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Abstract

The majority of commercial sunblock preparations utilize organic or inorganic ultraviolet (UV) 

filters. Despite protecting against cutaneous phototoxicity, direct cellular exposure to UV filters 

has raised a variety of health concerns. Here, we show that the encapsulation of padimate O (PO) - 

a model UV filter - in bioadhesive nanoparticles (BNPs) prevents epidermal cellular exposure to 

UV filters while enhancing UV protection. BNPs are readily suspended in water, facilitate 

adherence to the stratum corneum without subsequent intra-epidermal or follicular penetration, 

and their interaction with skin is water-resistant yet the particles can be removed via active towel 

drying. Although the sunblock based on BNPs contained less than 5 wt% of the UV-filter 

concentration found in commercial standards, the anti-UV effect was comparable when tested in 

two murine models. Moreover, the BNP-based sunblock significantly reduced double-stranded 

DNA breaks when compared to a commercial sunscreen formulation.

Ultraviolet (UV) radiation from sunlight can lead to multiple adverse effects including 

cutaneous phototoxicity (sunburn), photoaging, and carcinogenesis
1–6

. UVB directly 

induces cyclopyrimidine dimers (CPDs) within the genomic DNA (gDNA) of keratinocytes 

and melanocytes, and both UVA and UVB exposure markedly enhance production of 

reactive oxygen species (ROS) that damage a variety of cellular components, including 

gDNA
7, 8, and induce immunosuppressive cytokines. Thus, it is not surprising that UV-

exposure is clearly linked to both melanoma and non-melanoma skin cancer 

development
9–11

.

Epidemiologic studies have shown that there is a greater incidence and risk of developing 

melanoma and non-melanoma skin cancer with increased ambient UV exposure and 

cutaneous sun sensitivity
12

. Over the past few decades, commercially available UV-
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protective sunblocks have largely incorporated organic UV filters [e.g. avobenzone, 

octinoxate, octocrylene, oxybenzone and padimate O (PO)
13

] as formulations based on oil/

water emulsions
14

. There are substantial concerns, however, that these aromatic organic 

compounds can penetrate through the stratum corneum, or via follicles, into epidermal cells, 

including keratinocytes and Langerhans cells
13, 15

. The potential for systemic absorption of 

such organic compounds, and their depot in adipose tissue, has also been a concern
8, 16–18 

(Fig. 1). Moreover, several UV filters have been detected in human urine and breast milk 

samples after topical treatment, and may mediate systemic effects including endocrine 

disruption
13, 18, 19

. Therefore, minimizing direct skin contact and subsequent epidermal 

penetration may be essential to eliminating the potential adverse effects of sunscreens.

Alternatively, UV-blocking inorganic materials such as micronized zinc oxide (ZnO) and 

titanium dioxide (TiO2) particles
20

 have been utilized. While transdermal penetration of the 

inorganic particles appears to be less of a concern than for the organic agents
21

, both types 

of sunblock agents have shown the capacity to enhance ROS generation after UV exposure, 

suggesting that even small quantities may contribute to cellular damage and ultimately 

carcinogenesis
22–25

. Thus, while the application of such products protects against sunburn, 

e.g. raises the skin’s minimal erythema dose (MED), there continues to be controversy 

regarding their overall effectiveness in preventing skin cancer
18, 26–28

.

Additionally, commercial sunscreens based on micronized ZnO and TiO2 are opaque, due to 

their large particle size. Nanoparticles, of the size used in this study, yield more transparent 

suspensions, which may be favored in topical applications for aesthetic reasons. 

Paradoxically, such smaller inorganic nanoparticles currently used in commercially available 

sunscreens may accumulate in hair follicles or penetrate deep into the dermis to cause a 

variety of adverse effects
29, 30

. Numerical simulations of nanoparticle properties suggest that 

unless small nanoparticles can be clearly demonstrated as safe, it is increasingly difficult to 

solve this paradox
20

. Here we address this problem by utilizing nanoparticles with 

bioadhesive properties to prevent nanoparticle deposition into hair follicles. This strategy 

may also be useful in other topical applications
31, 32

. In this study, we demonstrate that 

sunblock based on bioadhesive nanoparticles (BNPs) encapsulating PO is not only 

persistently adherent and non-penetrant, but also is highly preventive against primary UV-

induced damage as well as secondary ROS toxicity. Recently, we reported on polylactic 

acid-hyperbranched polyglycerol (PLA-HPG) nanoparticles or non-bioadhesive 

nanoparticles (NNPs) that provide for enhanced circulation times and drug delivery into 

solid tumors.
33

 Here, we modified these nanoparticles by converting the HPG into an 

aldehyde rich corona, which provides an unprecedented bioadhesive property. Aldehydes 

readily form a variety of linkages with proteins, such as Schiff-base linkages with primary 

amines on proteins
34

, and thus are commonly used as fixation reagents for histological 

studies
35

, surface coatings to immobilize proteins on microarray surfaces
36

, and 

bioadhesives for wound healing
37

.

