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新型载药系统在放化疗性口腔黏膜炎防治中的研究进展
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摘要: 口腔黏膜炎 (oral mucositis, OM) 是肿瘤放化疗常见的并发症, 其引发的剧烈疼痛和溃疡不仅显著降低患

者生存质量, 还可导致抗肿瘤治疗中断。目前, 局部给药仍是OM防治的首选策略。然而, 传统剂型 (如漱口水、凝

胶剂) 存在黏膜滞留时间短、易受唾液冲刷、药物清除快等药代动力学缺陷。近年来, 纳米、微针和水凝胶等新型载

药系统凭借其良好的生物相容性和可控释放特性, 在提高药物黏膜靶向性和延长作用时间方面展现出显著优势。

本文总结了上述 3种载药系统在OM防治中的研究进展, 讨论了新型递送技术当前面临的挑战, 并对未来研究方向

进行了展望, 旨在为开发更高效的OM治疗策略提供参考。
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Abstract: Oral mucositis (OM) is a common complication of radiotherapy and chemotherapy in cancer 

patients. The severe pain and ulcer caused by OM not only significantly impair patients' quality of life but may also 

lead to the interruption of antitumor therapy. Currently, topical drug administration remains the preferred strategy 

for the prevention and treatment of OM. However, conventional dosage forms (e.g., mouthwash, gel) are susceptible 

to salivary clearance, exhibiting pharmacokinetic limitations such as short mucosal retention time and rapid drug 

clearance. In recent years, novel drug delivery systems, including nanocarrier, microneedle and hydrogel, have 

demonstrated significant advantages in enhancing mucosal drug targeting and prolonging therapeutic duration due 

to their excellent biocompatibility and controlled release properties. This review summarizes the recent research 

progress of the above three drug delivery systems in the prevention and treatment of OM, discusses current 

challenges faced by advanced delivery technologies, and outlines future research directions, aiming to provide 

insights for the development of more effective therapeutic strategies for OM.
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口腔黏膜炎 (oral mucositis, OM) 作为抗癌治疗

