phase.
The elastic moduli of the NDGP samples were obtained from
the elastic region, the initial straight portion of stress–strain curve,
which is referred to as the stiffness of the material (Fig. 2C). As
shown in Fig. 2D, the mean value of the elastic modulus of NDGP
(120 ± 28.3 MPa) was not substantially changed compared with
unmodified GP (167 ± 23.6 MPa). This demonstrated that the
high content of hard inorganic moieties (confirmed to be over
79% from TGA), compared with the relatively small portion (14–
16%) of soft organic polymer in the original GP sample, did not
substantially alter the bulk material properties, thus mitigating the
need to change the clinical handling protocols of NDGP. The
NDGP (5 wt% ND) tensile strength (5.8 ± 0.20 MPa) was slightly
increased compared with the unmodified GP tensile strength
Lee et al.
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Fig. 2. Thermogravimetric analysis and mechanical properties comparisons between the unmodified GP product and the 5% NDGP. (A) Thermodiagram of
the GP and NDGP. (A, i) Decrease in wt% of GP and NDGP is attributed to the polymer decomposition and organic moiety. (A, ii) The amount of decomposed
ND is equal to the amount of ND incorporated into the NDGP. (A, iii and iv) BaSO4 and ZnO residues left after the thermal decompositions. (B, Left) Image of
GP (top) and NDGP (bottom) pellets. (B, Right) Digital X-ray image of GP (top) and NDGP (bottom) pellets. (C) Stress–strain curves from the measurement of
tensile strength of GP and NDGP (5 wt% ND). (D) Elastic moduli of GP (167 ± 23.6 MPa) and NDGP with 5 wt% of ND (120 ± 28.3 MPa). Elastic moduli were
calculated from the elastic region, the initial linear part of the stress–strain curves. Data are described as mean ± SD (n = 3), P value = 0.15. (E) Tensile
strengths, the highest stress point of the stress–strain curve, for GP (4.9 ± 0.38 MPa) and NDGP with 5 wt% of ND (5.8 ± 0.20 MPa). Data are described as
mean ± SD; *P value = 0.049 (n = 3). (F) The 0.2% offset yield strength of GP (2.5 ± 0.27 MPa) and NDGP with 5 wt% of ND (2.3 ± 0.57 MPa) measured from
stress testing were correlated to the intersections of a stress–strain curve and projected straight lines, which were parallel to the initial straight portion of the
stress–strain curve. The correlations explain the elastic limits of GP and NDGP. Data are described as mean ± SD (n = 3), P value = 0.63. (G) Percentages of
elongation of GP (18.6 ± 1.18%) and NDGP with 5 wt% of ND (15.7 ± 0.660%) were calculated from comparing the change in length with the length of the
original material. Data are described as mean ± SD; *P value = 0.04 (n = 3).

(4.9 ± 0.38 MPa) (Fig. 2E). The 0.2% offset yield strengths of GP
(2.5 ± 0.27 MPa) and NDGP with 5 wt% of ND (2.3 ± 0.57 MPa)
were not significantly different, indicating similar ductility or
plasticity between the two materials (Fig. 2F). Additionally, the
percentage of elongation of NDGP was decreased (15.7 ±
0.660%) compared with that of unmodified GP (18.6 ± 1.18%)
(Fig. 2G). Therefore, the NDGP thermoplastic material exhibited improved tensile strength while retaining similar ductility in
Lee et al.

comparison with that of unmodified GP, which resulted in an
unaltered obturation procedure for the clinician.
RCT Overview. An access opening was made to enter the pulp
chamber. Using endodontic files, infected and/or necrotic pulp
tissue was removed from the root canals. The canals were then
cleaned and shaped to create a suitable space for root canal
obturation. Frequent irrigation with a disinfecting solution (4%
PNAS | Published online October 23, 2017 | E9447