We hypothesized that the bioadhesive properties of aldehyde-terminated nanoparticles would 

allow for improved particle retention in topical applications, thereby inhibiting primary and 

secondary UV-mediated toxicity. Our results show that BNPs remain on the stratum 

corneum after topical application without penetration into the cellular epidermis or dermis. 
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In contrast, similar sized NNPs were observed to penetrate deep into the hair follicles. The 

interaction between BNPs and skin is water-resistant but the BNPs are readily removed with 

active towel drying. Additionally, topical BNPs were removed by the physiologic 

regeneration of the stratum corneum over the course of several days. Notably, PO 

encapsulation in BNPs enhanced the UV absorbance of PO by 20-fold relative to free PO 

suspended in water, and significantly reduced UV filter release and ROS mediated toxicity in 

adjacent tissue. Our BNP formulation, comprising less than 5% (by weight) of the UV filter 

concentration found in commercial standards, was comparable to commercially available 

sunscreen in protecting against sunburn in murine models. Further, the BNP sunscreen 

significantly lowered the level of DSBs when compared to commercial sunscreen.

Previously, we developed HPG coated core-shell NNPs and evaluated their non-adherent 

properties in detail
33

. Because the HPG coating is rich in vicinal diols, NNPs can be readily 

oxidized to aldehyde-terminated BNPs by sodium periodate (NaIO4) treatment. This was 

validated by H1NMR (Fig. S1) and Schiff's agent (data not shown) analysis. The surface 

density of aldehydes on BNPs was monitored as a function of incubation time with NaIO4 

and it reached its saturation in ~20 min (Fig. 2A). The final surface density of aldehydes on 

BNPs approached 9/nm2 (17 aldehydes/PLA molecule), indicating that the majority of 

surface vicinal diols were converted to aldehydes. This surface density of functional groups 

is at least one order of magnitude higher than previously reported on biodegradable 

nanoparticles
38

. Moreover, the surface density of the aldehydes can be controlled by 

incubation time with NaIO4. No detrimental effects of aldehyde conversion were observed 

on nanoparticles by TEM imaging (Fig. S2A). The average diameter of nanoparticles was 

approximately 96 nm as measured by dynamic light scattering (DLS) (Table S1).

We investigated the bioadhesive properties of the BNPs using poly-L-lysine (PLL) coated 

glass slides
39

. The multiple amine groups on PLL mimic the amines present on extracellular 

proteins on the epidermis, and provide potential targets for particle adhesion. BNPs with 

different concentrations of aldehyde were prepared and printed onto poly-L-lysine coated 

slides with a microarrayer. The non-treated nanoparticle group (NNP, with 0 min of 

exposure to NaIO4,) did not adhere to PLL-coated glass slides (Fig. 2B). However, after 

oxidizing surface HPG vicinal diols on NNPs into aldehydes with NaIO4, the amount of 

BNPs immobilized on the glass slide increased as a function of NaIO4 treatment duration 

(Fig. 2B), indicating that the bioadhesive property of the BNPs increases with a longer 

duration of NaIO4 treatment. Moreover, the large capacity for surface aldehyde modification 

allows for tuning adhesiveness for specific topical applications. To better understand the 

mechanism for surface adherence, we used formaldehyde, which readily forms Schiff-base 

bonds with amine groups on lysine side chains
34

, to block the free amines on the lysine 

residues. Because of the reversibility of the Schiff-base, formaldehyde was also added into 

the PBS solution containing NPs. Our results showed no adhesion of BNPs co-treated with 

formaldehyde on PLL-coated surfaces. The difference was clearly visualized by the absence 

of fluorescence on the glass slides (Fig. S3). This result suggests that particle adhesion on 

PLL-coated slides is due to Schiff-base linkages with amine groups on the surface lysine 

molecules.
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Ideal vehicles for UV-filters should only remain on the skin surface, without penetration into 

the epidermis, dermis, or hair follicles, in order to avoid potential health risks
18

