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Abstract

Effective antibacterial treatment at the infection site associated with high shear forces remains 

challenging, owing largely to the lack of durably adhesive and safe delivery platforms that can 

enable localized antibiotic accumulation against bacterial colonization. Inspired by delivery 

systems mimicking marine mussels for adhesion, herein, we developed a bioadhesive 

nanoparticle-hydrogel hybrid (NP-gel) to enhance localized antimicrobial drug delivery. 

Antibiotics were loaded into polymeric nanoparticles and then embedded into a 3D hydrogel 

network that confers adhesion to biological surfaces. The combination of two distinct delivery 

platforms, namely nanoparticles and hydrogel, allows the hydrogel network properties to be 

independently tailored for adhesion while maintaining controlled and prolonged antibiotic release 

profile from the nanoparticles. The bioadhesive NP-gel developed here showed superior adhesion 

and antibiotic retention under high shear stress on a bacterial film, a mammalian cell monolayer, 

and mouse skin tissue. Under a flow environment, the NP-gel inhibited the formation of an 

Escherichia coli bacterial film. When applied on mouse skin tissue for 7 consecutive days, the NP-

gel did not generate any observable skin reaction or toxicity, implying its potential as a safe and 

effective local delivery platform against microbial infections.
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1. Introduction

Antibiotics have demonstrated tremendous successes against bacterial infections in the past 

decades; however, their effectiveness are diminishing due to the rapid emergence of 

antibiotic-resistant bacterial strains.1, 2 To overcome drug resistance, a myriad of 

nanoparticle-based delivery systems including liposomes, polymeric nanoparticles, 

dendrimers, and various inorganic nanoparticles have been developed specifically to improve 

the antimicrobial efficacy of existing antibiotics by altering their pharmacokinetics and 

biodistribution profiles.3, 4 Moreover, nanoparticle technologies have also enabled other 

novel antibacterial strategies including antibacterial vaccination,5, 6, 7 anti-virulence 

treatment,8, 9 and bacterial detection.10, 11 Collectively, these research and clinical activities 

have shown that nanotechnologies, nanoparticles in particular, can play a significant role in 

combating bacterial infections.

To further enhance the performance and properties of antibacterial nanoparticles, they are 

increasingly combined with other types of biomaterials to form hybrid complexes for 

advanced applications. Along this line, loading antibacterial nanoparticles to hydrogels has 

received much attention and has shown great promise. For instance, nanoparticle-stabilized 

liposomes, loaded with antimicrobial drugs, have been integrated into a hydrogel matrix. In 

such hybrid system, the hydrogel not only preserved the structural integrity of the drug-

loaded liposomes but also enabled precise control over the viscoeleasticity and drug release 

rate for optimal delivery of drugs.12 In another example, polymeric nanoparticles wrapped 

with intact red blood cell membranes, which can absorb and neutralize membrane-damaging 

toxins (toxin nanosponges), have been loaded into hydrogels to treat local bacterial 

infections. The hydrogel composition was tailored to effectively retain toxin nanosponges 

within its matrix without compromising toxin transport for neutralization. This hybrid 

system retained the nanosponges following subcutaneous injection into mice and effectively 

neutralized toxins secreted by Staphylococcus aureus bacteria and thus significantly reduced 

skin lesion caused by the toxin-secreted bacteria.13 Overall, nanoparticle–hydrogel hybrid 

(denoted NP-gel) systems judiciously integrate two distinct materials into one formulation 

with unique physicochemical and biological properties that neither one of the two building 

blocks can achieve independently.
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While various types of NP-gel systems have been developed, it remains highly desirable to 

develop functional NP-gel formulations that can tolerate high shear forces and thus can work 

at infection sites involving shear flow of biological fluids. It is not uncommon that bacterial 

infections occur at sites with high shear forces. For example, bacterial infections within the 

bloodstream account for a wide range of devastating diseases such as septic shock and 

meningitis.14, 15 In urinary tract, bacterial infections can cause a variety of critical diseases 

including pyelonephritis, prostatitis, and cystitis.16, 17 On corneal surface, bacterial 

infections are common due to constant exposure of the surface to environmental pathogens; 

however, the efficiency of delivering antibiotics to cornea has been hampered by the high 

shear forces from blinking.18, 19 In general, the challenges to treat infections under high 

shear forces are two-fold: first, a high shear force facilitates bacterial adhesion by 

