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ABSTRACT OF THE THESIS 

 

Reducing posttreatment relapse in cleft lip palatal expansion  

using an injectable estrogen-nanodiamond hydrogel 

 

by  

 

Dayoung Song 

Master of Science in Oral Biology 

University of California, Los Angeles, 2017 

Professor Yeumin Hong, Chair  

 

Patients with cleft lip and/or palate (CLP), who undergo numerous medical interventions from 

infancy, can suffer from lifelong debilitation caused by underdeveloped maxillae. Conventional 

treatment approaches use maxillary expansion techniques to develop normal speech, achieve 

functional occlusion for nutrition intake, and improve esthetics. However, as patients with CLP 

congenitally lack bone in the cleft site with diminished capacity for bone formation in the 

expanded palate, more than 80% of the patient population experiences significant postexpansion 

relapse. While such relapse has been a long-standing battle in craniofacial care of patients, 

currently there are no available strategies to address this pervasive problem. Estrogen, 17β-
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estradiol (E2), is a powerful therapeutic agent that plays a critical role in bone homeostasis. 

However, E2’s clinical application is less appreciated due to several limitations, including its 

pleiotropic effects and short half-life. Here, we developed a treatment strategy using an 

injectable system with photo–crosslinkable hydrogel (G) and nanodiamond (ND) technology to 

facilitate the targeted and sustained delivery of E2 to promote bone formation. In a preclinical 

expansion/relapse model, this functionalized E2/ ND/G complex substantially reduced 

postexpansion relapse by nearly threefold through enhancements in sutural remodeling compared 

with unmodified E2 administration. The E2/ND/G group demonstrated greater bone volume by 

twofold and higher osteoblast number by threefold, compared with the control group. The 

E2/ND/G platform maximized the beneficial effects of E2 through its extended release with 

superior efficacy and safety at the local level. This broadly applicable E2 delivery platform 

shows promise as an adjuvant therapy in craniofacial care of patients. 
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Significance Statement 

Cleft lip and/or palate patients require palatal expansion in order to develop normal 

speech and fully functional occlusion. However, the expanded palate has a strong tendency to 

rebound to its original shape due to the patient’s congenital lack of bone and diminished 

capability of bone regeneration in the cleft site. We propose an innovative method to combat this 

clinical challenge by utilizing estrogen, 17β-estradiol (E2), which has proven bone building 

properties, within a nanodiamondhydrogel (ND/G) complex vehicle. Our study shows that this 

targeted administration of E2 is able to markedly reduce post-expansion relapse. The 

demonstrated biocompatibility and efficacy of the E2/ND/G platform makes this a clinically 

promising solution in craniofacial patient care. 

Introduction 

With an incidence of 1 in 700 births, cleft lip and/or palate (CLP), caused by failure of 

fusion between maxillary and nasal processes, is the most common congenital anomaly 

involving the craniofacial region (1, 2). Affected patients can suffer from a multitude of lifelong 

challenges due to the constrained growth of the upper jaw (3–5). Thus, maxillary expansion in 

patients with cleft palate is essential as it contributes to improved speech development, nasal 

breathing, masticatory function, facilitation of future permanent tooth eruption, and enhanced 

esthetics leading to greater self-esteem (6). However, the expanded palate has a strong tendency 

to rebound to its original shape, leading to relapse (7–10). Such compromised stability of 

expansion remains a significant clinical challenge as it is reported that only 20% of the CLP 

population retains palatal expansion (7, 11, 12). In addition, studies have reported continued 

decline in maxillary width up to 5 y following expansion (8). Consequently, relapse frequently 
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necessitates additional expansion and surgical procedures accompanied by critical complications 

and morbidities.  

Patients with CLP are especially susceptible to expansion instability and insufficient bone 

formation due to congenitally missing bone in the cleft site (11, 12). Therefore, some clinical 

studies have recommended compensatory overexpansion or longer retention periods of up to 24–

36 mo in patients with CLP (12). However, such protocols can result in treatment fatigue and 

complications, proving to be unfavorable for patients. As the rate and quality of bone formation 

during and after maxillary expansion significantly impacts posttreatment relapse (12), the use of 

pro-osteogenic materials in conjunction with conventional expansion mechanics has been 

actively explored. In particular, estrogen, a naturally occurring steroid, holds great promise due 

to its well-known benefits in bone homeostasis (13, 14). However, estrogen is a pleiotropic 

hormone that has multiple physiological functions (15) and its effects in the body are dependent 

on its route of administration (16). When taken orally, most 17β-estradiol (E2) is converted in 

the liver into estrone (E1), which is 10-fold less potent than E2 (17). In addition, the resulting 

supraphysiological level of estrogen in the liver increases the risk of blood clots (18, 19) and 

suppresses growth hormone-mediated insulin-like growth factor (IGF1) production. Local 

delivery of estrogen, on the other hand, would bypass first-pass metabolism and avoid alarming 

systemic side effects, making it an attractive alternative.   