. Thus, we 

compared the ex vivo retention and penetration of BNPs and NNPs by applying suspended 

particles topically onto pig skin. We considered pig skin a reasonable mimic for human skin, 

as it has been examined in a variety of topical applications including penetration studies for 

chemicals and nanoparticles
4041

. In prior work, we have shown that these NNPs resist non-

specific interaction with a variety of biomolecules, and provide a comparable non-adhesive 

control
33

. To facilitate imaging and quantification, both NNPs and BNPs were loaded with a 

hydrophobic dye, 0.2%1,1’1’-dioctadecyl-3,3,3’,3’ –tetramethylindodicarbocyanine,4-

chlorobenzenesulfonate salt (DiD)
33

. Both the DiD/NNPs and DiD/BNPs were characterized 

by TEM (Fig. S2B, C) and DLS (Table S1), and had a similar spherical morphology and 

DiD loading (0.2%). After a 6 hour incubation on pig skin followed by washing with PBS, 

BNPs showed substantially higher skin retention compared to NNPs (Fig. 2C, D). There was 

no observed penetration of BNPs in these skin samples; in contrast, we found that NNPs 

penetrated into follicles without significant retention on the stratum corneum (Fig. S4). 

These results suggest that adhesion of BNPs to skin surface proteins prevents their 

subsequent penetration of skin and deposition within follicles.

To better understand the mechanism for surface adherence of BNPs on pig skin, we again 

used formaldehyde, which readily reacts with protein in tissues with a variety of bonds
34

, 

including Schiff-base bonds, to compete against interactions with surface aldehydes on 

BNPs. Because of the reversibility of the bonds between formaldehyde and proteins
34

, 

formaldehyde was also added into the PBS solution of BNPs. Our results showed that the 

adhesion of BNPs co-treated with formaldehyde was significantly lower than BNPs not 

treated with formaldehyde (Fig. S5). This supports that the adhesion of BNPs on pig skin is 

due to the interaction of its outer aldehyde residues with skin surface proteins.

We also evaluated the water resistance and potential for removal of BNPs by encapsulating 

an infrared dye, IR-780, into BNPs (0.5% loading), and measuring nanoparticle skin 

concentrations with in vivo imaging. The IR-780/BNPs were characterized by TEM (Fig. 

S2D) and DLS (Table S1). We applied the IR-780/BNPs topically onto nude mice. After 

washing with continuous water irrigation for one minute, no significant change in 

fluorescence was observed; however, the BNPs were removed after wiping with a wet towel 

(Fig. 2G, H). If untreated, BNP concentration diminished markedly (~75%) within 24 hours. 

Particle disappearance from the skin was essentially complete after five days (Fig. 2E, F), 

which coincides with the stratum corneum turnover time for hairless mice
42

. BNPs may be 

ideal vehicles for sunscreen application since they are water-soluble but their interaction 

with skin is water-resistant. The BNPs disengage from skin naturally by exfoliation of the 

stratum corneum; removal can be accelerated mechanically by towel wiping. Commercial 

sunscreens polymerize monomers with an initiator or use film forming polymers in order to 

stabilize the UV filters onto the skin. The chemicals involved include a variety of acrylate 

derivatives and multiple initiators
43

, which have been implicated in irritant and allergic 

contact dermatitis
44, 45

. Sunscreens based on BNPs simplify the current sunscreen 

formulation as well as eliminate the use of irritants and/or allergens.
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The ideal UV-filter for our system should have hydrophobic properties for easy particle 

encapsulation and a high UV absorbance. PO has favorable hydrophobic properties and a 

high extinction coefficient when compared to other commercial UV filters
46

; therefore, PO 

was used as our candidate UV filter for evaluating the effectiveness of BNPs as sunblock. 