strengthening the receptor-specific bacterium-host interactions; second, following bacterial 

colonization, a high shear force prevents effective drug accumulation.20, 21

To address these challenges, herein, we developed a bioadhesive NP-gel system that can 

effectively adhere to tissue surface for localized delivery of antibiotics to the tissue site 

under high shear forces (Figure 1A). In the formulation, we used polymeric nanoparticles 

made from poly(lactic-co-glycolic acid) (PLGA) to encapsulate ciprofloxacin (Cipro), a 

wide-spectrum antibiotic, for controlled and sustained release. The hydrogel composition 

was optimized to effectively retain PLGA nanoparticles within its matrix. More importantly, 

dopamine methacrylamide (DMA), a catechol moiety responsible for marine mussel 

adhesion to a variety of surfaces, was integrated into the hydrogel network through a co-

polymerization process.22, 23 Similar biomimetic chemistry for adhesiveness has been 

demonstrated in various synthetic hydrogels aimed for a variety of adhesive 

applications.24, 25, 26, 27 We hypothesize that with a strong adhesive force, the tissue-

adhessive NP-gel system can withstand physiologically relevant shear stresses without 

detaching from biological surfaces, allowing for controlled and localized antibiotic release 

for effective bioactivity. In the study, superior adhesion and antibiotic retention under high 

shear stresses were verified on three representative biological subjects, including a bacterial 

film, a mammalian cell monolayer, and mouse skin tissue. Under flow conditions, the Cipro-

loaded NP-gel showed great effectiveness in inhibiting the formation of Escherichia coli (E. 
coli) biofilm. Furthermore, when applied topically on mouse skin, the NP-gel did not 

generate any observable skin reaction or toxicity within a 7-day treatment period, implying 

its potential as a safe and effective local delivery platform against bacterial infections.

2. Experimental Section

Synthesis of dopamine methacrylamide (DMA)

Dopamine hydrochloride, methacrylic acid N-hydroxysuccinimide ester (MNHS), 

triethylamine (TEA), ethyl acetate, tetrahydrofuran (THF), and N,N-Dimethylformamide-d7 

(d-DMF) were purchased from Sigma-Aldrich (St. Louis, MO, USA). DMA was 

synthesized by conjugating MNHS with dopamine in THF with the presence of TEA. 

Specifically, dopamine (758.4 mg, 4 mmol) and MNHS (489.1 mg, 2.67 mmol) were 

dissolved together in THF (9.5 mL), and TEA (0.5 mL) was added to the mixture solution. 

The mixture was stirred at room temperature and the reaction was allowed to proceed for 24 
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hrs. The THF was then evaporated. To the remaining powder in the vial, 5 mL DI water was 

added and stirred, and the pH of the solution was adjusted to 5. For purification, 5 mL ethyl 

acetate was added and the mixture was vigorously vortexed to extract DMA. The extraction 

process was repeated three times and the collected ethyl acetate solutions were combined 

and then evaporated. The final product was collected as pale white powder. The product was 

dissolved with d-DMF and the 1HNMR spectra were obtained on a Varian Inova-500M 

instrument (Varian Inc., Palo Alto, CA, USA). To confirm the conjugated product, 

chromatographic analysis was performed on a Perkin Elmer Flexar High Performance 

Liquid Chromatography (HPLC, series 200) consisting of a Brownlee SPP C18 column (100 

mm length × 4.6 mm diameter column filled with 2.7 µm diameter beads). The mobile phase 

was acetonitrile: water (50:50, v:v) at a flow rate of 1.0 mL/min at 30°C. For each analysis, 

20 µL of the sample was injected and detected at a wavelength of 240 nm.

Synthesis of polymeric nanoparticles

Poly (lactic-co-glycolic acid) (PLGA, 50:50, inherent viscosity = 0.67 dl/g) was purchased 

from LACTEL Absorbable Polymers (Birmingham, AL, USA). The surfactant F-127 was 

purchased from Sigma (St. Louis, MO, USA). Ciprofloxacin (HCl salt, Cipro) was 

purchased from Fluka (Milwaukee, WI, USA). Fluorescent dye benzoxazolium, 3-

octadecyl-2-[3-(3-octadecyl-2(3H)-benzoxazolylidene)-1-propenyl]-, perchlorate (DiO, 

excitation/emission = 484/501 nm) was purchased from ThermoFisher Scientific (Carlsbad, 