的常见并发症之一, 其临床负担日益凸显。流行病学

数据显示 , 放射性口腔黏膜炎 (radiation-induced oral 

mucositis, RIOM) 发病率超过 90%, 3 级或 4 级 RIOM

在头颈部肿瘤患者中发病率接近 85%。传统化疗中约

30%～40%患者会出现OM, 而放化疗联合要比单纯化

疗诱发 OM 的比例更高[1]。OM 引发的剧烈口腔疼痛

和吞咽困难, 不仅显著降低患者的生活质量, 还增加了

医疗成本[2]。因此, 在接受抗癌治疗的同时, 有效预防

和管理OM至关重要。

OM病理机制可用五阶段模型来描述[3], 各阶段发

生的关键生物事件 (如氧化应激、炎症反应和菌群失

调等) 为其干预策略提供了多种选择。局部给药因全

身吸收较少, 显著降低全身不良反应的风险。然而, 湿

润的口腔环境和吞咽、咀嚼等肌肉运动, 使得药物难以

在局部有效滞留, 这给局部用药带来巨大挑战[4]。因

此, 研究者们开发了更适合口腔黏膜的新型载药系统, 

如可增强药物渗透和改善溶解性的纳米载体、无痛穿

透黏膜屏障且避开唾液冲刷的微针阵列、增强生物黏

附和长效缓释的水凝胶。通过靶向递送和控释技术克

服了传统剂型的局限, 增强治疗效果。本综述将重点

阐述上述 3种载药系统在OM防治中的研究进展及其

不同设计原理和特点, 最后提出新型载药系统发展的

挑战和前景展望, 为实现口腔黏膜的高效靶向治疗提

供参考。

1 OM病理机制 

Sonis于2004年提出OM五阶段模型 (起始、上调、

信号放大、溃疡、愈合)[3], 各阶段呈现出不同的病理变

化和临床表现 (表1)。起始阶段, 放化疗直接诱导活性

氧 (reactive oxygen species, ROS) 爆发及DNA损伤, 激

活核因子 κB (nuclear factor κB, NF-κB) 等促炎信号通

路[5-8], 从而导致基底上皮细胞凋亡[9]。此阶段, 患者通

常无明显自觉症状。信号上调阶段, NF-κB通路激活驱

动肿瘤坏死因子 (tumor necrosis factor, TNF-α)、白细胞

介素-1β (interleukin-1β, IL-1β)、白介素-6 (interleukin-6, 

IL-6)、环氧化酶-2 (cyclooxygenase-2, COX-2) 等下游

促炎因子的释放, 募集单核/中性粒细胞并增强血管通

透性, 形成“ROS-炎症”恶性循环[3,10]。此阶段黏膜敏

感性增加, 患者可出现轻微灼热感、瘙痒感等前驱症状。

信号传递和放大阶段, 初级损伤反应期间产生的各种

下游分子会对易感细胞产生正反馈, 启动额外的信号

传导, 从而进一步放大局部炎症反应[9,11]。临床上, 患

者口腔黏膜可能出现轻微红斑, 甚至伴有自觉疼痛。

尽管如此, 黏膜的完整性未受影响。溃疡阶段, 黏膜和

黏膜下层的完整性遭到破坏, 溃疡中定植的口腔细菌

直接刺激浸润的巨噬细胞、中性粒细胞和淋巴细胞分

泌更多的促炎细胞因子 , 从而扩大黏膜损伤程度[12]。

中性粒细胞显著减少的癌症患者甚至可能发生菌血症

或败血症[13]。由于覆盖固有层神经末梢的上皮脱落, 

溃疡阶段是最痛苦的, 甚至影响患者进食及营养状况, 

故此阶段的疼痛管理尤为重要[14]。随着化疗或放疗的

停止, 愈合逐渐开始, 其特点是上皮细胞在细胞外基质

的促进下发生增殖、迁移和分化, 局部微生物菌群重新

建立 , 黏膜连续性恢复[15]。此阶段 , 患者溃疡逐渐愈

合, 疼痛减轻。值得注意的是, 在临床实践中, 放化疗

引发的损伤是一个复杂的动态演进过程, 各个阶段相

互交织、存在重叠。因此, OM的药物治疗呈现出多靶

点、分阶段干预特点。早期 (起始、上调阶段) 侧重于

抗氧化和抗炎, 以中断“ROS-炎症”恶性循环; 溃疡阶

段则强调镇痛、抗感染和物理屏障保护; 愈合阶段则需

提供适宜的微环境以促进上皮再生与菌群平衡。理想

的治疗策略需兼具长效局部滞留与药物控释能力, 避

免唾液冲刷, 以应对特殊的口腔环境。

2 OM局部药物递送挑战 

局部给药因其操作简便和病灶靶向富集性, 已成

为OM防治的主要治疗形式。基于OM多机制病理特

征, 局部治疗药物可分为抗氧化、抗菌、抗炎、镇痛、促

修复和黏膜保护剂几种类型。褪黑素虽具有显著抗氧

化特性, 但其口服生物利用度较低 (约 9%～33%)[16]。

常用抗菌消炎药如氯己定、聚维酮碘和苄达明主要采

用漱口水剂型递送, 虽可有效预防OM发生和降低其

严重程度[17-19], 但停留在局部的作用时间短, 需频繁使

用, 且容易引起味觉改变和黏膜刺激。天然抗炎药物

如姜黄中提取的姜黄素虽能缓解OM症状, 却受限于

低水溶性和生物利用度[20-22]。新上市的益普舒口腔凝

胶能快速形成保护膜以效缓解口腔疼痛[23], 但该凝胶

剂型易被唾液稀释, 且部分患者使用后会出现恶心等

不良反应[24]。尽管现有剂型在缓解症状和促进愈合方

面具有不错疗效, 但仍存在黏附性差、作用时间短、药

物溶出率差等递送困境。因此, 为提高局部药物利用

率和治疗效果, 研究者们开发了一系列新型载药系统

克服传统剂型递送局限。

3 纳米载药系统在OM防治中的应用 

纳米材料因具有亚微米粒径和独特的物理化学性

质, 可有效改善药物在口腔的溶出与释放, 提高药物穿

透黏液层的扩散速率, 增加蛋白、多肽及核酸类药物在

口腔黏膜的递送[25,26]。目前, 已有多种纳米载体用于

OM 的治疗 (图 1), 如脂质体 (liposome, LPS)、聚合物

纳米粒 (polymeric nanoparticles, PNPs)、金纳米颗粒 

(gold nanoparticles, AuNPs)、纳米乳凝胶、纳米纤维结
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构等。这些纳米载体可以提供修饰和受控的药物释

放, 增强黏膜黏附性和停留时间, 有利于降低给药频率

和提高患者的依从性[27]。表 2对各类纳米载药系统的

核心特性进行了归纳总结。

3.1　LPS　LPS是以两亲性磷脂分子为基本单元形成

的双层膜囊泡结构, 因其低毒、可降解及良好的组织相

容性成为局部药物递送的理想纳米载体[28]。基于独特

的双亲性分子排列, 该体系可实现亲水性药物内核包载

Figure 1　Nano drug delivery carriers and their mechanism of action for treating OM. Cur: Curcumin; cur-BS: Curcumin-loaded bicosome 

systems; LPS: Liposome; PLGA: Poly (lactic-co-glycolic acid); CS: Chitosan; PNPs: Polymeric nanoparticles; REB: Rebamipide; AuNPs: 

Gold nanoparticles; KET: Ketoprofen; Glu: Glutamine

Table 1　Characteristics of the five stage models of oral mucositis (OM). ROS: Reactive oxygen species; NF-κB: Nuclear factor κB; TNF-

α: Tumor necrosis factor; IL-1β: Interleukin-1β; IL-6: Interleukin-6; COX-2: Cyclooxygenase-2

Pathological 

stage

Initiation

Upregulation

Signal 

amplification

Ulceration

Healing

Core driving event and molecular mechanism

Direct induction of ROS burst and DNA 

damage by radiotherapy/chemotherapy; 

activation of pro-inflammatory pathways such 

as NF-κB

NF-κB activation drives the release of pro-

inflammatory factors (e.g., TNF-α, IL-1β, IL-6, 

COX-2), establishing a "ROS-inflammation" 

vicious cycle

Positive feedback of primary inflammatory 

signals on susceptible cells, further amplifying 

the local inflammatory response

Disruption of mucosal integrity and epithelial 

sloughing; direct stimulation of immune cells 

by oral flora, leading to increased secretion of 

inflammatory factors and expanded tissue 

damage; exposure of nerve endings in the 

lamina propria

Cessation of anticancer therapy; proliferation, 

migration, and differentiation of epithelial 

cells; extracellular matrix facilitates repair; 