NaOCl) eliminated residual bacteria that may have remained in
the small accessory canals, which are often hard to address solely
with mechanical debridement or the removal of damaged tissue.
The root filling, or obturation process, was then conducted to
seal the canal space in an effort to prevent reinfection (Fig. 3).
Obturation was performed by placing a GP master cone to create
a tight seal at the apical end of the tooth with zinc oxide eugenol
(ZOE) sealer (Fig. 3A). Preserving the apical seal, excess GP was
seared off with a heated instrument (Fig. 3B), and the remaining
GP was condensed further (Fig. 3C). After the apical seal was
made with the master cone, the respective root canal treatment
protocols for the treatment arms (control and NDGP) were
implemented. For the control patient (C1), additional GP material was delivered into the remaining canal space, for both the
middle third (Fig. 3D) and the coronal third (Fig. 3E), and then
condensed to complete the obturation (Fig. 3F and Movie S1).
For the NDGP patients (ND1, ND2, and ND3), NDGP was
delivered into the middle third of the canal space (Fig. 3G), and
unmodified GP was extruded into the coronal third (Fig. 3H) of
the canal space to complete the obturation (Fig. 3I and Movie
S2). Once the canals were sufficiently obturated, a final restoration, e.g., a crown or filling, was then placed on the tooth to
prevent coronal leakage into the canals.
C1. C1 is a 72-y-old male with medical history that included hy-

pertension, diabetes mellitus, and hypercholesterolemia; however, C1 did not report taking any medications (Table 1). C1
reported spontaneous pain (comparative pain scale: 8 of 10) in
the region around the upper left premolar. Upon clinical assessment at the initial appointment, C1 did not report pain or
sensitivity during both the biting/releasing and cold tests, in which
cold stimulus was applied to the tooth and surrounding teeth to
test for vitality and patient response. C1 was tender to percussion,
which involved tapping the tooth to test for patient sensitivity.
The tooth was diagnosed with pulpal necrosis and asymptomatic
apical periodontitis (AAP), resulting in apical bone loss that
could be identified radiographically. C1’s pretreatment radiograph (Fig. 4A) revealed a periapical radiolucency (PARL),
which is a lesion of infected bone tissue, surrounding the root of
tooth 13 (upper left premolar). C1’s radiographs showed the
existence of a PARL at pretreatment (Fig. 4A), the completed
obturation (Fig. 4B), and 6-mo follow-up (Fig. 4C) and were

measured for C1’s PARL diameters (Fig. 4D), shown in the expanded view of the pretreatment (Fig. 4E) and 6-mo follow-up
(Fig. 4F) radiographs. A PARL diameter of 5.07 mm was confirmed on the initial radiograph taken before treatment (Fig. 4E).
Treatment of C1 involved cleaning and shaping of the canal,
which included removal of the infected pulp tissue. On the day of
the initial appointment, a coronal access was created in tooth
13 and the clinician placed an intracanal medicament, calcium
hydroxide paste, in the canal to disinfect the root canal space.
The access was temporarily sealed for 1 wk up until the second
appointment. During the second visit, root canal obturation on
tooth 13 as well as a temporary restoration was successfully
completed.
At the 6-mo follow-up appointment, C1 reported no subjective
symptoms and presented no swelling or tenderness to palpation
or percussion. Additionally, C1’s radiographs indicated a reduction in the PARL diameter (4.19 mm) (Fig. 4F) compared
with the preoperative PARL diameter of 5.07 mm (Fig. 4E). A
permanent composite restoration was placed on tooth 13 to seal
the access opening. Furthermore, the clinician determined that
tooth 13 was showing signs of healing and would continue to be
monitored for complete recovery.
ND1. ND1 is a 55-y-old female and was taking an unspecified
antifungal medication for an ear infection at the time of treatment (Table 1). ND1 was diagnosed with pulpal necrosis and
AAP, and ND1 reported pain from tooth 27 (lower right canine)
that had lasted for 14 d (comparative pain scale: 5 of 10) that was
subsequently alleviated during the treatment appointment. The
symptoms were provoked with palpation on the gingiva around
the tooth and managed with ibuprofen. Upon clinical assessment
at the treatment appointment, ND1 did not report any pain associated with the tooth upon administering cold and biting/
releasing tests, but did report tenderness to percussion. RCT was
successfully performed on tooth 27, which included rubber dam
placement (Fig. 5A), creation of access cavity (Fig. 5B), and obturation (Fig. 5C) with no reported complications. Following the
RCT, tooth 27 was restored with a glass ionomer base followed by
an amalgam restoration over the access opening (Fig. 5D). ND1
did not report any pain following the first appointment. ND1’s
radiographs showed the existence of a PARL at pretreatment (Fig.
5E), the completed obturation (Fig. 5F), 3-mo follow-up (Fig. 5G),
and 6-mo follow-up (Fig. 5H) and were measured for ND1’s
PARL diameters (Fig. 5I), shown in the expanded view of the
pretreatment (Fig. 5J), 3-mo follow-up (Fig. 5K), and 6-mo followup (Fig. 5L) radiographs. Preoperative radiographs of tooth 27
revealed a PARL diameter of 3.56 mm (Fig. 5J).
At the 3-mo follow-up, ND1 was asymptomatic with no adverse
events. Additionally, ND1’s periapical radiograph indicated osseous healing (PARL diameter of 2.81 mm) (Fig. 5K), compared
with preoperative PARL diameter of 3.56 mm (Fig. 5J).
At the 6-mo follow-up, ND1 was asymptomatic, and the clinical evaluations of the patient were all within normal limits.
ND1 did not respond to palpation or percussion of tooth 27, and
ND1’s radiographs indicated a PARL diameter of 2.48 mm (Fig.
5L). It was determined that healing was complete.
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ND2. ND2 is a 92-y-old male currently taking Synthroid (thyroid