To develop targeted E2 delivery, we first synthesized E2– nanodiamond complexes 

(E2/ND) that were subsequently embedded in methacrylated glycol chitosan hydrogel (G). ND 

particles, which are capable of mediating improved efficacy and safety by forming complexes 

around the active agent while preserving its innate functionality (20–27). ND safety and 

biocompatibility have been clearly demonstrated in numerous applications ranging from 
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oncology to wound healing (28–35). Similarly, hydrogels have been extensively used for tissue 

engineering and drug delivery applications due to their high biocompatibility (36). The 

application of G at the site of injection allows for the local delivery of bioactive molecules to 

tissue defects in a minimally invasive manner without the need for any surgical incisions (37–

39). In addition, injectable G facilitates attachment of bioactive agents to the defect structure 

(40). Using this approach, we demonstrate E2/ND/G’s ability to promote postexpansion palatine 

bone remodeling, leading to improved clinical success of palatal expansion. Our outcomes 

indicate that the E2/ND/G platform may represent a promising clinical tool for achieving 

superior postexpansion stability, addressing the pervasive complication in craniofacial medicine. 

Results 

ND/G Synthesis and Characterization. 

NDs were loaded with E2, using a conventional physisorption process that did not require 

modification to the drug or ND surface (Fig. 1A). Thermogravimetric analysis (TGA) was 

performed to confirm E2 loading on the NDs. A comparison of unmodified NDs and E2-loaded 

NDs revealed a clear difference in the TGA profile following drug loading (Fig. 1B). Based on 

the initial addition of 2 mg E2 and 5 mg ND, the comparison of mass ratios (26% of E2 to 68% 

of ND from analysis = 0.38; 0.4 for initial E2 to ND ratio), TGA revealed 95% binding of E2 to 

ND. Confirmation of sustained drug loading as well as release was assessed and visualized using 

E2/ND vials on a macroscopic scale at specific time points of 1 h, 2 h, 3 h, 4 h, 12 h, 48 h, 96 h, 

120 h, 192 h, and 336 h. Drug and ND presence was visually confirmed at each time point, 

demonstrating the ability of the E2/ND/G to therapeutically address bone formation for a 

sustained period. The hydrogel properties such as gelation time, modulus, and cytotoxicity were 

confirmed as described in previous studies (41–43). Release of the E2 from NDs over time was 
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quantified and confirmed using ELISA of the eluate (Fig. 1C). We found that in 1 h and 2 h, E2 

was released abundantly with an amount of ≈400 μg. From 3 h to 336 h, the eluted E2 

concentrations stabilized to ≈40 μg (Fig. 1C). The cumulative E2 release profile showed that 

33% of loaded E2 was released over the first 24 h. These results along with the E2/ND/G 

imaging indicate that while a larger proportion of E2 was released at the initial stages of testing, 

prolonged release over multiple weeks was possible due to the sustained presence of loaded E2. 

These findings support the successful sustained delivery of E2 using the ND/G platform.  

To examine the bioactivity of E2 released from ND, in vitro experiments using human 

mesenchymal stem cells isolated from bone marrow (BMSCs) were performed. BMSCs were 

induced to undergo osteogenic differentiation and a pro-osteogenic effect of E2 was compared 

by examining mRNA expression of osteogenic marker genes, RUNX2, OCN, and DLX5. 

Marked increases of osteogenic marker genes were found in both E2 and E2/ND groups 

compared with control and ND groups. There was no statistically significant difference observed 

between E2 and E2/ND groups, indicating the full bioactivity of E2 released from ND (Fig. 1D).  

  The toxicity and biological effects of dimethyl sulfoxide (DMSO) were also examined 

using BMSCs. BMSCs were treated with varying concentrations of DMSO (0.01%, 0.02%, 

0.1%, 0.2%, and 1%) and cell viabilities were measured by 3-(4,5-dimethylthiazol-2-yl)-2,5- 

diphenyltetrazolium bromide (MTT) assay at different time points (days 1, 2, 3, 4, 6, and 8). 

Compared with the control group, cell viability was compromised with 1% DMSO starting on 

day 3, but there was no statistical difference at lower concentrations (Fig. S1A). To investigate 

the potential effects of DMSO in osteogenic differentiation of BMSCs, BMSCs were induced to 

undergo osteogenic differentiation with DMSO treatment. One percent DMSO treatment 

significantly suppressed osteogenic differentiation and mineralization in BMSCs as shown in 
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decreased alkaline phosphatase (ALP) staining and Alizarin Red staining (Fig. S1 B and C). 

There was no statistical difference in BMSC’s osteogenic potential at lower concentrations. 

Establishment of Midpalatal Suture Expansion and Relapse Model for Rats.  

