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[Abstract]  Objective To explore the efficacy of a novel injectable hydrogel (GelMA/P11/1L4@LIP) loaded with
P11 bacteriophages and interleukin-4 (IL-4) liposomes (LIP) in preventing relapse after maxillary expansion in mice,
providing experimental evidence for its clinical application. Methods This study was approved by the experimental
animal ethics committee of our hospital. First, 15 7-week-old C57BL/6 mice were used to establish a maxillary expan-
sion model and divided into 5 groups (3 mice in each group): a control group, post expansion day 3 group (PED3 group),
post expansion day 7 group (PED7 group), retention for 14 days group (RET group), and relapse for 7 days group (REL
group). The mice in each group were sacrificed at their designated time points (day 0, 3, 7, 21, 28), and their maxilla
and anterior cranial regions were collected. Bone parameters and the inter-crestal distance (ICD) of maxillary incisor
mesial alveolar ridge were measured using micro-computed tomography (micro-CT). Histological staining was performed
to evaluate bone formation and resorption, while immunohistochemistry (IHC) was performed for macrophage markers
(CD86 and CD206), mesenchymal stem cell markers (glioma-associated oncogene homolog 1 [Glil]), and osteogenic
markers (Runt-related transcription factor 2 [Runx2] and Osterix [0SX]). Next, GelMA/P11/IL4@LIP was synthesized
and administered to mouse models of maxillary expansion. A total of 24 7-week-old C57BL/6 mice were divided into 4
groups (6 mice in each group): a blank control group, GelMA group, GelMA/P11 group, and GelMA/P11/IL4@LIP
group. All mice underwent palatal expansion. On PED7, the expanders of all 24 mice were cemented with resin to initi-
ate the 14-day retention period. On day 1 of the retention phase, the mice in each group received injections of saline,
GelMA, GelMA/P11, or GeIMA/P11/ILA@LIP at the midpalatal suture. After the 14-day retention period, three mice in
each group were randomly selected and sacrificed, while the other three had their expanders removed and underwent a
7-day relapse before being sacrificed on day 28 (REL). Micro-CT, histological staining, and THC were performed to
evaluate the preventive effect of GelMA/P11/ILA@LIP on post-expansion relapse. Results The mice maxillary expan-
sion model exhibited a decreased ICD at REL compared to RET in micro-CT analysis (P = 0.008). IHC analysis demon-
strated prolonged M1 macrophage infiltration, scarce Glil* mesenchymal stem cells, and insufficient expression of osteo-
genic markers (RUNX2 and OSX) (P < 0.001). Compared to the blank control and GelMA groups, GelMA/P11/IL4A@LIP
hydrogel injection in the midpalatal suture led to increased ICD at REL, promoted the timely M2 polarization of macro-
phages, recruited Glil* mesenchymal stem cells, and upregulated the expression of RUNX2 and OSX (P < 0.05). Con-
clusion The mechanism of relapse after maxillary expansion involves the persistent infiltration of M1 macrophages, as
well as the inadequate recruitment and insufficient osteogenic differentiation of MSCs in the midpalatal suture. The
GelMA/P11/ILA@LIP composite enhanced orofacial mesenchymal stem cell recruitment and promoted the M2 polariza-
tion of macrophages, thereby enhancing osteogenesis in the midpalatal suture and preventing post-expansion relapse.
[Key words] mesenchymal stem cells; macrophages; phage; phage display techniques; interleukin-4; maxil-
lary expansion; maxillary transverse deficiency; immunomodulation
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a: illustration of mouse maxillary expansion, retention, and relapse; b: photographs showing the opening spring in its activated state, bonded to bi-

lateral incisors to initiate maxillary expansion and secured with light-cure resin for retention

Figure 1 Mouse model of maxillary expansion and relapse
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a: schematic of GeIMA/P11/ILA@LIP hydrogel. b: illustration of the maxillary expansion model and hydrogel injection. IL4: interleukin-4; LIP: li-

posome; RET: retention; REL: relapse; GeIMA: gelatin methacryloyl

Figure 2 Composition of GelMA/P11/ILA@LIP and its application in the mouse model of maxillary expansion and relapse
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a: micro-CT 3D reconstruction of the maxillae in different groups. b: inter-crestal distance of maxillary incisor mesial alveolar ridge of mice in dif-

ferent groups. The inter-crestal distance increased during expansion, but declined at relapse. n = 3. ¢: hematoxylin and eosin and Masson's tri-

chrome staining of coronal sections of the maxillae of mice in different groups. Upper panel scale bar: 200 wm; lower panel scale bar: 100 wm.