Fig. 3. Control and NDGP obturation process. (A) Master GP cone placed
with zinc-eugenol sealer. (B) Removal of excess GP with heated plugger.
(C) Condensing master GP to apical 5 mm. (D) Canal space filled with GP,
using extruder starting from apical end. (E) Canal space filled with unmodified GP up to cervical third. (F) Fully condensed and completed obturation with unmodified GP. (G) Middle third of the canal space was filled
with NDGP, using extruder that started from the apical end. (H) Cervical
third of the canal space was filled with unmodified GP. (I) Fully condensed
and completed obturation with NDGP in the middle third of the canal.

E9448 | www.pnas.org/cgi/doi/10.1073/pnas.1711924114

hormone) for hypothyroidism (Table 1). ND2 previously experienced aching, spontaneous pain (comparative pain scale: 9 of
10) adjacent to tooth 6, the upper right canine (Fig. 6A), for 2 wk
before the initial appointment. ND2 also reported pain upon
biting, reportedly lasting all day and throughout the night, and
used over-the-counter medications to alleviate the pain that was
subsequently alleviated by the procedure. On the day of the
procedure, patient ND2 presented with pulpal necrosis and an
extraoral facial swelling. ND2 did not respond to cold testing
upon clinical examination, reported pain upon biting/releasing,
Lee et al.
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Table 1. Patient demographic, health history, and treatment summary
ID
Age, y
Gender
Tooth
Medical history

Diagnosis
Preoperative
characteristics
Operative issues
Postoperative
characteristics
3-mo follow-up
6-mo follow-up

C1

ND1

ND2

ND3

72
Male
13 (upper left premolar)
Hypertension, diabetes,
hypercholesterolemia,
no prescription medications
reported
Pulp necrosis/AAP

55
Female
27 (lower right canine)
No major medical
conditions reported

92
Male
6 (upper right canine)
Taking synthroid (thyroid
hormone) for hypothyroidism

54
Male
23 (lower left incisor)
Taking Triumeq
(HIV/AIDS treatment)

Pulp necrosis/AAP

Pulp necrosis/AAP

History of spontaneous
pain
No complications
reported
No pain or symptoms
reported
NA

History of pain reported

Pulp necrosis/chronic
apical abscess
Spontaneous pain
No complications
reported
No pain or symptoms
reported
No pain or symptoms
reported
—

No complications
reported
No pain or symptoms
reported
NA

No pain or symptoms
reported

No complications reported
No pain or symptoms
reported
No pain or symptoms
reported
No pain or symptoms
reported