Following preliminary experiments to determine the appropriate expander design for rats, 

we have successfully established an apparatus for palatal expansion and retention (Fig. 2 A and 

B). The expander was fabricated with a 0.014-inch stainless steel wire, consisting of a 1.5-mm 

helical spring and 7-mm extended arms. Extended arms were placed around the central incisors 

with a helical spring placed intraorally to reduce discomfort to the rats. The expander was 

cemented on 10 rats (6 wk old) to confirm its efficiency and stability. The rats underwent 7 d of 

100-g force application and micro-CT images confirmed successful and sufficient separation of 

the midpalatal suture (Fig. 2 C and D). A total of 1.5– 2 mm of clinical expansion was achieved 

without dislodgement of the appliance (Fig. 3 A and B). Micro-CT images demonstrated that the 

amount of skeletal separation of the midpalatal suture was consistent with the amount of 

separation of the teeth. Furthermore, it was confirmed that the separation of the maxillary 

incisors was a result of the expansion of the palate with only negligible dental movements 

independent of skeletal expansion (Figs. 2D and 3B). This clinical and radiographical assessment 

of the expansion is particularly relevant in orthodontic clinical practice.  

Direct measurements of the diastema, the distance between the gingival margins of 

maxillary incisors, revealed a very small SE at postexpansion (T2), suggesting a consistent 

expansion amount among all rats. Nevertheless, to further standardize the amount of expansion, 

we used the relapse ratio (amount of relapse per amount of expansion) in our analysis of stability 

of expansion. Furthermore, there was no significant difference in the amount of expansion at T2, 

compared with postretention (T3), indicating that the retention apparatus successfully retained 
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initial expansion (Fig. 3C). At T3, the retention appliance was removed, allowing the sutural 

expansion to relapse freely, resulting in a significant decrease in diastema in all animals.  

The animals showed no signs of discomfort, aberrant weight fluctuations, early mortality, 

or complications indicative of systemic E2 toxicity. 

E2/ND/G Results in Significant Decrease in Clinical Relapse Following Midpalatal Expansion.  

The animals were divided into the control, E2 only, and E2/ND/G groups with each 

group further divided equally into retention and relapse groups (Fig. S2). The diastema of each 

rat’s incisors was measured at four time points. Significant relapse was noted at T4 for all groups 

upon allowing the expanded maxillae to relapse freely. The relapse ratios for the control group 

and E2-only group were 40% and 30%, respectively. This amount of relapse is consistent with 

the clinical relapse seen in patients undergoing palatal expansion (9, 10). On the other hand, the 

E2/ND/G group exhibited just 13% relapse, a threefold decrease compared with the control 

group (Fig. 3D). There was no statistical difference in relapse ratio among the control group and 

the scaffold-only groups (ND/G and ND/G/DMSO) (Fig. S3A). 

E2/ND/G Facilitates Increase in Bone Mineral Density and Bone Volume. 

Micro-CT images were obtained to evaluate whether the decrease in postexpansion 

relapse was due to enhanced bone formation. Three-dimensional images were generated and 

volumetric analysis was performed to quantify bone volume and bone mineral density (BMD) 

(Fig. 4A). While micro-CT images of the control group revealed visually evident bone formation 

at the expanded region at T3, both E2-only and E2/ND/G groups displayed a more substantial 

increase in bone fill in the palate than the control group (Fig. 4B). In particular, a distinct visual 

comparison could be made between bone formation in the control and E2/ND/G groups at T4, as 

the E2/ND/G group demonstrated full restoration with bone in the expanded midpalatal suture 
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while the E2-only and control groups displayed bone that remained porous (Fig. 4B).  Consistent 

with these findings, bone volume/tissue volume (BV/TV) was significantly greater in the 

E2/ND/G and E2-only groups compared with the control group after 14 d of retention. The 

E2/ND/G group had the greatest bone volume, a twofold increase from the control group and 

significantly higher than the E2-only group (Fig. 4C). Furthermore, an additional DMSO 

experiment showed no statistical difference in BV/TV among the control group and the scaffold 

only groups (ND/G and ND/G/DMSO), demonstrating that there were no biological effects of 

ND/G or DMSO exposure and DMSO utilization did not impact the functionality of E2/ND/G 

(Fig. S3B). Similarly, the E2-only and E2/ND/G groups demonstrated an increase in BMD 

compared with the control group at T4; however, there was no statistical difference between the 

two E2 groups (Fig. 4D). 

E2/ND/G Is Associated with Increased Number of Osteoblastic Cells and Increased Bone 

Formation.  

To further validate our preclinical findings at the histological level, hematoxylin and 

eosin (H&E) staining was performed to verify E2/ND/G’s osteogenic efficacy (Fig. 5 A and B 

and Fig. S2 A and B). Microscopic observation of the midpalatal suture in coronal sections 

revealed preosteoblastic mesenchymal cells within the suture with osteoid or woven bone 

forming around the margin of expanded borders in the palate. There were no remnants of ND or 

G particles detected in the midpalatal site at either T3 or T4. The E2/ND/G group demonstrated 

advanced suture organization, interdigitation, and marked increase in bone fill compared with the 

control and E2-only groups (Fig. 5A and Fig. S4). The histological analysis also demonstrated an 

increase in the area of woven bone arising from surrounding mesenchymal tissues and in the 

number of osteocytes for both the E2-only and E2/ND/G groups. Under higher magnification, 
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the E2/ND/G group demonstrated a marked increase in neovascularization within the suture and 

normal bone structure, with osteocytes in lacunae and healthy marginal osteoblasts in the newly 

formed bony areas (Fig. 5B).  