All PO encapsulated BNPs used in these studies contained 10% PO (PO/BNPs). The 

spherical shape of the PO/BNPs was confirmed by TEM (Fig. 3A). The average 

hydrodynamic diameter of PO/BNPs was 138 nm as measured by DLS (Table S1). The 

stability of PO encapsulation in nanoparticles was evaluated by measuring the release of PO 

in artificial human sweat. After 24 hours, PO/BNPs released only 2.9% and 4.0% of the total 

PO load at 32 °C and 37 °C respectively (Fig. 3B). We also investigated the skin penetration 

of PO after treatment with PO encapsulated nanoparticles; PO dissolved in mineral oil (PO/

oil) was used as a positive control
13

. After a 6 hour treatment, the skin specimens were 

washed and tape stripped to remove residual surface material, and PO was extracted from 

the skin and quantified with HPLC. PO levels measured in tape stripped skin after PO/BNPs 

treatment were indistinguishable from background (PBS control) suggesting that no PO 

penetrated into the skin. On the other hand, the PO level measured in tape stripped skin after 

PO/NNP treatment is above background; however, it is lower than the PO/oil control, 

suggesting minimal penetration of PO from PO/NNPs (Fig. S6). Encapsulating UV filters 

within BNPs will result in minimal epidermal cellular exposure and, therefore, should 

decrease associated toxicity.

We investigated the long-term toxicity of BNPs. PO/BNPs, blank BNPs and PBS were 

applied to dorsal mouse skin every other day for a total of six applications. Afterwards, skin 

treated with PO/BNPs and blank BNPs were indistinguishable from the PBS control. In all 

samples, there was no histologic evidence of cutaneous irritancy, toxicity or inflammation 

(Fig S7). Specifically, the epidermis appeared unperturbed with a normal basket weave 

stratum corneum and normal thickness. The dermis also appeared normal without any 

inflammatory infiltrates. Skin follicles and sebaceous structures appeared normal in all 

samples as well.

Most organic UV filters prevent sunburn by absorbing UV radiation. Therefore, their 

effectiveness can be estimated by measuring their UV absorption efficiency. We evaluated 

the UV absorption of PO/BNPs by measuring their absorption spectrum within the UV range 

(260–400 nm). PO/BNPs were compared to PO emulsified in water (PO/water), PO/oil, PO 

dissolved in dimethyl sulfoxide (PO/DMSO), sunscreen (L'Oréal sunscreen oil spray) in 

mineral oil (sunscreen/oil); blank BNPs, mineral oil, DMSO and water were used as controls 

(Fig. 3C). All solutions containing PO had a concentration of PO at 0.01mg/ml and the 

sunscreen/oil solution had a concentration of active ingredient at 0.01mg/ml. PO/BNPs 

showed a 20-fold higher absorption when compared to PO emulsified in water and sunscreen 

dissolved in oil after background subtraction of the appropriate base material. The PO/water 

emulsion is a simplified, representative version of a sunscreen formulation
47

, as most current 

sunscreens are based on the emulsion of UV filters
48

. The sunscreen oil used here is an oil 

spray with the same active ingredients and sun protection factor (SPF) value as the sunscreen 

lotion used in our animal studies. Moreover, PO/BNPs showed a much higher and broader 

absorption compared to PO dissolved in mineral oil. The PO dissolved in mineral oil is a 

representative version of traditional sunscreen oil
13

. These results indicate a significant 
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improvement in UV absorption efficiency of PO/BNPs compared to other formulations or 

commercial sunscreens which is perhaps due to the improved solubility of PO within the 

BNP carrier. We also compared the UV absorption of PO/BNPs to that of PO dissolved in 

DMSO. The UV absorbance of PO/BNPs is about 1.5 times that of the PO/DMSO after 

background subtraction. We believe this is due to the enhanced scattering resulting from the 

size difference of BNPs and PO/BNPs (Table S1). We used the blank BNPs as background 

for PO/BNPs but the size of PO/BNPs increased 44% compared to blank BNPs
49

.

Photoinduced changes in UV filters often produce toxic intermediates including ROS that 

are destructive to multiple cellular components including gDNA
8
. It has been reported that 

encapsulating UV filters in polymeric nanoparticles improves filter photostability and delays 

photodegradation of the UV filters
50

. Therefore, we hypothesize that encapsulating UV-

filters into BNPs will confine any generated ROS within the nanoparticles and eliminate 

potential side-effects. Dihydrorhodamine (DHR), a widely utilized ROS probe
8
, was used to 

detect reactive radicals generated by PO after UV exposure. DHR was mixed with PO/

BNPs, emulsified PO, and BNPs separately and exposed to UV radiation. DHR in PBS was 

used as a control because it absorbs UV at 280–315 nm and becomes fluorescent. The BNPs 

had a negligible effect on the background fluorescence of DHR as measured by the control 

since they did not absorb UV. The fluorescence from the PO suspension is much higher than 

the control (Fig. 3D). We believe that the free ROS generated from the photoactivated PO 

oxidized the DHR into fluorescent species. In contrast, by confining the ROS within 

nanoparticles, the photoactivated PO in PO/BNPs has no effect on DHR. In addition, PO 

adsorbs part of the UV irradiation while inside BNPs, and, therefore, DHR in the PO/BNP 

group was exposed to less UV resulting in lower background fluorescence.