No pain reported

—

diameters (Fig. 6F), shown in the expanded view of the pretreatment (Fig. 6G) and 3-mo follow-up (Fig. 6H) radiographs.
The pretreatment PARL diameter was measured to be 3.45 mm
as shown in Fig. 6G. ND2 was asymptomatic as he did not experience any pain after the procedure (comparative pain scale:
0 of 10), and a permanent restoration was placed into the access.
At the 3-mo follow-up, ND2 was asymptomatic and had no
reported adverse events. Additionally, ND2’s radiographs indicated a smaller PARL diameter of 2.63 mm (Fig. 6H), which
showed a reduction from the initial preoperative PARL diameter
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and was tender to percussion. A PARL of endodontic origin was
seen around tooth 6 on the preoperative radiographs.
Incision and drainage of the abscess were completed, and the
tooth was accessed for intracanal debridement and disinfection
with calcium hydroxide (Fig. 6B). On the subsequent visit, RCT
was successfully performed on tooth 6 with no reported complications or posttreatment symptoms following the appointment. ND2’s radiographs showed the existence of a PARL at
pretreatment (Fig. 6C), the completed obturation (Fig. 6D), and
3-mo follow-up (Fig. 6E) and were measured for ND2’s PARL

ENGINEERING

NA, not analyzed.

Fig. 4. Control patient (C1). (A) Pretreatment radiograph of tooth 13 with existing apical lesion (white arrow). (B) Completed backfill (white arrow) and
apical seal with unmodified GP. (C) Six-month follow-up radiograph shows the apical lesion with increased bone density (white arrow). (D) Lesion diameter at
pretreatment (red) and 6-mo follow-up (blue) appointments. (E) A 5.07-mm apical lesion diameter was visible on the pretreatment radiograph. (F) A 4.19-mm
apical lesion diameter was visible on the 6-mo follow-up radiograph.

Lee et al.
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Fig. 5. NDGP-treated patient 1 (ND1). (A) Pretreatment clinical image of tooth 27 taken after rubber dam placement. (B) Clinical image of access cavity
(white arrow) before obturation. (C) Clinical image of completed obturation visible through access cavity (white arrow). (D) Clinical image of coronal restoration sealing access cavity (white arrow). (E) Pretreatment radiograph with periapical lesion (white arrow). (F) Completed obturation with unmodified GP
apical seal, NDGP backfill, and unmodified GP coronal seal. (G) Three-month follow-up radiograph with healing periapical lesion (white arrow). (H) Six-month
follow-up radiograph with healing periapical lesion. (I) Lesion diameter at pretreatment, 3-mo, and 6-mo follow-up appointments. (J) A 3.56-mm lesion was
visible on pretreatment radiograph. (K) A 2.81-mm lesion diameter was visible on the 3-mo follow-up appointment. (L) A 2.48-mm lesion diameter was visible
on the 6-mo follow-up appointment.

of 3.45 mm (Fig. 6G). Tooth 6 was restored with a glass ionomer
base and full-coverage crown. It was determined that tooth 6 was
currently healing and would continue to be monitored for
complete recovery.
ND3. ND3 was a 54-y-old male with HIV infection under anti-
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retroviral treatment with Triumeq (abacavir, dolutegravir, and
lamivudine) (Table 1). ND3 did not report any preoperative
symptoms (comparative pain scale: 0 of 10). Tooth 23 was not
responsive to cold testing, biting/releasing, or percussion, yielding a diagnosis of pulpal necrosis and AAP.
RCT was performed on tooth 23, which included rubber dam
placement (Fig. 7A), creation of access cavity (Fig. 7B), and obturation (Fig. 7C). ND3’s radiographs showed the existence of a
PARL at pretreatment (Fig. 7D) and the completed obturation
(Fig. 7E), which are shown in the expanded view of the pretreatment (Fig. 7F). Preoperative radiographs of tooth 23 revealed
a PARL diameter of 3.53 mm (Fig. 7F).
The RCT procedure was completed on tooth 23, with no
reported treatment complications during instrumentation, shaping, and obturation (Fig. 7E). ND3 did not report any symptoms
(comparative pain scale: 0 of 10) following the treatment. Patient
ND3 has not reported any postoperative symptoms or complications indicative of root canal reinfection and is on schedule for
follow-up.
Discussion
Conventional GP is the standard filling material for root canal
obturation as it provides an adequate seal, can be distinguished
from natural tooth structure on radiographs, and can be retrieved or removed if necessary (49). Despite these favorable
E9450 | www.pnas.org/cgi/doi/10.1073/pnas.1711924114