Similarly, histological quantification revealed that there was a significant increase in 

bone area (B.Ar) and osteoblast prevalence (Fig. 5 D–F). The number of osteoblasts lining the 

midpalatal suture [osteoblast number (Ob.N) per bone surface perimeter (B.Pm)] revealed a 

threefold increase in osteoblast number in the E2/ND/G group compared with the control group 

(Fig. 5 E and F). In summary, histological evaluation confirmed enhanced osteogenic activity 

during postexpansion palatal bone remodeling with the application of E2/ND/G. 

E2/ND/G Demonstrates Elevated Osteocalcin Expression Evidenced by Immunohistochemical 

Analysis.  

Additionally, immunohistochemical staining with osteocalcin (OCN) was performed to 

visualize osteoblastic activity and osteogenic progenitor cells during palatal expansion and 

relapse. A distinct comparison could be made among the groups (Fig. 5 C and F) in which the 

E2/ND/G group showed a dense compilation of positive preosteoblastic cells within the 

osteogenic zone in the suture as well as an increased number of OCN-positive cells lining the 

suture. The control group revealed sparse numbers of preosteoblast cells within the osteogenic 

zone as well as osteoblasts lining the suture. Notably, more OCN-positive cells with intensive 

staining were detected in the E2/ND/G group, reflecting the dynamic changes of local 

osteogenesis. These data provide an independent line of evidence that E2/ND/G has an 

osteogenic role, increasing the number of and stimulating the activity of osteoblasts. 

E2/ND/G Platform Demonstrates Local Release of E2.  
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While the localized enhancement of relapse prevention was clearly demonstrated 

preclinically, we performed an E2 systemic distribution experiment of the E2/ND/G platform to 

ensure its local delivery. An ovariectomized animal model was used to avoid E2-level 

fluctuations in females. Systemic release of E2 from E2/ND/G was quantified at three time 

points (2 h, 24 h, and 7 d) and confirmed using ELISA of the collected serum. A 2-h time point 

was selected as abundant E2 release from E2/ND/G was detected at this time (Fig. 1C). At 2 h, 

the E2/ND/G group demonstrated 20 pg/mL serum E2 concentration, which is a 150-fold 

decrease from the E2- only group (2,914 pg/mL) (Fig. 6). The serum E2 concentration for 

E2/ND/G was maintained in a stable range of 5–20 pg/mL while systemic E2 distribution from 

the E2-only group had a drastic decrease within 24 h. 

Discussion 

The problems suffered by patients with CLP are multifold, including nasal deformity, 

dental malocclusion, eating difficulty, speech disorders, and social alienation due to physical 

appearance. The complexity of treating this anomaly necessitates an interdisciplinary approach 

composed of multiple surgeries and outpatient care throughout a patient’s life. As part of the 

craniofacial team that treats patients with CLP, orthodontists play an essential role in correcting 

the function and esthetics of the orofacial area. This encompasses the sequential treatment of 

maxillary expansion with bone graft surgery, which poses a major challenge due to 

postexpansion instability. Absence of bone in the cleft site makes new bone generation 

particularly difficult for these patients, resulting in high relapse rates, repeated surgeries, and 

prolonged orthodontic treatment. As enhancing bone formation in the midpalatal suture is known 

to be critical for preventing relapse, researchers have made numerous efforts to stimulate 

osteoblastic activity (44–49). However, no additional therapeutic modality is currently used in 
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conjunction with palatal expanders due to the clinical infeasibilityand safety concerns of 

previously proposed adjuvant agents. Therefore, we studied a well-established and economical 

anabolic agent, E2, delivered through a bioengineered nanotechnology platform.  

To evaluate the role of the E2/ND/G complex in maxillary expansionand relapse, we first 

developed an animal model that could accurately represent clinical expansion. A previous study 

used a round bur to create holes in the incisors to secure an expander in place, causing 

unnecessary pain to the animals and compromising the design’s stability from damages to the 

anchor teeth (49). Another design with an extraorally secured helix lacked reproducibility due to 

a high chance of failure as animals could easily tamper with the appliance (50). In contrast, our 

palatal expansion model involves placement of a self-activated spring around the incisors, 

rendering it more comfortable and secure for the animals. This design leverages the unique 

anatomy of the rat’s long rooted incisors, which serve as stable anchors, facilitating efficient 

skeletal expansion. Our reproducible preclinical model (Fig. 2) circumvents shortcomings of 

previous designs and closely replicates skeletal palatal expansion in patients with CLP. 

Furthermore, our expansion analysis methods via measurements of the diastema and 

radiographic images using computed tomography closely mirror the clinical assessment methods 

used for patients with CLP undergoing expansion. Evidently, our design allows for the effective 

analysis of postexpansion stability and palatal bone remodeling, a potentially valuable model that 

can be used in future translational studies for craniofacial regeneration.  