We initially evaluated the protective effects of PO/BNPs against sunburn on nude mouse 

skin. The dorsal skin of each mouse was divided into four quadrants receiving either PO/

BNPs, sunscreen, blank BNPs, or PBS. The skin was subsequently exposed to UVB and 

UVA (280–400 nm) at a high dose, 2160J/m2. Three days after UV exposure, skin treated 

with both PO/BNPs and sunscreen contained no visible erythema, edema or ulceration. 

However, both skin patches treated with PBS and blank BNPs were damaged considerably 

by the same UV exposure (Fig. S8). A similar pattern of UV toxicity was seen after staining 

the dorsal skin with hematoxylin and eosin (H&E) (Fig. 4A, C, E, G, I and K). There was 

significant acanthosis with prominent rete ridges present in the unprotected samples, 

consistent with epidermal hypertrophy, whereas the skin protected by sunscreen or PO/BNPs 

appeared comparable to normal controls. The UV filter concentration in PO/BNPs was less 

than 5% of that contained in the sunscreen, yet the PO/BNPs achieved a similar gross UV 

protection effect. Trichrome staining was also employed to measure the anti-UV effect 

against sunburn (Fig. 4B, D, F, H, J and L). Interestingly, skin protected by sunscreen 

showed thickened orthokeratosis, a more subtle epidermal response to UV-damage, relative 

to the skin protected by PO/BNPs and the normal skin control. Overproduction of keratin 

can cause keratosis pilaris, often blocking the opening of hair follicles and resulting in 

further skin irritation. These results may therefore demonstrate another non-irritating 

advantage of BNP based sunblock.
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UVB irradiation can directly excite nucleobases resulting in the formation of cyclobutane 

pyrimidine dimers (CPDs). The accumulation of CPDs within the gDNA can lead to 

apoptosis, mutagenesis, and potentially carcinogenesis
51

. We evaluated PO/BNPs in a 

second animal model to further understand their anti-UV effects against CPD formation. 

Mice were exposed to UVB (160 J/m2, 280–320 nm) and the formation of CPDs was 

visualized with immunostaining. Both PO/BNPs and sunscreen showed no detectable CPDs, 

but both the positive control (unprotected skin) and the PO/NNPs revealed marked 

widespread CPD formation after UV exposure (Fig. 5A, B). Again, even though UV filter 

content in PO/BNPs was less than 5% of that in the control sunscreen, it achieved the same 

level of UV protection. Additionally, UV irradiation can produce DSBs, which are highly 

carcinogenic. UVB exposure does not directly produce DSBs; however, it is possible that 

UV filters present in the epidermis and dermis can produce ROS after photoactivation, react 

with cellular DNA, and ultimately produce DSBs
8, 16, 17, 52

. DSBs recruit phosphorylated 

histone H2A variant H2AX (γH2AX) to the damaged sites
53

. The group of mice treated with 

conventional sunscreen showed the highest level of DNA-damage by γH2AX recruitment. In 

contrast, the level of γH2AX in the PO/BNPs, no protection, and non UV exposed sunscreen 

treatment groups were comparable to the normal skin control (Fig. 6A, B).

UV exposure from sunlight remains a significant health risk, and there continues to be 

controversy as to the safety and benefits of commercially available sunscreens. In order to 

address these issues, we developed a sunblock based on BNPs. Relative to a conventional 

preparations, the BNP sunblock demonstrated a durable and specific adherence to the 

stratum corneum, without any evidence of penetration into cellular components of the 

epidermis; a 20-fold greater UV spectral absorbance; superior protection against UV-

induced CPDs and DSBs; and improved protection against UV-induced orthokeratosis. 

Additionally, BNPs on skin are water resistant, yet are easily removed with towel wiping, or 

disappear naturally by exfoliation of the stratum corneum. Encapsulating UV filters within 

BNPs prevented skin exposure to the filter molecules, and the subsequent ROS produced 

after UV photochemical activation. With less than 5% of UV filters in commercial standards, 

the protective effect of PO/BNPs against sunburn was comparable to commercial sunscreen 

in animal studies, and had the added benefit of preventing subsequent ROS mediated DSBs.