qualities, conventional GP obturation can still lead to endodontic failures due to reinfection of root canals, which are in
part associated with microleakage. As such, conventional GP
may be conducive to bacterial regrowth should the bacterial
remnants in the root canal space and the tissue fluid reestablish
contact. As previously mentioned, insufficient obturation is associated with a higher likelihood of an unfavorable prognosis of
retreatment cases (39). Furthermore, a large cross-sectional
study of 1,030 endodontically treated teeth found a 43.7% incidence of apical periodontitis when there was inadequate endodontic obturation, while 17.7% of comprehensively obturated
teeth were diseased (50). Conventional obturation materials are
not utilized for mechanical reinforcement of the tooth structure
following RCT. However, in terms of benefits offered by NDGP
compared with unmodified GP, the enhanced mechanical properties of the NDGP that were validated by the tensile strength
studies can potentially improve clinician handling to increase the
likelihood of a dense obturation, which may provide technical
advantages in the obturation procedure for clinicians (51). In
addition to tensile strength evaluation, this study completed a
function-based evaluation of mechanical properties of NDGP
and unmodified GP that included a stress–strain curve, an elastic
modulus, 0.2% offset yield strength, and percentage of elongation analyses. These other mechanical function-based evaluations were important in demonstrating the equivalent or better
clinician handling properties of NDGP compared with those of
unmodified GP, which is critical for clinical implementation and
translation of NDs and more specifically NDGP. Furthermore,
the elastic modulus, 0.2% offset yield strength, and percentage
of elongation were quantitative measures of plasticity and/or
Lee et al.
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ductility affecting the clinician’s ability to manipulate, shape, and
extrude the NDGP in the tooth’s root canal.
The field of nanomedicine has started to make important
clinical advances in recent years, with in-human trials being
conducted to assess material safety, as well as applications toward drug delivery, imaging/diagnostics, and biomaterials engineering (3, 5, 8, 9, 52–55). In these and forthcoming clinical
studies, nanoparticles have been injected for systemic therapy/
imaging using small molecules, RNA interference, and additional emerging approaches (Clinicaltrial.gov identifiers
NCT03086278 and NCT00503906). Scaffolds with enhanced
properties are also being explored to promote tissue repair
(Clinicaltrial.gov identifier NCT02305602). Among these promising approaches, NDs have received increasing attention due to
their combination of uniquely faceted electrostatic properties.
These properties have mediated remarkably potent drug binding
and sustained elution for indications ranging from oncology to
wound repair and synergistic coordination of surrounding water
molecules to realize among the highest ever reported contrast
imaging efficiencies, as well as composites with improved mechanical properties for potential regenerative medicine and tissue
engineering applications (13, 15, 56). Studies have shown that NDs
are well tolerated in comprehensive preclinical and large animal
studies (28, 57). Importantly, NDs with consistent particle size
Lee et al.