reconstruction of the local microbiota

Cellular/histological change

Apoptosis of basal epithelial 

cells

Increased monocytes/

neutrophils; vasodilation and 

increased vascular permeability

Aggravated inflammatory cell 

infiltration; appearance of mild 

red rash on the mucosa, with 

integrity remaining intact

Massive infiltration of immune 

cells; formation of ulcerative 

lesions on the mucosa

Migration of epithelial cells 

from the ulcer margins towards 

the center; gradual restoration of 

mucosal continuity

Clinical characteristic

Patients are usually 

asymptomatic

Increased sensitivity of 

mucosa, possible prodromal 

symptoms such as burning 

sensation and itching

Mild erythema appears on the 

mucosa, and the patient may 

experience mild pain

Ulcers appear on the mucosa, 

and severe pain may affect 

the patient's eating and 

nutritional status

The ulcer gradually heals and 

the pain decreases

Treatment 

strategy

Antioxidant

Anti-

inflammatory

Anti-

inflammatory;

 analgesia

Analgesia; 

mucosal 

protection; 

antibacterial

Promotion of 

mucosal 

repair
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与疏水性药物膜间嵌入的协同负载模式, 从而在保障药

物稳定性的同时实现可控释放; 其次, 其脂质双层与细

胞膜结构相同, 可与细胞膜融合, 从而显著增强药物的

黏膜渗透。LPS已成为姜黄素等易降解生物活性化合

物的理想递送系统[29]。Vergara等[30]评估了负载姜黄素

的双组分脂质体 (curcumin-loaded bicosome systems, 

cur-BS) 对化疗诱导的小鼠 OM 的疗效。通过体外渗

透、释放谱分析和抗炎功效等实验发现, 高浓度 cur-BS

不仅下调了 IL-1β和TNF-α的表达, 还通过扩散和基质

松弛的机制提供了缓释, 增强了姜黄素在黏膜深层的

保留。LPS的独特结构增强了姜黄素在口腔黏膜的渗

透和生物利用度, 增强了抗炎、抗氧化能力, 从而有效

地靶向OM的起始与炎症反应阶段。虽然LPS作为药

物递送系统具有明显优势, 但也存在药物容易渗漏、长

期储存稳定性不足等缺陷。

3.2　PNPs　PNPs是一类粒径为 1～100 nm的微粒系

统, 由聚合物分子通过物理或化学方法组装而成。它

们兼具聚合物的可加工性、生物相容性及化学多样性, 

同时因纳米尺寸效应 (如高比表面积、量子限域效应) 

而表现出独特的理化性质。PNPs通常包含聚乳酸羟

基乙酸 [poly (lactic-co-glycolic acid), PLGA]、藻酸盐、

明胶、壳聚糖等生物材料, 能抵抗蛋白酶降解, 并通过

药物包埋实现可控释放 , 从而减少给药频率[31]。

Takeuchi 等[32]开发了一种壳聚糖包被瑞巴派特的

PNPs, 显著增强了口腔黏膜黏附性, 延长了药物在口

腔的滞留时间, 并加速了OM的愈合。Ribeiro等[33]通

过溶剂乳化−蒸发法制备负载地塞米松的 PNPs, 通过

下调NF-κB、COX-2及TNF-α等促炎因子, 有效预防了

5-氟尿嘧啶诱导的OM。该策略精准靶向了OM病理

进程中的主要炎性信号通路 (NF-κB), 从源头上抑制

了炎症瀑布式放大。然而, 过强的黏附可能导致PNPs

无法穿透黏液层, 而随着黏液层的流动丢失, 降低药物

的黏膜吸收。因此, 黏附性并非越强越好, 需在“滞留”

与“穿透”之间寻求平衡。

3.3　AuNPs　AuNPs 因其表面易于修饰的特性能够

高效负载药物并实现精准的靶向释放[34]。其突出的抗

菌性能在药物递送领域展现出显著的协同治疗优势[35]。

在 5-氟尿嘧啶诱导的仓鼠OM模型中, 腹腔注射高剂

量 AuNPs (250 μg·kg-1) 显著降低了 TNF-α、IL-6 水平, 

这可能与AuNp的抗炎、抗氧化特性密切相关[36]。尽管

该研究是通过腹腔注射给药证实了 AuNPs的抗炎效

果, 但其优异的抗菌、抗炎特性及表面易于功能化的特

点, 为未来开发 AuNPs的局部漱口水、凝胶或黏膜黏

附膜剂等提供了实证参考, 有望成为干预OM信号上

调与放大阶段的潜力策略。然而, AuNPs的临床应用

仍面临两大挑战: 合成成本较高, 以及长期局部使用的

生物安全性尚需系统评估。

3.4　纳米乳凝胶　纳米乳凝胶是一种结合纳米乳剂

与凝胶优势的新型递药系统, 兼具高渗透性和长效滞

留特性。其乳剂组分可保护药物免遭酶解, 并增强黏

膜渗透性, 而凝胶基质则通过提高黏附性延长局部滞

留时间, 同时优化热力学稳定性。相较于传统纳米载

体, 纳米乳凝胶具有载药量高、渗透性强及低刺激性等

优势[37,38]。Morsy 等[39]制备的 Omega-3 纳米乳凝胶不

仅可预防 RIOM 的发生 , 还可调控口腔微生物稳态。

纳米乳凝胶通过结合乳剂与凝胶的优势, 有效提升了

药物的渗透与滞留。但由于药物的释放需要经历从凝

胶基质中扩散和从乳滴中释放两个过程, 其释放动力

学受多种因素影响, 精准调控以实现按需释放的难度

较大。除了这种“液−固”结合的递送策略, 静电纺丝

技术构建的固态纳米纤维支架, 以其高比表面积和仿

生细胞外基质结构, 为OM治疗提供了另一条独特的

递送路径。

3.5　纳米纤维结构　纳米纤维结构主要通过静电纺

Table 2　Comparison of the characteristics of nano-drug delivery systems for the prevention and treatment of OM. RIOM: Radiation-