Material and Methods

IR-780 iodide, glycerol, NaIO4 and Bovine serum albumin (BSA) were obtained from the 

Sigma-Aldrich. The 1,1'-Dioctadecyl-3,3,3',3'-Tetramethylindodicarbocyanine,4 

Chlorobenzenesulfonate Salt (DiD) and 4,6-diamidino-2 phenylindole (DAPI) stain were 

ordered from Invitrogen. Aldehyde Quantification Assay Kit (Fluorometric) was from 

Abcam. Poly -L -lysine coated glass slides were obtained from VWR International 

Inc..Walgreens sunscreen lotion (SPF 30,, Avobenzone 3.0%, Homosalate 10.0%, Octisalate 

5.0%, Octocrylene 10%) was purchased from Walgreens. Sunscreen oil (SPF 30, 

Avobenzone 3.0%, Homosalate 10.0%, Octisalate 5.0%, Octocrylene 7%) was from L'Oréal 

Paris.
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Synthesis and characterization of BNPs

NNPs were converted into BNPs by NaIO4 treatment. Briefly, one volume of NNPs at 

25mg/ml was incubated with three volume of NaIO4 at 0.1M in the presence of one volume 

of 10× PBS for 20 min and then the reaction was quenched with three volume of Na2SO3 

0.2M. The nanoparticles were washed two times with DI water in Amicon filters with 100k 

cut-off and then resuspended in DI water. To quantitatively study the conversion of vicinal 

diols on NNPs to aldehydes with NaIO4 treatment, NNPs (0.1 mg/ml) in PBS were 

incubated with 1mM NaIO4 and at each time point, the reactions were quenched with 2mM 

Na2SO3. The nanoparticles were washed two times with DI water in Amicon filters with 

100k cut-off and then resuspended in DI water. The aldehydes on nanoparticles were 

quantified with an aldehyde quantification assay kit (Abcam). The NNPs were used as a 

background subtraction control. The amount of aldehyde was calculated by comparing to a 

reference curve obtained using the aldehyde standards provided with the kit. The amount of 

aldehyde on each particle was calculated based on the 100 nm hydrodynamic diameter of 

nanoparticles and an assumed nanoparticle density of 1.0 g/cm3.

Evaluation of particle adhesion in vitro

For microarray printing, BNPs loaded with 0.2% DiD dye were suspended in PBS buffer 

containing 15% glycerol and 0.01% triton-X100 at a concentration of 1 mg/ml in a 384-well 

plate. This protocol was modified from a protocol previously used to eliminate ring-effect in 

microarray printing
54

. Nanoparticles were arrayed on lysine coated slides using a Spotbot 

microrrayer from Arrayit. After a 1 hour incubation in a humidity chamber, the printed 

slides were washed with PBS three times for five minutes on an orbital shaker
55

. After a 

quick rinse with DI water, the slides were blow-dried with argon and imaged with an Evos 

microscope. The fluorescence was quantified with ImageJ software. To study BNP adhesion 

onto formaldehyde pretreated slides, lysine coated protein slides were divided into blocks 

with a pap pen. PBS or PBS with 2% formaldehyde was added individually to the blocks. 

After incubation for 15 min, the solution was aspirated and the slides were dried with argon. 

Subsequently, BNPs loaded with 0.2% DiD dye (DiD/BNPs) suspended in PBS buffer 

containing 15% glycerol and 0.01% triton-X100 at a concentration of 1 mg/ml were arrayed 

on the blocks pretreated with PBS. This group was compared to DiD/BNPs suspended in 

PBS buffer containing 15% glycerol, 0.01% triton-X100 and 2% formaldehyde at a 

concentration of 1 mg/ml which were similarly arrayed on the blocks pretreated with PBS 

containing 2% formaldehyde. With the same incubation and washing steps, the slides were 

blow-dried with argon and imaged with a microarray scanner. The fluorescence was 

quantified with ImageJ software.

Evaluation of BNP skin adhesion ex vivo

Fresh pig skin was obtained from a local slaughterhouse and the hair was carefully removed 

by a trimmer to ensure skin was not damaged. The skin was frozen at −20 °C, and thawed on 

ice before use. Thawed pig skin was washed with PBS buffer and cut into 2×2 cm pieces. 