CA, USA). Briefly, 20 µL of 20 mg/mL Cipro solution was emulsified in 0.5 mL chloroform 

containing 5 mg/mL PLGA and 5 mg/mL Pluronic F-127 with a probe sonicator (Fisher 

Scientific). The sonication last 1 min with intermittence of 1 s and a power of 12 W at room 

temperature. Then the emulsion was added to 10 mL of a 7% (w/v) Pluronic F-127 aqueous 

solution and sonicated for another 2 min. The emulsion was stirred overnight to allow 

chloroform to evaporate. The resulting nanoparticle suspension was then centrifuged at 

16,100 ×g for 5 mins to collect nanoparticles, which were subsequently washed with 

distilled water and lyophilized for future use. DiO-loaded nanoparticles were prepared using 

a similar procedure by replacing Cipro with the dye. The size and size distribution of 

nanoparticles were measured with dynamic light scattering (DLS) (Zetasizer Nano, Malvern, 

UK). The rheological analysis was carried out at 37 °C using a strain-controlled AR-G2 

rheometer with 22 mm diameter parallel-plate geometry (TA Instruments Inc., New Castle, 

DE). Oscillatory rheological measurements were performed in the linear viscoelastic regime. 

The strain was kept at 0.1% and a dynamic frequency sweep from 0.1 to 10 rad/s was 

conducted to measure the storage modulus G′ and loss modulus G″.

Preparation of nanoparticle-hydrogel hybrid (NP-gel) formulation

Acrylamide (used as monomer), poly(ethylene glycol) dimethacrylate (PEGDMA, used as 

cross-linker), and poly(vinyl alcohol) (PVA) were purchased from Sigma-Aldrich (St. Louis, 

MO, USA). Lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP, used as photo-

initiator) was synthesized by following a published protocol.28, 29 To prepare NP-gel, the 

final concentrations of acrylamide, LAP, and nanoparticles were kept constant at 100, 3, and 

2 mg/mL, respectively, while DMA and PEGDMA concentrations were varied in the range 

of 0 – 5 mg/mL. For polymerization, all samples were irradiated by using an UV lamp 

(Black Ray® UVL-56, UVP Ltd, Upland, CA, USA) at 365 nm with a power of 4 W for 3 

Zhang et al. Page 4

ACS Appl Mater Interfaces. Author manuscript; available in PMC 2017 July 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



min. To measure nanoparticle release from the hydrogel, DiO-labeled nanoparticles were 

used to prepare the NP-gel at different PEGDMA concentrations. Then 0.5 mL NP-gel was 

submerged into 50 mL 1× PBS. The mixture was incubated at 37°C for 24 hrs and the DiO 

signal from the supernatant was measured with a fluorescent spectrophotometer (Infinite 

M200, TECAN, Switzerland). To test the adhesion property of the NP-gel, a PVA film was 

made by first mixing 1 g glutaraldehyde with 10 mL 10 wt% PVA solution followed by 

drying overnight at 70°C.30 NP-gels (20 µl) formulated with different DMA concentrations 

were mixed with 2 µl periodate (1 mg/mL) and applied onto the PVA film. Then the film was 

placed in the center of a cylindrical flow channel with a diameter of 5.85 mm. Deionized 

(DI) water flew through the channel and the sheer stress (τ) imposed on the NP-gel sample 

was calculated from a modified Darcy-weisbach equation: τ = Cfρ V2/2, w here Cf is the 

coefficient of friction (0.0015), ρ is the density of water (1 g/cm3), and V is the fluid 

velocity (m/s).31 To study NP-gel morphology, it was first lyophilized (overnight, 2.5 L 

Labconco benchtop freeze system) and the flakes of the NP-gel were then placed on a 

silicon wafer. The samples were coated with iridium and then examined with scanning 

electron microscope (SEM, FEI Philips XL30 ESEM).