and surface chemistry properties can be scalably synthesized, supporting their clinical translation (17, 26, 58).
This clinical progress report addressed the current challenges
associated with RCT, which is a pervasive issue in oral health.
RCT failure may lead to tooth extraction, requiring more invasive procedures that may involve implant placement. Due to
side effects from RCT reinfection that can lead to periapical
bone loss and/or infection, additional disciplines outside of oral
health including orthopedic surgery and infectious diseases can
also be impacted by the need for improved RCT materials (59,
60). Therefore, this progress report introduced a unique inhuman validation of detonation NDs, using the NDGP platform. As shown in Fig. 2, NDGP synthesis was shown to be
scalable, resulting in improved mechanical properties compared
with unmodified GP with no apparent impairment to radiopacity
and the clinical procedures required for NDGP administration.
Importantly, endodontic failure can be attributed to procedural
errors that can occur during the shaping, cleaning, and obturation procedures (61). No reported procedural errors occurred
during endodontic treatment for our NDGP trial that could have
led to complications, demonstrating the clinical relevance of
NDGP. As it has been established that void spaces lead to root
canal reinfection, prior preclinical NDGP obturation studies that
served as a foundation for this clinical trial assessed the presence
PNAS | Published online October 23, 2017 | E9451
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Fig. 6. NDGP-treated patient 2 (ND2). (A) Pretreatment clinical image of tooth 6. (B) Clinical image of access cavity (white arrow). (C) Pretreatment radiograph with existing periapical lesion (white arrow). (D) Completed obturation with unmodified GP apical seal, NDGP backfill, and unmodified GP coronal
seal (white arrow). (E) Three-month follow-up radiograph with healing periapical lesion (white arrow). (F) Lesion diameter at pretreatment (red) and 3-mo
follow-up (blue) appointments. (G) The 3.45-mm lesion diameter was visible on the pretreatment radiograph. (H) The 2.63-mm lesion diameter was visible on
the 3-mo follow-up radiograph.
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Fig. 7. NDGP-treated patient 3 (ND3). (A) Pretreatment clinical image of tooth 23. (B) Clinical image of access cavity (white arrow). (C) Clinical image of
completed obturation (white arrow). (D) Pretreatment radiograph with existing periapical lesion (white arrow). (E) Completed obturation with unmodified
GP apical seal, NDGP backfill, and unmodified GP coronal seal (white arrow). (F) The 3.53-mm pretreatment lesion diameter.

of voids via microcomputed tomography imaging (micro-CT) to
obtain high-resolution analysis of NDGP obturation efficiency
(31). This progress report confirmed that NDGP-mediated obturation resulted in no apparent increase in void spaces compared with that of unmodified GP (31). As shown in our clinical
trial, when evaluating and comparing the radiographs of ND1,
ND2, and ND3 postobturation, the extent of obturation was
deemed to be equivalent, at minimum, to those realized through
GP-based procedures such as that for C1.
Based on the potential reduction of void spaces or reduced
incidence of coronal leakage using NDGP vs. unmodified GP,
the primary endpoint of this study was to monitor and confirm
the absence of apical periodontitis during the course of an
equivalence study between NDGP and unmodified GP. Importantly, prior studies have shown that inadequate RCT was more
predictive of apical periodontitis than the absence of a crown as
a coronal restoration (62, 63). While this progress report was
based on three treatment-arm patients and one control-arm
patient, retreatment was not indicated for ND1, ND2, or ND3
during the course of the progress report, supporting the continued recruitment of patients into the study.
Of note, the delivery of NDs alone was previously reported to
mediate antimicrobial activity (64). However, the potential
therapeutic contributions of the NDs were not considered as trial
endpoints. The initial study results strongly indicate that the
trial’s primary endpoint will be met. This in turn would support
the additional evaluation of ND-mediated drug loading and innate antimicrobial effects of the NDs as future trial endpoints. It
should be mentioned that current medicated GP products have
demonstrated inconsistent drug potency over time due to burst
elution (48). In addition, previous studies have shown that residual bacteria can reside in additional canals even after the RCT
procedure (65). This makes contact-mediated inhibition using
NDGP a potentially viable alternative to current approaches.
The secondary trial endpoint assessed the absence of pain
following RCT and the absence of symptoms upon clinical
E9452 | www.pnas.org/cgi/doi/10.1073/pnas.1711924114