E2 is used for a wide array of therapeutic applications, including for treatment of 

dermatological diseases, osteoporosis, breast cancer, and prostatic carcinoma (51). Most E2 

administration involves oral, transdermal, s.c., or i.v. injections, with the exception of the vaginal 

ring (52, 53). However, a local E2 delivery system specifically for skeletal effects has yet to be 
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developed despite the fact that E2 has been well established as a key agent in bone health. E2 

mediates its beneficial skeletal effects through multiple mechanisms, including its modulation of 

mesenchymal stromal cell differentiation into the osteoblast lineage (54) and promotion of 

osteoblast proliferation (55). However, clinical applications for E2’s osteogenic effects are less 

appreciated due to pleiotropic effects from the ubiquitous presence of E2 receptors throughout 

the body. Thus, a local delivery of E2 is required to avoid the undesired effects of systemic E2 

administration.  

Finally, safety concerns of administering E2, especially to growing male patients, need to 

be addressed. It is important to note that endogenous E2 is critical in maintaining bone mineral 

density at all ages and in both genders (56–59). The undesired effects of E2 in males, such as 

suppression of testosterone, were observed only at high doses of 2 ∼ 6 mg daily, while lower 

doses of E2 significantly promoted bone formation without such side effects (57). Low doses of 

E2 (4–90 μg/d) in boys have been shown to stimulate ulnar growth (60) and play an essential role 

in bone development in both genders during the pubertal growth spurt (61–63). Due to the low 

dosing of E2 used in this study coupled with its local, slow release using the ND/G vehicle, our 

therapeutic approach may represent a clinical application with superior safety and efficacy.  

In this work, we used ND technology and G to create a system for targeted and sustained 

delivery of E2. For its potential clinical use in the future, we have rigorously studied its 

properties to ensure its safety and feasibility. NDs were safely cleared through urinary and 

digestive excretion, depending on the mode of administration (23, 35, 64, 65). Importantly, ND 

vehicles complexed with gadolinium-based magnetic resonance imaging agents have resulted in 

being among the highest ever reported per-gadolinium relaxivity values (21). In addition, ND 

safety and biocompatibility have been recently demonstrated in a nonhuman primate study 
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involving systemic administration of NDs to both genders, where no apparent toxicity or 

impaired organ function was observed (64). Similarly, the safety and biocompatibility of 

hydrogels allow for their versatile applications in tissue engineering (36–38, 66). Our photo–

crosslinked chitosan hydrogel was degradable by lysozyme as confirmed in previous studies (41, 

42). Furthermore, prior studies have shown that PEG-based hydrogels have tunable degradation 

rates and are well tolerated (66, 67), and the use of DMSO in our E2/ND/G platform was shown 

to have no biological effects or adverse toxicities. We used methacrylated glycol chitosan G, 

which enabled local delivery of E2/ND in a minimally invasive manner using blue-light assisted 

gelification. Such light curing avoids potential adverse effects associated with UV exposure that 

is required in polymerization of previous hydrogels (68) and it is routinely used in dental 

practice, adding to the applicability of this system.  

Conclusion and Future Directions 

Our findings clearly demonstrated that the E2/ND/G platform extended E2’s pro-

osteogenic effects with a single injection compared with every-other-day injections of 

unmodified E2, resulting in significantly superior postexpansion stability with reduced relapse 

and enhanced palatal bone remodeling (Figs. 4 and 5). E2/ND/G was able to deliver a consistent 

effective concentration of E2 at the injection site for prolonged therapeutic activity, thereby 

eliminating concerns regarding the systemic and pleiotropic effects of E2. The remarkable safety 

and biocompatibility of the E2/ND/G platform, coupled with its demonstrated osteogenic 

capacity, provide a powerful foundation for its continued development as an innovative clinical 

approach for care of patients with CLP. 

As continuation of this study, future direction of the study involves clinical translation of 

E2/ND/G therapy. In order to facilitate successful translation into clinical trial, we will explore 
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the use of hydrophilic 17β-estradiol (E2) for its three main advantages over original hydrophobic 

E2. Hydrophilic E2 eliminates the need for DMSO use as the solvent as it readily dissolves in 

water. Its hydrophilic property also simplifies the fabrication process of E2/ND/G platform for 

its physical compatibility with the hydrogel (G). Finally, bioavailability and absorption of 

hydrophilic E2 is likely to be significantly superior in the aqueous oral environment.  

Materials and Methods 

E2/ND/G Synthesis.  