NP-gel adhesion to biological subjects

To prepare bacterial biofilms, E. coli bacteria (K12, Strain SMG 123, ATCC PTA-7555, 

Manassas, VA, USA) were grown in Luria Broth (LB) media (Thermo Fisher Scientific) at 

37°C. Sterilized coverslips were submerged into the medium (containing 2×107 CFU/mL 

bacteria) and cultured for 24 hrs. The biofilm formation was confirmed with 0.1% crystal 

violet stain.16 To prepare mammalian cell monolayer, HEK293T cells (ATCC, Manassas, 

VA, USA) was cultured in high glucose DMEM cell culture medium supplemented with 

10% fetal bovine serum and 1% penicillin/streptomycin under 37°C with 5% carbon 

dioxide. Cells were grown on a 1 cm × 1 cm cover slip until they reached confluence 

(approximately 1×105 cells/cm2). To prepare mouse skin sample, the skin of ICR mice 

(Charles Rivers Laboratory, Wilmington, MA, USA) was shaved and cut into 25 cm × 40 cm 

pieces. To test NP-gel adhesion, bacterial film and HEK 293T cell monolayer were fixed 

with 10% formalin for 30 min at room temperature. The bacterial film was stained with 

propdium iodide (PI) and the cell monolayer was stained with DAPI (1 mg/mL). Then, 20 

µL NP-gel (loaded with DiO-labeled nanoparticles) was applied onto each sample. The 

sample was then placed inside a flow channel and subject to a shear stress of 3.2 Pa for 5 

min. After the flow, the samples were examined under Olympus FV1000 Confocal 

Microscopy. For peeling test, 100 µL of NP-gel was sandwiched between two pieces of 

mouse skin. The sample was pressed under a constant pressure of ~ 50 Pa for 5 min to 

ensure close contact between the hydrogel and the skin. The peel force was measured using 

Testometric AX M350-10KN materials testing machine (Testometric Company, Germany) 

operated at 25 mm/s. In the present study, the adhesion property was activated by adding 

periodate; NP-gels without addition of periodate were used as controls. Statistical analysis 

was performed with GraphPad Prism using an unpaired two-tailed t-test.

Ciprofloxacin (Cipro) loading yield and release measurements

To measure Cipro loading yield, nanoparticles were dissolved with dimethyl sulphoxide 

(DMSO), followed by adding 10 volumes of DI water. Polymer precipitates were removed 
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by centrifugation. The solution was measured for Cipro fluorescence intensity (excitation/

emission = 270/440 nm).32, 33 A standard calibration curve was made by measuring serial 

dilutions of Cipro solution (0 – 10 mg/mL) and the Cipro concentration was determined by 

comparing with the standard calibration curve. To study Cipro release from NP-gel, 0.5 mL 

NP-gel was placed inside a dialyzer (Harvard Apparatus, Holliston, MA, USA) and the 

dialysis membrane with a pore size of 100 nm (Isopore Membrane filters, Millipore, 

Billerica, MA, USA) was used. The dialyzer was submerged into 100 mL 1× PBS and 

stirred at 37°C. At predetermined time intervals, 1.0 mL of the solution was taken and the 

same volume of PBS was added. Cipro concentration was determined also by fluorescence 

measurement.

Antibiofilm efficacy of Cipro-loaded NP-gel

To determine the local anti-bacterial activity of NP-gel, sterilized polycarbonate membranes 

(Whatman, nuclepore track-etch membrane, 25 mm diameter, 100 nm pore size) were 

inoculated with 10 µL E. coli DH5α (OD600 = 0.005, corresponding to a bacterial 

concentration of 5×106 CFU/mL)6. The membrane was then placed into the wells of a 24-

well plate. On top of the membrane, 100 µL NP-gel loaded with Cipro at a concentration of 

0.625 µg/mL was applied and then 2 mL culture medium was added. In parallel, membranes 

added with PBS, hydrogel only (without nanoparticle or drug), free Cipro, and Cipro-loaded 

nanoparticles (without hydrogel) were used as control groups. To simulate the decrease of 

drug concentration under flow conditions, the medium was diluted half with fresh medium at 

0, 3, 6, 9, and 12 hr time points. At 15 hr, the membranes together with the medium were 

transferred to microtubes and vortexed vigorously. The suspension was then serially diluted 

with PBS and inoculated onto LB agar plate for bacterial count enumeration. Statistical 

analysis was performed with GraphPad Prism using an unpaired two-tailed t-test.

Skin toxicity evaluation of NP-gel

ICR mice were shaved on the back 24 hrs before the toxicity test. The NP-gel was 

administrated onto the shaved area once a day in a period of 7 days. The mice administrated 

with PBS served as a control group. After the final treatment, all the mice were sacrificed 

and the treated areas were collected with 8 mm biopsy bunch for histological examination. 