examination. C1 had a history of preoperative spontaneous pain,
ND1 reported pain, ND2 reported a history of spontaneous and
aching pain, and ND3 reported no pain. After treatment with the
NDGP, all patients reported no pain or symptoms on the postoperative survey, 3-mo follow-up, and/or the 6-mo follow-up for
ND1, ND2, and ND3.
As discussed previously, there have been many attempts to address the problem of RCT reinfection. However, substantial enhancements in preventing reinfection can be realized utilizing
potential therapeutic properties of NDGP. In a previous study,
NDs were used to sequester amoxicillin for contact-mediated
bacterial inhibition, which could substantially reduce the risk of
reinfection following RCT (31). The antimicrobial properties of
drug-incorporated NDGP could potentially reduce the incidence
of reinfection after the mechanical debridement and sealing are
complete. Furthermore, recent advancements in drug optimization
technologies have shown that NDs can be used for combination
therapy, markedly enhancing therapeutic efficacy and reducing
toxicity through the systematic and mechanism-independent design
of ND-functionalized multidrug treatment (66–68). Importantly,
these technology platforms have also been clinically validated (69).
Assessing the potential impact of increasing the ND wt% in
NDGP may serve as a foundation for the future assessment of
unmodified ND-mediated antimicrobial activity using NDGP. This
may lead to additional efforts to modulate ND content in coordination with drug loading to simultaneously optimize the therapeutic efficacy and mechanical properties of drug-functionalized
NDGP. In addition, there is a need to conduct additional studies
where the entire root canal is obturated with NDGP. Of note, as
NDGP continues to be evaluated in the reported trial, future
regulatory compliance will be sought to expand the types of studies
that can be conducted with NDGP. It is also important to note that
this study served as a progress report. With regard to the sample
size, this work discussed the treatment outcomes of three NDGParm patients and one control-arm patient. While the assessment
of more patients will facilitate the statistical evaluation of study
Lee et al.
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Study Design. This study was conducted following patient informed consent
and enrollment based on a trial protocol approved by the University of California, Los Angeles (UCLA) Institutional Review Board (IRB) under IRB protocol
15-002015 and was assigned a Clinicaltrials.gov identifier NCT02698163, as an
interventional study with a primary purpose of treatment. Four patients were
enrolled in the NDGP trial and randomized into two groups: NDGP embedded
with 5 wt% ND particles (ND1, ND2, and ND3) and unmodified gutta percha
(C1). The study was approved for 30 patients in total, with 15 in each treatment arm, and as such is still ongoing.
Standard protocol for RCT was performed following the American
Dental Association Guidelines and that of the UCLA School of Dentistry
Section of Endodontics. Patients’ signs, symptoms, and objective findings
were assessed after recruitment into the study, via an administered survey.
Qualifying patients were referred to the study’s clinical principal investigators and were selected for informed consent, single-blinded randomization, and participation if they were 18 y old or older. Exclusion criteria
for the study included prior endodontic treatment on the referred tooth,
osteoporosis medication or i.v. bisphosphonates, dental material allergies,
required prophylaxis, severely medically compromised, and congenital/
developmental disorders.
RCT Procedure. All procedures were performed using local anesthesia and
rubber dam isolation. RCT included drilling into the tooth to obtain ideal
access into the pulpal chamber, and the infected pulpal tissues were cleaned
out using endodontic files.
All canals were irrigated and disinfected with 4% Clorox Sodium Hypochlorite (The Clorox Company) and dried. Using the Apex Locator (Root ZX II;
J. Morita Mfg. Corp.), the operator found and confirmed the working length,
or length of the canal, and RC-Prep (Premier) was used to lubricate the canals
during the filing portion of the procedures. As determined by the operator,
calcium hydroxide was used as an interappointment antibiotic if required at
the time of the appointment. The ZOE sealer (Kerr Corporation) was placed at
the apex of the roots, and the root canal was obturated using the vertical
condensation technique.
Obturation was performed by placing a GP master cone at the apical end
of the tooth to create a tight seal. While preserving the apical seal, excess
GP was seared off with a heated instrument, and the remaining GP was
condensed further. All root canals were filled with standard root canal filler
material GP at the apical third (GT Gutta-Percha; Dentsply Tulsa Dental
Specialties), filled with either unmodified GP (Dental Gutta Percha; Obtura
Spartan Endodontics) or ND-reinforced GP in the middle third, and filled
with unmodified GP (Obtura Spartan Endodontics) in the coronal third.
Once the canals were sufficiently obturated, a final restoration, such as a
crown or composite/amalgam, was then placed on the tooth to prevent
reinfection of the canal. Following the RCT, 3-mo and/or 6-mo follow-up
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Materials. ND stock solution (50 mg/mL) was batch analyzed, obtained from
the NanoCarbon Research Institute Co., Ltd., a dedicated ND processing and
characterization facility, and sterilized before the experiments. Unmodified
GP was purchased from Obtura Spartan Endodontics. For the purposes of
NDGP synthesis, Eucalyptol (C10H18O) and absolute ethanol were purchased
from Sigma-Aldrich.
Synthesis and Characterization of NDGP. The NDGP was synthesized by mixing
raw GP and ND. First, with eucalyptol as a solvent, raw GP materials (0.3–0.4 g)
were dispersed at a ratio of 1:32 of raw GP material to eucalyptol, which was
followed by 30 min of sonication. After thoroughly dispersing the raw GP
materials, 5% (wt/wt) of ND solution (H2O:ethanol was 1:2) was added and
dispersed by sonication, followed by overnight lyophilization until all of the
solvents were removed. After lyophilization, solid NDGP was heated and
pelletized at 90–110 °C for the purpose of loading into an endodontic obturation system. To verify the composition of the NDGP, thermogravimetric
analysis was performed. The experiment was conducted on the Pyris Diamond TG/DTA (PerkinElmer Inc.) in an air environment with 20 mL/min flow
rate. During TG/DTA measurement, changes in weight were recorded from
50 °C to 800 °C at a 5 °C/min heating rate.
To measure the mechanical properties of GP and NDGP, the tensile
strength test was performed using an Instron Universal Testing Machine
(Model 5564; Instron). The tests were pursued with a 0.3-cm/min strain rate
and with sample gauge lengths of 0.89–0.9 cm. The cross-sectional area was
calculated from each sample’s diameter, and the elastic modulus was
calculated from the elastic region, the initial straight portion of the stress–
strain curve. For the comparison with NDGP, GP was prepared with the
same procedure but without the addition of ND particles.
Statistical Analysis. For the analysis of the elastic moduli, tensile strength, and
percentage of elongation properties of the NDGP, a two-tailed Student’s
t test was used. α was set at 0.05, and P values <0.05 were considered statistically significant. All tests were performed in triplicate, and statistical
analyses were conducted using MATLAB R2014a (MathWorks Inc.).
Data Availability. Reagents are available upon request by contacting the
corresponding authors of this study.
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Materials and Methods