NDs that were ball milled and possessing a truncated octahedral architecture were 

obtained from the NanoCarbon Research Institute and initially characterized as previously 

described (23, 29). E2/ND was synthesized by a drying procedure (e.g., lyophilization) of 

homogeneously mixed E2 and ND. First, ND aqueous solution was dried, and the dried NDs 

were then redispersed in dimethyl-formamide (DMF) at a ratio of 5:1 (wt/vol). The DMF 

solution with NDs was sonicated for 40 min and then sterilized by autoclaving for about 1 h. A 

total of 5 mg of E2 in 1 mL of DMSO was subsequently added to the ND solution in DMF (ND: 

E2 = 1.5 mg: 0.6 mg). The solution was mixed homogeneously, lyophilized overnight, and then 

redispersed in 285 μL of DMSO. For E2/ND/G synthesis, methacrylated glycol chitosan (MGC) 

was prepared as described previously (69). The E2/ND was mixed homogenously with MGC in 

1 mL water (ND: E2: polymer = 5 mg: 2.1 mg: 20 mg) followed by overnight lyophilization. The 

lyophilized sample was redispersed in 1.05mL of a water and DMSO mixture with a ratio of 1:4 

(vol/vol). To the solution, 50 μL of riboflavin (photo initiator) was added for the polymerization 

process of MGC. After these components were mixed homogeneously, it was polymerized using 

blue light for formation of E2/ND/G.  

Release Profile of E2/ND.  
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E2/ND/G containing 2 mg E2 was put in a vial followed by the addition of 2mL 10%FBS 

solution diluted 1:1 with PBS. Then, the E2/ND/G in fresh media was incubated at 36.5 °C. E2 

in the supernatant was collected at 1 h, 2 h, 3 h, 4 h, 12 h, 48 h, 96 h, 120 h, 192 h, and 336 h. 

After the collection of supernatant, the media of the E2/ND/G were replaced with fresh media 

followed by incubation. The collected samples were analyzed for E2 elution via ELISA 

(Estradiol ELISA Kit 582251; Cayman Chemicals), according to the manufacturer’s protocols. 

Briefly, the samples and ELISA buffer were added into a precoated antibody 96-well plate and 

the plate was incubated for 1 h at room temperature. Wells were emptied and rinsed five times 

with washing buffer. Ellman’s reagent was added and developed in the dark for 1 h. The plate’s 

optical density (OD) value was recorded in a 415-nm wavelength.  

Bioactivity of E2/ND.  

Human mesenchymal BMSCs were induced to undergo osteogenic differentiation, using 

osteogenic induction medium (OIM). OIM contained α-MEM (Invitrogen) supplemented with 

10% FBS (Invitrogen), 50 μg/mL ascorbic acid, 5 mMβ-glycerophosphate, and 100 nM 

dexamethasone (all from Sigma-Aldrich). OIM was changed every 2–3 d. For RUNX2 and 

DLX5, the cells were induced for 4 d and for OCN, the cells were induced for 7 d. The total 

RNA was isolated from cells using TRIzol reagents (Invitrogen). Two-microgram aliquots of 

RNAs were used to synthesize cDNAs, using random hexamers and reverse transcriptase 

according to the manufacturer’s protocol (Invitrogen). The real-time PCR reactions were 

performed using the QuantiTect SYBR Green PCR kit (Qiagen) and the Icycler IQ Multicolor 

Real-time PCR Detection System (Bio-Rad). The primers for RUNX2 were forward, 5′-

TGGTTACTGTCATGGCGGGTA- 3; and reverse, 5′-TCTCAGATCGTTGAACCTTGCTA-3′. 

The primers for DLX5 were forward, 5′ GCTCTCAACCCCTACCAGTAT-3′; and reverse, 5′-
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CTTTGGTTTGCCATTCACCATTC- 3′. The primers for OCN were forward, 5′-CAG 

ACACCATGAGGACCATC-3′; and reverse 5′-GGACTGAGCTCTGTGAG T-3′.  

MTT Assay.  

Human mesenchymal stem cells were seeded in 96-well plates. After 24 h, cells were 

treated with different doses of DMSO (0.01%, 0.02%, 0.1%, 0.2%, and 1%) in culturemedium. 

At different time points (days 1, 2, 3, 4, 6, and 8), 5 mg/mLMTT (Sigma-Aldrich) was added 

into the medium and incubated for 4 h at 37 °C. The MTT medium was discarded and cells were 

lysed in 100 μL of DMSO per well. The OD was measured at 570 nm, using a microplate reader.  

ALP Staining and ALP Activity Assay.  

After osteogenic induction for 7 d, cells were fixed with 70%ethanol and incubated with 

a solution of 0.25%naphthol AS-BI phosphate and 0.75%Fast Blue BB (Sigma-Aldrich) 

dissolved in 0.1MTris buffer (pH 9.6). The ALP activity assaywas performed using an ALP kit 

according to the manufacturer’s protocol (Sigma-Aldrich) and normalized based on protein 

concentrations.  

Alizarin Red Staining.  

After osteogenic induction for 2 wk, cells were fixed with 4% paraformaldehyde and 

stained with 2% Alizarin Red (Sigma-Aldrich). For quantification, Alizarin Red Stain (ARS) was 

destained with 10% cetylpyridinium chloride in 10 mM sodium phosphate for 30 min at room 

temperature. The optical absorbance wasmeasured at 562 nm, using a microplate reader with a 

standard calcium curve in the same solution. The final calcium level in each group was 

normalized with the total protein concentrations prepared from a duplicate plate. 