Control group: without expansion; PED3 group: post expansion day 3; PED7 group: post expansion day 7; RET group: retention; REL group: re-

lapse.**: P < 0.01, ***: P < 0.001

Figure 3 Micro-CT and histological observation of the mouse model of maxillary expansion
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a & b: immunohistochemical staining of CD86 and CD206 and the relative ratio of the positive area; ¢ & d: TRAP staining and ratio of TRAP" os-
teoclast area; e & f: immunohistochemical staining of Glil and the relative ratio of the positive area; g & h: immunohistochemical staining of
RUNX2 and OSX and the relative ratio of positive area; a, ¢, e, g: the area within the small black box in each image is magnified and shown in the
upper left corner. Scale bars: 100 pm (low-magnification view) and 40 pm (magnified view). b, d, f, h: n = 3. CD86: cluster of differentiation 86;
CD206: cluster of differentiation 206; TRAP: tartrate resistant acid phosphatase; Glil: glioma-associated oncogene homolog 1; RUNX2: Runt re-
lated transcription factor 2; OSX: osterix. Control group: without expansion; PED3 group: post expansion day 3; PED7 group: post expansion day 7;
RET group: retention; REL group: relapse. * indicates pairwise comparison analysis, *: P < 0.05, **: P < 0.01, ***: P < 0.001. Compared with the
control group, #: P < 0.05, ##: P < 0.01, ###: P <0.001
Figure 4 Macrophage polarization, stem cell recruitment, osteogenesis, and osteoclastogenesis in the midpalatal suture area of
maxillary expansion in mice
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a: GelMA/P11/ILA@LIP observed under scanning electron microscope revealing a rough, porous structure (X2 000); b: IL-4 release rate of GelMA/

P11/ILA@LIP. IL-4 was gradually released until plateauing at 24 h

Figure 5  Surface topography and the IL-4 release rate of GelMA/P11/1L4@LIP
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a: micro-CT 3D reconstruction of mouse maxillae in retention and relapse phases. b: inter-crestal distance of maxillary incisor mesial alveolar ridge
in the retention and relapse phases, respectively. The GelMA/P11/IL4@LIP group showed the widest inter-crestal distance at relapse. n = 3. c:
bone mineral density and bone volume/tissue volume ratio (BV/TV) of mice maxillae in different groups measured in the retention and relapse
phases, respectively. The GelMA/P11/IL4@LIP group showed the highest bone mineral density and BV/TV values at retention and relapse. n = 3.
d: hematoxylin and eosin and Masson's trichrome staining of coronal sections of the mice maxillae in different groups. Twenty-four 7-week-old
C57BL/6 mice were randomly divided into four groups: the control group, the GeIMA group, the GelMA/P11 group, and the GelMA/P11/IL4@LIP
group. All 24 mice underwent palatal expansion, and 7 days post-expansion, the expansion device was fixed with resin for 14 days of retention.
Each group received a 15 pL injection of the corresponding material (sterile saline, GelMA solution, GelMA/P11 solution, or GelMA/P11/IL4@LIP
solution) into the palatal suture region. RET: retention; REL: relapse. *: P <0.05, **: P <0.01, ***; P <0.001
Figure 6 Effect of GelMA/P11/ILA@LIP injection on bone formation in the midpalatal suture area and expansion amount after

maxillary expansion in mice
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a & b: immunohistochemical staining of CD86 and the relative ratio of the positive area. ¢ & d: immunohistochemical staining of CD206 and the
relative ratio of the positive area. e & f: TRAP staining and the ratio of the TRAP" osteoclast area. ¢ & h: immunohistochemical staining of Glil
and the relative ratio of the positive area. i & j: immunohistochemical staining of RUNX2 and the relative ratio of the positive area. k & l: immuno-
histochemical staining of OSX and the relative ratio of the positive area. a, c, e, g, i, k: the area within the small black box in each image is magni-
fied and shown in the upper left or lower left corner. Scale bars: 100 wm (low-magnification view) and 40 pm (magnified view). b, d, f, h, j, l: n =
3. CD86: cluster of differentiation 86; CD206: cluster of differentiation 206; TRAP: tartrate resistant acid phosphatase; Glil: glioma-associated on-
cogene homolog 1; RUNX2: Runt related transcription factor 2; OSX: osterix. Twenty-four 7-week-old C57BL/6 mice were randomly divided into
four groups: the control group, the GelMA group, the GelMA/P11 group, and the GelMA/P11/ILA@LIP group. All 24 mice underwent palatal expan-
sion, and 7 days post-expansion, the expansion device was fixed with resin for 14 days of retention. Each group received a 15 pL injection of the
corresponding material (sterile saline, GelMA solution, GelMA/P11 solution, or GelMA/P11/IL4@LIP solution) into the palatal suture region. RET:
retention; REL: relapse. *: P <0.05, **: P <0.01, ***: P <0.001
Figure 7 Effects of GeIMA/P11/ILA@LIP injection on macrophage polarization, stem cell recruitment, osteogenesis, and osteo-

clastogenesis in the midpalatal suture region after maxillary expansion in mice
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