induced oral mucositis

Nanocarrier 

type
Liposome

Polymeric 

nanoparticles

Gold 

nanoparticles

Nanoemulsion 

gel

Nanofiber 

structure

Main material

Phospholipids, cholesterol

PLGA, chitosan, alginate, 

gelatin

Gold, surface-modified 

molecules

Oil phase, aqueous phase, 

surfactant, gel matrix

Synthetic/natural polymers

Advantage

Co-delivery of hydrophilic and hydrophobic drugs; 

good biocompatibility and biodegradability

Stable structure, easy storage; controllable release; easy 

surface modification

Targeted delivery; inherent antibacterial and anti-

inflammatory properties

Combine high permeability with long-term retention; 

high drug loading capacity, thermodynamically stable

High surface area-to-volume ratio, high drug loading 

capacity

Limitation

Potential drug leakage; poor long-term 

storage stability

Synthetic polymers may have poor 

biocompatibility; degradation products 

might induce local immune reactions

High preparation cost; potential toxicity 

upon long-term exposure or high-dose use

Complex formulation composition; the 

precise release of drugs is difficult

Insufficient mechanical strength; high 

preparation cost
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丝技术编织而成, 由于其高面积体积比和材料多样性, 

在药物递送方面具有显著潜力。静电纺丝技术通过电

荷驱动机制优化了治疗剂的渗透和递送效率[40]。Tort

等[41]采用静电纺丝技术成功开发了负载谷氨酰胺的黏

膜黏附纳米纤维结构, 因其载药量大、黏附性强并且高

药物溶出率等优异性能, 可作为治疗OM的有效递送

措施。因酮洛芬口服容易出现胃肠道出血和肾功能不

全等不良反应, Reda等[42]通过静电纺丝技术制备了负

载酮洛芬的纳米纤维结构, 不仅载药量大, 且稳定释

放, 经局部颊侧输送减轻了家兔OM的严重程度。虽

然纳米纤维在OM治疗中具有载药量大的优势, 但大

规模静电纺丝技术仍面临挑战。

4 微针载药系统在OM防治中的应用 

微针是微米大小的尖锐突出物, 当应用于皮肤时, 

具有微创性和无痛性[43], 通过破坏上皮或纤维生物屏

障, 促进药剂渗透到皮肤或黏膜中, 直接递送药物至深

层组织或毛细血管 , 提高了大分子药物的生物利用

度[44,45]。根据结构特性, 微针主要被分为实体、涂层、

空心、可溶性及水凝胶几种类型 (图2)。可溶性微针具

有一定的机械强度, 可插入口腔黏膜, 形成多个微小通

道, 随后溶解到液体中, 迅速释放药物, 在口腔黏膜疾

病中应用最为广泛[46-48]。Qu等[49]开发的白及多糖可溶

性微针, 负载曲安奈德介孔多巴胺纳米颗粒用于治疗

OM (图 2)。该体系结合了纳米颗粒的优异性能, 不仅

具备快速溶解 (< 3 min) 和高效穿透性, 还能协同曲安

奈德、白及多糖和透明质酸的抗炎作用, 降低TNF-α水

平, 显著缩小了大鼠的溃疡面积。在OM防治中, 微针

载药系统因其操作简便且能有效规避唾液冲刷, 尤其

适用于需长期或频繁给药的患者, 提升治疗依从性。

5 水凝胶载药系统在OM防治中的应用 

水凝胶是一种高吸水性三维聚合物网络结构, 凭

借其优异的生物相容性和可设计的理化特性 (如可注

射原位成胶、温度/pH响应性、组织黏附性) 已成为大

部分药物递送的理想载体[50]。根据原料来源不同, 水

凝胶可分为天然型 (如胶原蛋白、透明质酸、藻酸盐) 

和合成型 (如聚丙烯酰胺、聚乙烯醇等), 二者均具有良

好的生物相容性与可调控的药物释放能力, 不仅能增

强药物渗透性 , 还可延长药物在黏膜局部的滞留时

间[51,52]。值得注意的是, 由透明质酸、壳聚糖、白及多

糖等天然聚合物构成的水凝胶, 不仅能为溃疡创面提

供物理屏障和湿润的愈合环境, 还兼具固有的抗炎与

抗氧化活性, 通过负载不同类型的药物和化合物, 从而

实现对OM多个病理环节的协同干预 (图3)。

Zhao等[53]开发的可喷涂原位水凝胶, 通过负载富

勒烯醇可清除 ROS从而保护黏膜上皮细胞的增殖和

迁移, 不仅能有效缓解RIOM, 同时还可调节口腔微生

态平衡。Ding等[54]设计的双功能鸟苷−聚乙烯醇超分

子水凝胶, 通过动态硼酸酯键交联, 融合物理屏蔽与化

学修复特性, 具有显著的湿黏附性、生物相容性和口腔

环境适应性, 不仅减轻了氧化应激, 还能保护细胞免受

直接损伤。体内动物研究表明, 这种超分子水凝胶显

著降低了 RIOM 的发生。Shao 等[55]以温度敏感的

PLGA-PEG-PLGA (PPP) 为基质、具有固有抗菌活性

的表没食子儿茶素没食子酸酯 (EGCG) 为黏附增强

剂, 成功制备了装载三肽KPV的原位黏膜黏附水凝胶 

(KPV@PPP_E)。这种水凝胶能在溃疡创面持续保留

Figure 2　 Classification of microneedles and TA@MPDA-HA/BSP MN's preparation and application. TA: Triamcinolone acetonide; 