To fix the tissue, the skin samples were immersed into 10% formalin for 18 hrs and then 

embedded in paraffin. Hematoxylin and eosin (H&E) staining and terminal deoxynucleotidyl 

transferase-mediated deoxyuridine triphosphate nick-end labeling (TUNEL) assay 

(Boehringer Mannheim, Indianapolis, IN, USA) were used to evaluate the cellular 

morphology change and apoptosis, respectively. Tissue slices were imaged with Hamamatsu 

Nanozommer 2.0 HT and the images were processed with NDP Viewer software.

3. Results and discussion

In the study, we first synthesized dopamine methacrylamide (DMA) by directly conjugating 

dopamine with methacrylate N-hydroxysuccinimide ester (MNHS) in tetrahydrofuran (THF) 

with the presence of triethylamine (TEA). Upon purification, the molecular structure of the 

product was analyzed with 1H-NMR. The spectrum shows the characteristic resonance 

signals of catechol hydroxyl groups (8.85 ppm), phenyl protons (6.7 and 6.5 ppm), 
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methylene protons (3.4 and 2.6 ppm), and alkenyl hydrogens (5.7 and 5.3 ppm), which are 

all consistent with those of DMA (Figure 1 B).24, 26 Further analysis using high-

performance liquid chromatography (HPLC) shows that the product has a single peak with a 

longer elution time of 1 min compared to 0.8 min of dopamine precursor, indicating 

successful conjugation and purification (Figure 1C).

Following the synthesis of DMA, we proceeded to prepare the bioadhesive NP-gel. The 

preparation was divided into two steps. In the first step, the PLGA nanoparticles 

encapsulating Cipro were prepared by a double emulsion solvent evaporation technique and 

using Pluronic F-127 as surfactant. Then the first emulsion was transferred to 10 mL 7% 

(w/v) F-127 aqueous solution.. The double emulsion was stirred overnight to evaporate the 

remaining chloroform, resulting in nanoparticles with an average diameter of 151.3 ± 5.5 nm 

and a PDI value of 0.28 ± 0.04 (Figure 1D). In the second step, the nanoparticles were 

mixed with DMA (a monomer and adhesive moiety), acrylamide (AAm, a monomer), 

poly(ethylene glycol) dimethacrylate (PEGDMA, a crosslinker), and lithium phenyl-2,4,6-

trimethylbenzoylphosphinate (LAP, the photo-initiator). The final concentrations of AAm, 

LAP, and nanoparticles were kept constant at 100, 3, and 2 mg/mL, respectively, while DMA 

and PEGDMA concentrations were varied in the range of 0 – 5 mg/mL. Hydrogelation was 

achieved by irradiating the sample under UV light with a wavelength of 365 nm for 3 min at 

room temperature.

The hydrogel formulation was first optimized for effective nanoparticle retention. 

Specifically, we labeled the PLGA nanoparticles with 3,3′-Dioctadecyloxacarbocyanine 

perchlorate (DiO, excitation/emission=484 nm/501 nm), a hydrophobic fluorophore with 

negligible leakage from PLGA nanoparticles at the experimental conditions.34 Then we 

fixed the concentration of PLGA nanoparticles, AAm, DMA and LAP at 2 mg/mL (PLGA 

content), 100 mg/mL, 5 mg/mL and 3 mg/mL, respectively, but varied PEGDMA 

concentrations and correspondingly measured nanoparticle release profiles from the 

hydrogel. As shown in Figure 1D, the accumulated release of nanoparticles over 24 hrs 

decreased sharply from 92.3% at 1 mg/mL PEGDMA concentration to 9.0% at 5 mg/mL, 

suggesting that 5 mg/mL crosslinker concentration was sufficient to retain the nanoparticles 

in the hydrogel matrix. This PEGDMA concentration was then used to prepare NP-gels for 

the subsequent studies.

We next optimized DMA concentration in the NP-gel formulation by evaluating its adhesive 

strength on a polyvinyl alcohol (PVA) film, which simulates biological surfaces because of 

its high density of terminal hydroxyl groups.35, 36 In the study, the concentrations of PLGA 

nanoparticles, AAm, PEGDMA, and LAP were kept constant, but DMA concentration was 

varied from 0 to 5 mg/mL. The adhesion of the corresponding NP-gels was examined in a 

cylindrical flow channel, where the shear stress was controlled by flow rate. The adhesion 

was activated by adding periodate, an oxidant that has been used to oxidize catechol-

containing hydrogels in vivo for islet implantation.25, 37 As shown in Figure 1E, without 