Both the DiD/BNPs and DiD/NNPs in the following experiments had the same loading of 

DiD dye at 0.2%. For the fluorescence imaging experiment, DiD loaded NNPs and BNPs in 

PBS were applied topically to pig skins and incubated for 6 h in a humidity chamber at 
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32 °C. After incubation, each skin sample was washed topically with 20 ml PBS buffer for 3 

times, 5 min each and frozen in OCT. The frozen skin was sectioned into 10–20 µm slices, 

mounted on glass slides, and imaged with an EVOS fluorescence microscope.

To further evaluate the mechanism for particle adhesion, PBS or PBS containing 2% 

formaldehyde was applied topically onto the skin samples, and aspirated 15 min later. DiD/

BNPs at 1mg /ml in PBS containing 2% formaldehyde were applied topically onto pig skin 

samples pretreated with PBS (pH=7.4) containing 2% formaldehyde. DiD/BNPs at 1mg /ml 

in PBS were applied topically to pig skin samples pretreated with only PBS (pH=7.4). After 

incubation for 6 h in a humidity chamber at 32 °C, each skin sample was washed topically 

with 20 ml PBS buffer 3 times, for 5 min each and dried. Each skin sample was tape stripped 

30 times and the NPs collected on tapes were dissolved with DMSO. DiD fluorescence was 

quantified by a plate reader.

Evaluation of BNP skin adhesion in vivo

All animal procedures were performed in accordance with Yale IACUC protocols. Animals 

were kept in the Yale Animal Resource Center and given free access to food and water over 

the duration of the study. For the live imaging study, the dorsal skin of each nude mouse was 

cleaned with an alcohol pad and 1 mg/ml of IR-780/BNPs (0.5%) in PBS was applied to the 

skin. The nanoparticles remaining on the skin were imaged by Xenogen. For evaluation of 

nanoparticle retention, the mice were housed individually and imaged at each time point. For 

evaluation of BNP water resistance and mechanical removal, one group of mice (n=3) was 

wiped with a wet towel and the other group of mice was washed with water. The mice were 

subsequently dried with kimwipes and sent for live imaging.

Synthesis and characterization of PO/BNPs

PLA-HPG polymer and PO at a certain ratio (total mass of 50–100 mg) were dissolved in a 

mixture of 2.4 ml ethyl acetate and 0.6 ml DMSO, which was subsequently added into 4 ml 

of DI water under vortexing and subjected to probe sonication for three cycles at 10 sec 

each. The resulting emulsion was diluted in 10ml DI water under stirring. The solution was 

hooked up to a ratovapor to evaporate the ethyl acetate and then applied to an Amico ultra 

centrifuge filtration unit (100k cut-off). The PO/NNPs nanoparticles were washed by 

filtration two times and then suspended in DI water. The same procedure was implemented 

to produce PO/BNPs, as NNPs were converted into BNPs as described earlier. To quantify 

the PO loading, the nanoparticles were dissolved in DMSO and the UV absorbance at 310 

nm was measured with a plate reader. The amount of PO was calculated by comparing to a 

reference curve. To quantify PO release from nanoparticles, a suspension of 4 mg 

nanoparticles were loaded with PO in a dialysis tube (10K cut-off) and was dialyzed against 

40ml of artificial sweat EN 1811 (0.5% NaCl, 0.1% urea, 0.1% lactic acid and the pH 

adjusted to 6.6 with NH4OH) at 32 °C and 37 °C. At each time point, 150 µL of solution 

was removed and 150 µL of fresh solution was added. The amount of PO released was 

quantified by UV absorption at 310 nm with a plate reader.
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Evaluation of UV absorbance efficiency of PO/BNPs in vitro

PO/BNPs suspended in water, PO emulsified in water, PO dissolved in mineral oil (PO 

concentration at 0.01mg/ml) and sunscreen oil diluted in mineral oil (active ingredients 

adjusted to 0.01 mg/ml) were aliquoted into a UV transparent plate and scanned through the 

UV absorbance spectrum from 260–400 nm with a plate reader. Blank BNPs, water and 

mineral oil were also scanned as background controls. The PO emulsion in water was made 

by probe sonication. For the DHR assay, PO/BNPs, BNPs, PO water emulsion at a PO 

concentration of 0.1mg/ml was incubated with DHR in PBS buffer in 96 well plate. After 

exposing to UV-B (280–320 nm), plate fluorescence was read at Ex/Em 500/536 nm.

Evaluation of PO skin penetration from PO/BNPs ex vivo

Fresh pig skin was obtained from a local slaughterhouse and the hair was carefully removed 

by a trimmer to ensure skin was not damaged. The skin was frozen at −20 °C, and thawed on 

ice before use. Thawed pig skin was washed with PBS buffer and cut into 2×2 cm pieces. 