MPDA: Mesoporous polydopamine nanoparticles; HA: Hyaluronic acid; BSP: Bletilla striata polysaccharide; MN: Microneedle
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至少 7 h, 可有效抵抗唾液冲刷, 延长局部作用时间, 实

现无创、精准的局部给药。同时, KPV@PPP_E水凝胶

保留了KPV的抗炎和促修复能力, 对金黄色葡萄球菌

有很强抗菌功效。在化疗诱导的 OM 大鼠模型中 , 

KPV@PPP_E 水凝胶显著改善了动物的摄食量与体

重, 促进了牙龈组织形态修复, 并有效抑制了炎症因子

表达。Jiang等[56]构建的枸杞多糖糖蛋白热敏水凝胶

通过激活Nrf2通路抑制氧化应激与铁死亡, 使大鼠的

放射性溃疡面积减少 57%。Pan等[57]开发的基于 ε-聚

赖氨酸和羟乙基淀粉的半互穿网络水凝胶系统, 通过

协同可控释放冬凌草甲素和脱氧核糖核酸酶- I, 有效

清除中性粒细胞胞外诱捕网并加速OM溃疡愈合。为

了增强瑞巴派特对OM的治疗效果, Nagai等[58]开发了

一种包含瑞巴派特纳米晶体 水凝胶, 通过珠磨法减小

瑞巴派特的粒径, 使其以纳米晶体形式释放, 经网格蛋

白介导的内吞作用被仓鼠颊囊组织摄取, 减轻了仓鼠

OM的发生, 促进口腔伤口愈合。这些创新设计通过

整合黏附、抗菌、抗氧化及控释等功能, 为OM的治疗

提供了高效、安全的解决方案, 展现出广阔的临床应用

前景。

纳米载药系统、微针与水凝胶作为应对OM局部

治疗挑战的前沿策略, 在机制与应用上呈现显著的互

补性, 同时各自也面临技术瓶颈。表3总结比较了3类

载药系统在OM防治中的特点。

6 总结与展望 

OM 作为抗癌治疗的常见并发症, 严重影响患者

的生活质量, 并增加医疗负担。局部药物治疗通过直

接作用黏膜病灶并减少全身不良反应, 被视为OM管

理的理想策略。然而, 口腔是具有唾液冲刷和黏膜运

动的湿润环境, 传统剂型难以使药物在其中持续维持

有效浓度, 治疗效果受到限制。近年来, 新型载药系统

的发展为增强OM局部治疗效率提供了新的可能。通

过将药物封装于脂质体、聚合物纳米粒等纳米载体中, 

显著提高了难溶性药物 (如姜黄素) 的溶解性与稳定

性, 增强了黏膜渗透能力, 并且实现药物的靶向递送与

可控释放, 在抗炎、抗氧化及促进黏膜修复方面展现出

Table 3　Comparison of the characteristics of three novel drug delivery systems for the prevention and treatment of OM

Drug delivery 

system
Nanocarrier

Microneedle

Hydrogel

Core advantage

Improve the solubility of drugs; 

enhance mucosal permeability

Painless penetration of the mucosal 

barrier, enabling direct delivery to the 

lesion site; avoids salivary washout

Excellent bioadhesion, enabling 

prolonged local retention; provides a 

physical barrier and a moist 

environment

Major limitation

Susceptible to rapid 

clearance by saliva

Limited drug loading 

capacity; insufficient 

mechanical strength

Lower biocompatibility 

of synthetic materials; 

insufficient mechanical 

strength

Applicable drug type

Small molecule drugs; natural products 

(e.g., curcumin)

Macromolecular drugs (e.g., proteins, 

antibodies) and highly potent small 

molecules

Broadly applicable, particularly suitable 

for drugs requiring sustained release (e.g., 

small molecules, proteins, cytokines)

Current research 

stage
Preclinical research 

(animal models)

Preclinical research 

(animal models)

Preclinical research 

(animal models)

Figure 3　Schematic illustration of hydrogel-based drug delivery systems for the prevention and treatment of oral mucositis. FOH: Fullere‐

nols; G-PVA: Guanosine-polyvinyl alcohol; EGCG: Epigallocate-chin-3-gallate; LBP: Lycium barbarum polysaccharide-glycoprotein; ORI: 

Oridonin; DNase-I: Deoxyribonuclease-I; NPs: Nanocrystals
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独特优势。微针通过无痛穿透黏膜屏障, 避开唾液冲