DMA, the shear stress required to completely wash away the NP-gel was 0.23 Pa. However, 

at 5 mg/mL DMA concentration, the needed shear stress increased to 6.7 Pa, a value much 

higher than that generated by physiological blood flow.38 We therefore chose 5 mg/mL 

DMA concentration to prepare bioadhesive NP-gels for the following studies.
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The NP-gel was further analyzed with dynamic rheological measurements of the storage 

modulus (G′) and the loss modulus (G″) as a function of frequency (Figure 1 G). In the 

study, G′ exceeded G″ over the entire frequency range, a clear viscoelastic behavior 

indicating the formation of a hydrogel network. In addition, G′ and G″ values measured 

from NP-gel were generally close to those measured from the empty hydrogel (without 

PLGA nanoparticles), suggesting a minor effect of the loaded PLGA nanoparticles on the 

hydrogel rheological characteristics. Following the formulation optimization, the NP-gel 

sample was lyophilized and the sample appeared as white powers. Flakes from the sample 

were examined for morphology with scanning electron microscopy (SEM) (Figure 1H). The 

NP-gel sample showed characteristic porous sponge-like structures with some irregular 

lamellar feature (Figure 1I). At a higher magnification, nanoparticles with a diameter of 

approximately 150 nm embedded within the hydrogel network were observed (Figure 1I, 

inset).

To evaluate the cell- and tissue-adhesive properties of the resulting NP-gel and its ability to 

retain the embedded nanoparticles under flow conditions, we prepared three representative 

biological surfaces, namely a bacterial film, a mammalian cell monolayer, and shaved mouse 

skin tissue. The bacterial film was formed on a glass coverslip by immerging it into E. coli 
bacterial suspension and culturing together with the bacteria. The bacterial film was stained 

with Propidium iodide (red) and the NP-gel containing DiO-labeled nanoparticles (green) 

was applied on top of the film. The sample was placed inside the cylindrical flow channel 

and subjected to a shear stress of 3 Pa for 10 min. This shear stress value was chosen 

because it is comparable to that of physiological blood flow.25, 38 After the flow treatment, 

DiO-labeled nanoparticles remained clearly visible under the fluorescence microscope 

(Figure 2A). However, when the non-adhesive NP-gel (negative control, without addition of 

periodate) was placed under the same flow condition, little fluorescence from the 

nanoparticles was detected (Figure 2B). Further quantification of the nanoparticle retention 

showed that nearly 100% of the nanoparticles in the bioadhesivie NP-gel remained on the 

bacterial film after the flow, whereas only about 8% of the nanoparticles in the non-adhesive 

NP-gel were retained in the hydrogel (Figure 2C). Similarly, under the same flow condition, 

significantly more nanoparticles in the bioadhesivie NP-gel (Figure 2D, green color) were 

retained on a HEK 293T cell monolayer cultured on a glass coverslip as compared to those 

in the non-adhesive NP-gel (Figure 2E). Fluorescence intensity emitted from the retained 

nanoparticles showed that nearly 100% of the nanoparticles remained on the HEK 293T cell 

monolayer when the adhesive NP-gel was used, contrasting sharply to merely ~3% retention 

for the non-adhesive NP-gel (Figure 2F). On mouse skin, stronger adhesion property of the 

adhesive NP-gel was also observed. The adhesive NP-gel sample applied on the skin surface 

was intact after the flow (Figure 2G), whereas the non-adhesive NP-ggel was readily washed 

off by the flow. In a standard peeling test where 100 µL of adhesive NP-gel was sandwiched 

between two pieces of mouse skin, a peel force of ~ 0.3 N was needed to peel one skin 

specimen off from the other. In contrast, only ~0.03 N peel force was needed to separate the 

two skin specimen when the non-adhesive NP-gel was used.

After having demonstrated the enhanced adhesion properties of the NP-gel on biological 

surfaces, we proceeded to evaluate its local antibacterial delivery effectiveness, especially 

under flow conditions. We first examined Cipro release profile from the NP-gel and 
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compared it with that from blank hydrogel (without nanoparticles) loaded with free Cipro 

molecules (Figure 3A). The NP-gel showed a gradual release profile, where 48.5%, 68.3%, 

and 88.2% of loaded Cipro molecules were released at 24, 48, and 72 hrs, respectively. In 

contrast, free Cipro showed a burst release profile from the blank hydrogel, releasing 94.4% 

Cipro molecules in the first 12 hrs, followed by a slow release of 98.4% at 72 hrs. This 

comparison of drug release profiles clearly demonstrates the advantage of NP-gel in 

enabling controlled and sustained drug release kinetics. Notably, for future applications, the 

duration of gel adhesion may need to match the time span for releasing the majority of 

antibiotics as the gel without antibiotics could potentially encourage bacterial colonization. 