assessments were conducted to check for the healing of lesions in the
periapical bone.
The primary outcome measure of the study was the reduction of apical
periodontitis, which was verified with a radiograph of the treated tooth after
3 mo and/or 6 mo posttreatment. These radiographs were compared with
the radiograph of the treated tooth taken before the RCT procedure. The
primary outcome was assessed via digital radiographs with size 1 or 2 XDR
Digital Intraoral Sensors (XDR Radiology). The images were then transferred digitally and evaluated for the periapical lesion size. All radiographs
were analyzed preoperatively, postoperatively, and 3 mo and/or 6 mo
following the procedure. If a periapical lesion was detected, then the clinicians
used the ruler tool in the XDR program to measure the largest diameter of the
radiographic lesion.
The secondary outcome measures included assessing changes in postoperative pain. Pain was assessed via a postoperative survey and a clinical
examination.
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outcomes, these progress report findings support the continued patient recruitment and subsequent and adequately
powered studies to assess the impact of ND-mediated therapy
to prevent reinfection in comparison with conventional,
unmodified GP.
The administration of NDGP simultaneously confers the
beneficial properties of GP with the added benefit of increased
mechanical strength and potential for ND-mediated antimicrobial and/or pharmacologic antimicrobial activity into treated
canals. These capabilities may reduce the risk of RCT reinfection, improving long-term treatment outcomes for a large
number of patients requiring endodontic therapies. In this
equivalence study progress report, the clinical administration of
NDGP was evaluated in comparison with unmodified GP. The
study was designed to be interventional for the purpose of
treatment, with patient recruitment randomized, single-blinded
masking and a control arm and treatment arm. At the 3-mo
and/or 6-mo follow-up appointments with ND1, ND2, and C1,
the size of the periapical lesions decreased by 1.08 mm,
0.82 mm, and 0.88 mm, respectively. The decrease in the periapical radiolucency size may indicate that the lesion is healing
as new bone is reforming (70). These studies demonstrate the
promise of NDGP and ND particles as clinically applicable
platforms for drug delivery, imaging, and composite biomaterials for a broad spectrum of indications.
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