刷, 实现大分子药物的高效递送, 可快速释放药物, 从

而加速溃疡创面愈合。水凝胶凭借优异的生物黏附性

显著延长药物在口腔黏膜的滞留时间, 有效抵抗唾液

冲刷, 为溃疡创面提供了理想的物理屏障和愈合环境。

同时, 还能通过响应外界刺激实现靶向可控释放。

尽管这几种新型载药系统在基础研究中显示出令

人鼓舞的结果, 但其临床转化仍面临多重挑战。首先, 

安全性评价方面: 纳米材料在体内长期暴露、微针在口

腔组织中的相容性, 以及水凝胶降解产物的潜在毒性, 

均需进行系统、长期的生物安全性评估; 其次, 规模化

生产方面: 纳米系统的批次间质量控制、微针阵列的精

密加工与成本控制, 以及水凝胶性能的稳定性, 均是实

现大规模工业化生产的现实难题; 此外, 监管审批方

面: 新型复杂制剂面临着比传统剂型更为严格的监管

审批路径, 其质量源于设计理念、明确的理化特性与体

内外相关性证据, 是获得监管批准的前提。

为推进新型载药系统在 OM 防治中的实际应用, 

未来研究应采取更具针对性与可操作性的措施。针对

纳米载药系统, 应优先开发天然来源、温和安全的药用

辅料, 并推动微流控等先进工艺以实现规模化、可控化

生产。针对微针, 重点在于优化其在湿润口腔环境下

的力学性能, 平衡机械强度与溶解行为, 并发展适应口

腔曲面的柔性贴片设计。例如, 可通过引入海藻酸钠

等亲水聚合物与明胶共混, 以调控其在唾液中的溶胀

行为与机械强度。针对水凝胶, 需深入开展长期植入

的生物相容性研究, 优先选用胶原蛋白、明胶、壳聚糖、

海藻酸盐等天然高分子材料, 并积极推进对 pH、ROS

或酶等微环境敏感的智能型水凝胶开发, 实现药物的

精准按需释放。

综上, 通过智能集成不同系统的优势, 构建协同递

药平台 (如纳米粒−微针复合系统、纳米粒−水凝胶复

合载体等), 形成功能互补的联合策略, 将是未来 OM

局部靶向治疗的重要发展方向。同时, 应积极推进制

造工艺标准化、加强天然制剂的安全性评价, 开展多中

心大样本临床研究, 系统积累真实世界疗效与安全性

数据, 为最终临床转化提供坚实基础。

作者贡献: 罗娇负责撰写及修改论文; 王朝雨负责文献

调研; 旷歧轩、李雪珂、付西和蒋义芳负责论文选题、提出修

改建议; 郑川和由凤鸣负责指导、审阅论文。

利益冲突: 所有作者声明本文不涉及相关知识产权, 不

存在利益冲突。

References

[1] Elad S, Yarom N, Zadik Y, et al. The broadening scope of oral 

mucositis and oral ulcerative mucosal toxicities of anticancer 

therapies [J]. Ca Cancer J Clin, 2022, 72: 57-77.

[2] Shaikh T, Handorf EA, Murphy CT, et al. The impact of 

radiation treatment time on survival in patients with head and 

neck cancer [J]. Int J Radiat Oncol Biol Phys, 2016, 96: 967-

975.      

[3] Sonis ST, Elting LS, Keefe D, et al. Perspectives on cancer 

therapy-induced mucosal injury: Pathogenesis, measurement, 

epidemiology, and consequences for patients [J]. Cancer, 2004, 

100: 1995-2025.

[4] Campos JC, Cunha JD, Ferreira DC, et al. Challenges in the 

local delivery of peptides and proteins for oral mucositis 

management [J]. Eur J Pharm Biopharm, 2018, 128: 131-146.

[5] Salmon TB, Evert BA, Song BW, et al. Biological consequences 

of oxidative stress-induced DNA damage in saccharomyces 

cerevisiae [J]. Nucleic Acids Res, 2004, 32: 3712-3723.

[6] Harris DJ, Eilers J, Harriman A, et al. Putting evidence into 

practice: Evidence-based interventions for the management of 

oral mucositis [J]. Clin J Oncol Nurs, 2008, 12: 141-152.

[7] Ray PD, Huang BW, Tsuji Y. Reactive oxygen species (ROS) 

homeostasis and redox regulation in cellular signaling [J]. Cell 

Signal, 2012, 24: 981-990.

[8] Pisoschi AM, Pop A. The role of antioxidants in the chemistry of 

oxidative stress: A review [J]. Eur J Med Chem, 2015, 97: 55-74.

[9] Sonis ST. The pathobiology of mucositis [J]. Nat Rev Cancer, 

2004, 4: 277-284.

[10] Logan RM, Gibson RJ, Sonis ST, et al. Nuclear factor-κB (NF-

κB) and cyclooxygenase-2 (COX-2) expression in the oral 

mucosa following cancer chemotherapy [J]. Oral Oncol, 2007, 

43: 395-401.

[11] Davy C, Heathcote S. A systematic review of interventions to 

mitigate radiotherapy-induced oral mucositis in head and neck 

cancer patients [J]. Support Care Cancer, 2021, 29: 2187-2202.

[12] Villa A, Sonis ST. An update on pharmacotherapies in active 

development for the management of cancer regimen-associated 

oral mucositis [J]. Expert Opin Pharmacother, 2020, 21: 541-548.

[13] Mougeot JLC, Stevens CB, Morton DS, et al. Oral microbiome 

and cancer therapy-induced oral mucositis [J]. J Natl Cancer Inst 

Monogr, 2019, 2019: lgz002.

[14] Cinausero M, Aprile G, Ermacora P, et al. New frontiers in the 

pathobiology and treatment of cancer regimen-related mucosal 

injury [J]. Front Pharmacol, 2017, 8: 354.

[15] Ferreira AS, Macedo C, Silva AM, et al. Natural products for the 

prevention and treatment of oral mucositis-a review [J]. Int J 

Mol Sci, 2022, 23: 4385.