Such temporal control can be achieved by either tailoring the degradation rate of the 

hydrogel39 or tuning antibiotic release rate of the nanoparticles.40

To investigate the in vitro antibacterial efficacy of the Cipro-loaded NP-gel, we first 

inoculated 5×104 CFU E. coli DH5α bacteria onto porous polycarbonate membranes placed 

inside the wells of a 24-well plate. Then onto the top of the membrane, 100 µL Cipro-loaded 

NP-gel was applied and 2 mL culture medium was supplemented. Wells added with blank 

gel (without nanoparticles or Cipro), free Cipro, Cipro-loaded nanoparticles (without 

hydrogel) were used as control groups. In all wells, Cipro, if present, was kept at the same 

concentration of 0.63 mg/mL. To simulate the decrease of drug concentration under flow 

conditions, half of the medium (1 mL) was removed at the time points of 0, 3, 6, 9, and 12 

hrs and each well was replenished with the same amount of fresh medium. As shown in 

Figure 3B, 15 hrs after the initial bacterial inoculation, samples treated with all control 

groups developed visible bacterial films with similar sizes on the polycarbonate membrane. 

However, there was no visible colony formation on the polycarbonate membrane treated 

with Cipro-loaded NP-gel, indicating its high antibacterial efficacy. To further quantify the 

bacterial growth, we then disaggregated the bacterial film on each membrane for bacterial 

enumeration. As shown in Figure 3C, bacteria in all control groups multiplied approximately 

4-order of magnitude from the initial 5×104 CFU/membrane, while bacteria number 

decreased to about 1×104 CFU for the group treated with Cipro-loaded NP-gel.

Lastly, we examined the skin toxicity of the NP-gel by using a mouse skin model as 

described before. The mouse back skin was shaved 24 hrs before the experiment to allow for 

full recovery from possible disturbance to the stratum corneum by the shaving process. Then 

the tissue-adhesive NP-gel was topically applied to the shaved area once a day for 7 days. 

The mice treated with PBS served as a control group. After the 7-day treatment, the skin 

morphology was observed. As shown in Figure 4A and B, the structure of the skin treated 

with NP-gel was similar to that of PBS group. There was no visible indication of toxicity 

such as erythema and edema. Following that, the skin biopsy was collected and stained with 

hematoxylin and eosin (H&E), (Figure 4C and D) the NP-gel treated skin showed similar 

structure as the PBS treated group; both of them showed a clean and clear layer of healthy 

epidermal cells on the top of dermis layer. To further study the NP-gel toxicity, the skin 

samples were also stained with a terminal deoxynucleotidyl transferase-mediated 

deoxyuridine triphosphate nick-end labeling (TUNEL) assay. Compared with PBS treated 

group, there was no obvious increase of apoptotic cells in the NP-gel treated skin. (Figure 

4E and F). Overall, the toxicity results suggest that NP-gel is safe for a seven-day topical 

administration.
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4. Conclusions

In summary, a bioadhesive nanoparticle-hydrogel hybrid (NP-gel) system was developed to 

enhance localized antimicrobial drug delivery, especially under high shear force conditions. 

In the design, antibiotics were loaded into polymeric nanoparticles and then embedded into a 

tissue-adhesive hydrogel. The hybrid system showed superior adhesion and antibiotic 

retention under high shear stress on biological surfaces including a bacterial film, a 

mammalian cell monolayer, and mouse skin tissue. Under a flow environment in vitro, the 

NP-gel inhibited effectively the formation of E. coli bacterial film. When test on mouse skin, 

the NP-gel did not generate any observable skin reaction or toxicity within a 7-day treatment 

period. Notably, the bioadhesive NP-gel developed here can be potentially applied to treat 

various other diseases by choosing appropriate therapeutic agents and nanoparticle cargos. 