Animals.  
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The animal protocol for this study was approved by the Animal Research Committee at 

the University of California, Los Angeles. A total of 42 female, 6-wk-old Sprague–Dawley rats 

with a mean weight of 180 ± 10 g were divided into three groups of 14 animals each: control 

group (n = 14), E2-only group (n = 14), and E2/ND/G group (n = 14). For the DMSO 

experiment, a total of 18 female, 6-wk-old Sprague–Dawley rats with a mean weight of 180 ± 10 

g were divided into three groups: control group (n = 4), ND/G group (n = 7), and ND/G/ DMSO 

group (n = 7). All three groups were further divided equally into retention group (T3) and relapse 

group (T4). For the E2 systemic distribution experiment, a total of 13 female, 6-wk-old 

ovariectomized Sprague–Dawley rats with a mean weight of 180 ± 10 g were divided into three 

groups: control group (n = 3), E2-only group (n = 5), and E2/ND/G group (n = 5). All animals 

were kept in a 12-h light and dark environment at a constant temperature of 23 °C and fed an 

ordinary, solid diet and water ad libitum. During 7 d of expansion, animals were given a soft 

diet. Body weight was measured every 7 d. 

Expander Design and Expansion Procedure.  

A midpalatal expander was fabricated with 0.014-inch stainless steel wire with an 

intraoral helical spring 1.5 mm in diameter and 7-mm-long extended arms with loops that were 

secured to maxillary central incisors. Each expander was calibrated using a force gauge 

(Orthopli) to 100 g of force. Each rat was anesthetized with 4–5% Isothesia isoflurane gas 

(Henry Schein). TransbondPlus self-etching primer (3M Unitek) was applied to maxillary 

incisors. The expander was placed by wrapping the loops around each incisor, ensuring they 

were at the most gingival surfaces of maxillary central incisors. The expander was then secured 

onto the incisors, using light-cure flowable acrylic resin (Transbond Supreme LV Low Viscosity 
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Light Cure Adhesive; 3M Unitek). The expansion force was delivered to the midpalatal suture 

for 7 d without reactivation. 

Preclinical Drug Delivery.  

After expansion, animals received a 0.05-mL local injection at the expanded midpalatal 

region with one of the following: vehicle, E2 solution, or E2/ND/G. The E2 group received 

every-other-day injections of 0.05 mL E2 solution for total of 90 μg E2 while the E2/ND/G 

group received a single injection of 0.05 mL E2/ND/G (90 μg E2) mixture, which was then cured 

with visible blue light (Valo Light Cure) for 15 s over the palatal tissue. 

Retention and Relapse Procedure.  

Immediately following injections, the expanders were converted into retention devices 

for all rats by applying acrylic resin (Transbond Supreme LV Low Viscosity Light Cure 

Adhesive; 3M Unitek) onto the helical spring. All groups underwent 14 d of mechanical 

retention and the retention group was humanely killed after the retention period. The remaining 

rats from each group underwent relapse for 7 d after the entire appliances were removed. The 

relapse group animals were killed at the end of the relapse period. 

Data collection 

Direct measurements.  

The distance between the maxillary incisors (diastema) at the gingival level was 

measured using a digital caliper (Orthopli) at four designated time points: (i) T1, preexpansion; 

(ii) T2, postexpansion; (iii) T3, retention; and (iv) T4, relapse. The relapse ratio was calculated 

according to the following formula (49): Relapse ratio =ðT4−T3Þ=ðT3−T1Þ × 100. 

Micro-CT analysis.  
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The maxilla was dissected and fixed with 4% (wt/vol) paraformaldehyde in 0.1 M PBS 

solution for 24 h. High-resolution microcomputed tomography (SkyScan 1172; SkyScan N.V.) 

was used to scan samples at a resolution of 15 μm, with a 70-kV and 141-μA X-ray source and a 

0.5-mm aluminum filter. Three-dimensional image datasets were reconstructed from 2D X-ray 

images, using NRecon software (SkyScan N.V.) with image correction steps. Images of each 

sample were oriented on a 3D plane with DataViewer software (SkyScan N.V.). Three-

dimensional volumetric analysis was conducted with CTAn software (SkyScan N.V.). To 

confirm consistency, a single individual repeated all analyses at two separate time points. The 

dataset was selected from the first appearance of palate to 120 sections down. The region of 

interest (ROI) was outlined with a trapezoid shape on consecutive transaxial sections to create a 

uniform volume of interest (VOI). BV/TV and BMD values were quantified. 

Histological analysis.  