[16] Harpsøe NG, Andersen LPH, Gögenur I, et al. Clinical pharma‐

cokinetics of melatonin: A systematic review [J]. Eur J Clin Phar‐

macol, 2015, 71: 901-909.

[17] Sorensen JB, Skovsgaard T, Bork E, et al. Double-blind, placebo-

controlled, randomized study of chlorhexidine prophylaxis for 

·· 1140



罗 娇等: 新型载药系统在放化疗性口腔黏膜炎防治中的研究进展

5-fluorouracil-based chemotherapy-induced oral mucositis with 

nonblinded randomized comparison to oral cooling (cryotherapy) 

in gastrointestinal malignancies [J]. Cancer, 2008, 112: 1600-

1606.

[18] Kannarunimit D, Chotirut A, Prayongrat A, et al. A prospective 

randomized study comparing the efficacy between povidone-

iodine gargling and benzydamine hydrochloride for mucositis 

prevention in head and neck cancer patients receiving concurrent 

chemoradiotherapy [J]. Heliyon, 2023, 9: e15437.

[19] Bossi P, Tellone V, Di Loreto G, et al. Phase IV study on the use 

of benzydamine mouthwash in radiation-induced oral mucositis 

in patients with head and neck cancer [J]. Front Oncol, 2024, 14: 

1345129.

[20] Dipalma G, Inchingolo AM, Latini G, et al. The effectiveness of 

curcumin in treating oral mucositis related to radiation and 

chemotherapy: A systematic review [J]. Antioxidants, 2024, 13: 

1160.

[21] Rao S, Dinkar C, Vaishnav LK, et al. The Indian spice turmeric 

delays and mitigates radiation-induced oral mucositis in patients 

undergoing treatment for head and neck cancer: An investiga‐

tional study [J]. Integr Cancer Ther, 2014, 13: 201-210.

[22] Ramezani V, Ghadirian S, Shabani M, et al. Efficacy of cur‐

cumin for amelioration of radiotherapy-induced oral mucositis: 

A preliminary randomized controlled clinical trial [J]. BMC 

Cancer, 2023, 23: 354.

[23] Wei JL, Wu J, Wang HH, et al. A bioadhesive barrier-forming 

oral liquid gel improved oral mucositis and nutritional status in 

patients with head and neck cancers undergoing radiotherapy: A 

retrospective single center study [J]. Front Oncol, 2021, 11: 

617392.

[24] Soutome S, Yanamoto S, Kawashita Y, et al. Effects of a bioadhe‐

sive barrier-forming oral liquid on pain due to radiation-induced 

oral mucositis in patients with head and neck cancer: A ran‐

domized crossover, preliminary study [J]. J Dent Sci, 2021, 16: 

96-100.

[25] Tran PHL, Duan W, Tran TTD. Recent developments of nanopar‐

ticle-delivered dosage forms for buccal delivery [J]. Int J Pharm, 

2019, 571: 118697.

[26] Macedo AS, Castro PM, Roque L, et al. Novel and revisited 

approaches in nanoparticle systems for buccal drug delivery [J]. 

J Control Release, 2020, 320: 125-141.

[27] Mitchell MJ, Billingsley MM, Haley RM, et al. Engineering 

precision nanoparticles for drug delivery [J]. Nat Rev Drug 

Discov, 2021, 20: 101-124.

[28] Dymek M, Sikora E. Liposomes as biocompatible and smart 

delivery systems - the current state [J]. Adv Colloid Interface 

Sci, 2022, 309: 102757.

[29] Vergara D, López O, Sanhueza C, et al. co-encapsulation of 

curcumin and α -tocopherol in bicosome systems: Physico‐

chemical properties and biological activity [J]. Pharmaceutics, 

2023, 15: 1912.

[30] Vergara D, Sanhueza C, Méndez S, et al. Evaluation of 

preclinical efficacy of curcumin-loaded bicosome systems in 

amelioration of oral mucositis [J]. Pharmaceutics, 2025, 17: 181.

[31] Zhang NN, Shen XX, Liu K, et al. Polymer-tethered nanoparti‐

cles: From surface engineering to directional self-assembly [J]. 

Acc Chem Res, 2022, 55: 1503-1513.

[32] Takeuchi I, Kamiki Y, Makino K. Therapeutic efficacy of 

rebamipide-loaded PLGA nanoparticles coated with chitosan in a 

mouse model for oral mucositis induced by cancer chemotherapy 

[J]. Colloids Surf B Biointerfaces, 2018, 167: 468-473.

[33] Ribeiro SB, de Araújo AA, Oliveira MMB, et al. Effect of 

dexamethasone-loaded PLGA nanoparticles on oral mucositis 

induced by 5-fluorouracil [J]. Pharmaceutics, 2021, 13: 53.

[34] Fan JN, Cheng YQ, Sun MT. Functionalized gold nanoparticles: 

Synthesis, properties and biomedical applications [J]. Chem Rec, 

2020, 20: 1474-1504.

[35] Liu Y, Yang GZ, Hui Y, et al. Microfluidic nanoparticles for drug 

delivery [J]. Small, 2022, 18: e2106580.

[36] Vilar CJF, Ribeiro SB, de Araújo AA, et al. Effect of gold 

nanoparticle on 5-fluorouracil-induced experimental oral mucositis 

in hamsters [J]. Pharmaceutics, 2020, 12: 304.