The adhesion property and viscoelasticity of the NP-gel can be tailored to match the need of 

shear stresses under specific physiological conditions. Overall, the biologically adhesive NP-

gel delivery system that uses adhesive force to overcome high shear forces holds significant 

potential for prolonged, safe and effective localized delivery of various therapeutic agents.
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Figure 1. 
Formulation and characterization of tissue-adhesive nanoparticle-hydrogel hybrid (NP-gel) 

biomaterial system for controlled drug delivery. (A) Schematic illustration of such adhesive 

NP-gel system for localized antibiotic release to inhibit bacterial growth under flow 

conditions. In the formulation, dopamine methacrylamide (DMA) containing catechol 

functional group was used as an adhesive moiety. (B) Synthesis and 1H-NMR spectrum of 

DMA. (C) Characteristic HPLC chromatograms of dopamine and DMA. (D) The 

hydrodynamic size (diameter, nm) of nanoparticles measured by dynamic light scattering 
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(DLS). (E) Accumulative release of nanoparticles from NP-gels with different poly(ethylene 

glycol) dimethacrylate (PEGDMA, cross-linker) concentrations when incubated at 37°C for 

24 h. Error bars represent standard deviations (n = 3). (F) Shear stress of NP-gels with 

different DMA concentrations when detached from poly(vinyl alcohol) (PVA) membrane. 

(G) Rheological characterization of NP-gel (5 mg/mL PEGDMA and 5 mg/mL DMA) either 

loaded with 2 mg/mL nanoparticles (solid markers) or without nanoparticles (empty gel, 

open markers). (H) Photographs of freshly prepared NP-gel sample and lyophilized NP-gel 

sample. (I) A representative SEM image of the optimized NP-gel formulation. Scale bars, 1 

µm.
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Figure 2. 
Cell- and tissue-adhesive properties of the resulting NP-gel under flow conditions on various 

biological subjects, including: (A–C) E. coli bacterial film, (D–F) HEK 293T cell 

monolayer, and (G–I) shaved mouse skin tissue. In all studies, the shear stress from the flow 

of buffer solutions was kept constant at 3.2 Pa. Non-adhesive NP-gel (without addition of 

periodate) was used as a negative control. (A–B) E. coli bacteria were stained with 

propidium iodide (red) and nanoparticles embedded in the hydrogel were labeled with 

fluorescent dye DiO (green). (C) The fluorescence intensity of the nanoparticles retained on 

the bacterial film was quantified and compared. (D–E) HEK 293T cell monolayer was 

stained with DAPI (blue, nuclei) and nanoparticles embedded in the hydrogel were labeled 

with DiO (green). (F) The fluorescence intensity of the nanoparticles retained on the HEK 

293T cell monolayer was quantified and compared. (G–H) Adhesive NP-gel remained 

attached to the mouse skin under flow condition, while non-adhesive control gel was washed 

away. (I) Plot of peel force and distance of adhesive and non-adhesive NP-gels on mouse 

skin when subjected to 180° peel loading. In G and F, data is shown as mean ± SEM (****p 
< 0.001).
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Figure 3. 
Antimicrobial efficacy of antibiotic-loaded NP-gel against biofilm formation. (A) The 

accumulative release profile of ciprofloxacin (Cipro) from NP-gel, in which Cipro was 

loaded into the embedded nanoparticles. Free ciprofloxacin directly loaded in the 

corresponding hydrogel (blank gel without nanoparticles) was used as a control. (B) 

Photographs of E. coli biofilm formation with the treatment of PBS, blank gel (without 

nanoparticles or Cipro), free Cipro, Cipro-loaded nanoparticles (NP(Cipro), without 

hydrogel), and Cipro-loaded NP-gel (NP-gel(Cipro)). In the study, 5 × 106 CFU E. coli 
bacteria were inoculated to form and grow the biofilm. The medium buffer flow rate of all 

samples was kept at 10 µL/min, corresponding to a dilution rate (flow rate divided by the 

volume of the well) of 0.005 min−1. The images were taken 15 hrs post the initial bacterial 

inoculation. Scale bar = 5 mm. (C) Quantification of bacterial load of the biofilm samples in 

(B). Data is shown as mean ± SEM (****p < 0.001).
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Figure 4. 
Toxicity evaluation of the NP-gel using a mouse skin model. Mouse skin was treated with 

PBS buffer (A, C, and E) and NP-gel (B, D, and F), respectively. The samples were applied 

onto the shaved skin once a day for 7 days. Following the last treatment, the skin 

morphology of the two treatment groups was examined (A and B). The skin sections were 

further examined after H&E staining (C and D) and TUNEL staining (E and F).
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