Samples were fixed in 4% paraformaldehyde (PFA) for 24 h and decalcified in 10% 

ethylenediaminetetraacetric acid (EDTA) (0.1 M, pH 7.1) solution at 4 °C for 3 wk. After 

decalcification, the palate was removed from the cranium using a scalpel and embedded in 

paraffin. Tissue samples were sectioned coronally in 5-μm sections and stained with H&E by the 

University of California, Los Angeles, Tissue Procurement Core Lab (TPCL). Sectioned 

immunohistochemistry (IHC) was carried out using anti-osteocalcin antibody (abcam; ab93876) 

as a primary antibody and 3-amino-9-ethylcarbazole (AEC) as a chromogen. An Olympus BX51 

microscope and cellSens software version 1.6 (Olympus Corp.) were used to view and analyze 

results. Serum E2 concentration. A total of 100 μL blood was collected from the tail vein of the 

animals at different time points (2 h, 24 h, and 7 d) and centrifuged at 9,391 × g for 1 min to 

separate serum. The collected samples were analyzed for E2 concentration via the mouse/rat 
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estradiol ELISA kit (Calbiotech) according to the manufacturer’s protocols. Briefly, the samples 

and ELISA buffer were added into a precoated antibody 96-well-plate and the plate was 

incubated for 2 h at room temperature. Wells were emptied and rinsed three times with washing 

buffer. TMB reagent was added and developed in the dark for 30 min. The plate’s OD value was 

recorded in a 450-nm wavelength. 

 

 

Statistical analysis.  

All data are presented as the mean ± SD for each group. Normal quantile plots were 

examined to confirm the data followed the normal Gaussian distribution, allowing the use of 

parametric methods. Therefore, means were compared using one-way analysis of variance 

(ANOVA) for statistical comparison among the three groups. The Fisher Least Significant 

Difference criterion under this model was used for the pairwise comparisons among the three 

groups. The α value was set to 0.05. 

 

 

 

 

 

 

 

 

 



20 
 

Figures 

 

Fig. 1. (A) A schematic of E2/ND complex embedded within a hydrogel matrix. (B) 

Representative thermogravimetric analysis of pristine E2 (in red) vs. E2/ND complex (in blue). 

(C) Time-dependent E2 release from E2/ND/G using ELISA. (D) Expression of osteogenic 

marker genes, in vitro, used for validation of E2 functionality following release from NDs. 
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Fig. 2. (A) Visual representation of the intraoral self-activated expander with the active helix 1.5 

mm in diameter and extension arms 7 mm in length bilaterally. The force of 100 g is exerted by 

compressing on the helical part of the spring for 7 d to achieve expansion. (B) Visual 

representation of the expander converted into the retention device at T2 by deactivating the 

helical spring with rigid acrylic resin. (C) Three-dimensional micro-CT image of the rat palate at 

T1. (D) Three-dimensional micro-CT image of the expanded rat palate at T2. 
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Fig. 3. (A) Intraoral view of expansion appliance cemented onto maxillary incisors at T1. Note 

no space between the incisors. (B) Intraoral view following 7 d expansion at T2. Diastema 

measurement is shown in yellow. Cartoon syringe demonstrates site of E2/ND/G injection. (C) 

Diastema measurement for the control group rats at T1, T2, and T3 time points. (D) Relapse ratio 

for the control, E2-only, and E2/ND/G groups. **P < 0.01 between the control and E2 groups; 

++P < 0.01 between the E2 and E2/ND/G groups. 
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Fig. 4. (A) Three-dimensional volume rendering of a sample showing the level of slicing (green 

plane) in all dimensions. (B) Visual comparison at time points T3 (Top row) and T4 (Bottom 

row) for the control, E2-only, and E2/ND/G groups. (C and D) Volumetric analysis of BV/TV at 

T3 (C) and BMD at T4 (D) for all three groups. *P < 0.05 and **P < 0.01 between the control 

and E2 groups. ++P < 0.01 between the E2 and E2/ND/G groups. 
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Fig. 5. Histological analysis at T4. (A and B) Representative H&E images for the control, E2, 

and E2/ND/G groups. Blue rectangle in A is the region that is magnified in B. Yellow rectangle 

in B is the region that is further magnified in C. (C) Representative osteocalcin IHC staining 

images for the control, E2, and E2/ND/G groups. (D) Quantification of B.Ar (mineralized 

area/total area × 100) for all three groups. (E and F) Quantification of osteoblast number (Ob.N) 

(E) and Ob.N per bone surface perimeter (B.Pm) (F). *P < 0.05 and **P < 0.01 between the 

control and E2 groups. ++P < 0.01 between the E2 and E2/ND/G groups. 

 

 

 

 
Fig. 6. Time-dependent serum E2 concentration using ELISA. **P < 0.01 between 

the E2 and E2/NDG groups. 
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Supplemental Information Figures 

 

 

 
 

Fig. S1. The in vitro effects of DMSO. (A) MTT assay. (B) ALP staining and quantification. (C) 

Alizarin Red staining and quantification. **P < 0.01. 
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Fig. S2. Assignment of groups and experimental timeline. 

 

 
Fig. S3. The in vivo effects of DMSO. (A) Relapse ratio for the control, ND/G, and 

ND/G/DMSO groups. (B) Volumetric analysis of BV/TV at T3 for all three 

groups. 
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Fig. S4. Histological analysis at T3. (A and B) Representative H&E images for the control, E2, 

and E2/ND/G groups. Blue rectangle in A is the region that is 

magnified in B. Yellow rectangle in B is the region that is further magnified in C. (C) 

Representative osteocalcin IHC staining images for the control, E2, and E2/ 

ND/G groups. 
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