[37] Aithal GC, Narayan R, Nayak UY. Nanoemulgel: A promising 

phase in drug delivery [J]. Curr Pharm Des, 2020, 26: 279-291.

[38] Anand K, Ray S, Rahman M, et al. Nano-emulgel: Emerging as 

a smarter topical lipidic emulsion-based nanocarrier for skin 

healthcare applications [J]. Recent Pat Antiinfect Drug Discov, 

2019, 14: 16-35.

[39] Morsy BM, El Domiaty S, Meheissen MAM, et al. Omega-3 

nanoemulgel in prevention of radiation-induced oral mucositis 

and its associated effect on microbiome: A randomized clinical 

trial [J]. BMC Oral Health, 2023, 23: 612.

[40] Pattnaik S, Swain K, Ramakrishna S. Optimal delivery of poorly 

soluble drugs using electrospun nanofiber technology: Chal‐

lenges, state of the art, and future directions [J]. Wiley Interdis‐

cip Rev Nanomed Nanobiotechnol, 2023, 15: e1859.

[41] Tort S, Acartürk F. Preparation and characterization of electrospun 

nanofibers containing glutamine [J]. Carbohydr Polym, 2016, 

152: 802-814.

[42] Reda RI, Wen MM, El-Kamel AH. Ketoprofen-loaded Eudragit 

electrospun nanofibers for the treatment of oral mucositis [J]. Int 

J Nanomedicine, 2017, 12: 2335-2351.

[43] Caffarel-Salvador E, Kim S, Soares V, et al. A microneedle 

platform for buccal macromolecule delivery [J]. Sci Adv, 2021, 

7: eabe2620.

[44] Ingrole RSJ, Azizoglu E, Dul M, et al. Trends of microneedle 

technology in the scientific literature, patents, clinical trials and 

internet activity [J]. Biomaterials, 2021, 267: 120491.

[45] Ingrole RSJ, Gill HS. Microneedle coating methods: A review 

with a perspective [J]. J Pharmacol Exp Ther, 2019, 370: 555-

·· 1141



药学学报 Acta Pharmaceutica Sinica 2026, 61(4): 1134−1142

569.     

[46] Vora LK, Courtenay AJ, Tekko IA, et al. Pullulan-based dissolving 

microneedle arrays for enhanced transdermal delivery of small 

and large biomolecules [J]. Int J Biol Macromol, 2020, 146: 

290-298.

[47] Bian Q, Huang LL, Xu YH, et al. A facile low-dose photosen‐

sitizer-incorporated dissolving microneedles-based composite 

system for eliciting antitumor immunity and the abscopal effect 

[J]. ACS Nano, 2021, 15: 19468-19479.

[48] Sartawi Z, Blackshields C, Faisal W. Dissolving microneedles: 

Applications and growing therapeutic potential [J]. J Control 

Release, 2022, 348: 186-205.

[49] Qu XY, Guo XL, Zhu TT, et al. Microneedle patches containing 

mesoporous polydopamine nanoparticles loaded with triamcino‐

lone acetonide for the treatment of oral mucositis [J]. Front 

Bioeng Biotechnol, 2023, 11: 1203709.

[50] Gutierrez AM, Frazar EM, X Klaus MV, et al. Hydrogels and 

hydrogel nanocomposites: Enhancing healthcare through human 

and environmental treatment [J]. Adv Healthc Mater, 2022, 11: 

e2101820.

[51] Cao H, Duan LX, Zhang Y, et al. Current hydrogel advances in 

physicochemical and biological response-driven biomedical 

application diversity [J]. Signal Transduct Target Ther, 2021, 

6: 426.

[52] Kaur H, Gogoi B, Sharma I, et al. Hydrogels as a potential bio‐

material for multimodal therapeutic applications [J]. Mol Pharm, 

2024, 21: 4827-4848.

[53] Zhao MR, Wang CY, Ji C, et al. Ascidian-inspired temperature-

switchable hydrogels with antioxidant fullerenols for protecting 

radiation-induced oral mucositis and maintaining the homeo‐

stasis of oral microbiota [J]. Small, 2023, 19: e2206598.

[54] Ding ZH, Hu XP, Liang WH, et al. Dual-functional guanosine-

based hydrogel: High-efficiency protection in radiation-induced 

oral mucositis [J]. J Mater Chem B, 2025, 13: 3039-3048.

[55] Shao WF, Chen R, Lin GL, et al. In situ mucoadhesive hydrogel 

capturing tripeptide KPV: The anti-inflammatory, antibacterial 

and repairing effect on chemotherapy-induced oral mucositis [J]. 

Biomater Sci, 2021, 10: 227-242.

[56] Jiang SJ, Xiao X, Li J, et al. Lycium barbarum polysaccharide-

glycoprotein ameliorates ionizing radiation-induced epithelial 

injury by regulating oxidative stress and ferroptosis via the Nrf2 

pathway [J]. Free Radic Biol Med, 2023, 204: 84-94.

[57] Pan YX, Wang MY, Wang P, et al. Effects of a semi-interpene‐

trating network hydrogel loaded with oridonin and DNase-I on 

the healing of chemoradiotherapy-induced oral mucositis [J]. 

Biomater Sci, 2024, 12: 4452-4470.

[58] Nagai N, Seiriki R, Deguchi S, et al. Hydrogel formulations 

incorporating drug nanocrystals enhance the therapeutic effect of 

rebamipide in a hamster model for oral mucositis [J]. Pharma‐

ceutics, 2020, 12: 532.

·· 1142