Both the PO/BNPs and PO/NNPs had the same loading of PO at 10%. For HPLC study, PO/

BNPs in PBS, PO/NNPs in PBS, PO/mineral oil at PO concentration of 1mg/ml, and PBS 

were applied topically onto skin samples. After incubation for 6 h in a humidity chamber at 

32 °C, each skin sample was washed topically 3 times with 20 ml PBS buffer, 5 min each 

and dried. Each skin sample was tape stripped 30 times and then wiped with alcohol swabs 3 

times. Each specimen was chopped and PO was extracted with 4 ml acetonitrile. The PO 

concentration was determined with HPLC on C18 column with acetonitrile/water (9:1) at 

310 nm absorbance.

Long term toxicity of PO/BNPs in vivo

All animal procedures were performed in accordance with Yale IACUC protocols. Animals 

were kept in the Yale Animal Resource Center and given free access to food and water over 

the duration of the study. The dorsal hair of FVB/NJ mice was shaved with electric clippers 

and treated with depilatory cream. Three days later, the mice were single caged, divided into 

3 groups, and received either PO/BNPs, blank BNPS or PBS every other day for six total 

applications. Three days after the final application, duplicate 4 × 30 mm skin strips were 

harvested from the treated dorsal skin of each mouse (n=3 PBS, n=4 blank BNP, n=4 PO/

BNP) for histologic examination. Formalin fixed paraffin embedded samples were prepared, 

stained with H&E and examined by a dermatologist blinded to the experimental groups 

using a Zeiss Axio Observer Z1 microscope. Images were collected using TissueGnostics 

TissueFAX software and Baumer Optronic HXG40c camera.

Anti-UV evaluation of PO/BNPs in vivo

Walgreens sunscreen lotion was used in all of the in vivo experiments. All animal 

procedures were performed in accordance with Yale IACUC protocols. Animals were kept 

in the Yale Animal Resource Center and given free access to food and water over the 

duration of the study. For our first in vivo experiment, nude mice were anesthetized with 

Ketamine/Xylazine, and their dorsal skin was cleaned with 70% alcohol and demarcated into 

four quadrants. One quadrant was used as a PBS control and other areas were treated with 

sunscreen, PO/BNPs or blank BNPs. Only the dorsal epidermis was exposed to the UV lamp 
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(UV-B, 8W) for one min (2160J/m2) and the remaining skin was covered with screens. The 

mice were left in separate cages and monitored until they woke up. Three days after UV 

exposure, the dorsal skin was removed and prepared for histology. Images were analyzed for 

epidermal thickness and keratin content using ImageJ (NIH).

For our second in vivo experiment, the dorsal hair of FVB mice was shaved with electric 

clippers and treated with depilatory cream. One week later, the mice received either PO/

BNPs, PO/NNPs, sunscreen, or no treatment followed by dorsal exposure to UV (160 J/m2) 

one hour after treatment. For CPD staining, dorsal skin flaps were removed five minutes 

after UV exposure, and incubated in PBS containing 20 mM EDTA for 2 hours at 37°C to 

allow separation of the epidermis from the dermis. The epidermal sheet was then rinsed in 

PBS, fixed in acetone for 20 min at −20°C, then permeabilized in cold PBS containing 0.5% 

Triton X-100 for 30 min. Sheets were denatured with 0.4 M NaOH in 70% ethanol for 22 

min and then washed with cold PBS containing 0.5% Triton X-100 four times, eight min 

each. Sheets were blocked with PBS containing 2% BSA, 0.5% Triton-X-100 and 1% goat 

serum for one hour at room temp, then stained overnight at 4°C with anti-thymine dimer (2 

mg/ml, Abcam#ab10347) diluted in PBS containing 0.4% BSA and 0.5% Triton X-100. The 

remaining steps were carried out at room temperature. Samples were washed in PBS 

containing 0.5% Triton-X 100 for two hours, stained for two hours with Alexa568-goat-anti-

mouse IgG (Invitrogen), washed again, mounted in DAPI (Invitrogen) and examined under a 

Leica 5P Confocal microscope. For γH2AX staining, 20 hours after UV exposure, dorsal 

skin flaps were removed and incubated in 0.5 M ammonium thiocyanate for 20 min at 37°C 

to allow for separation of the epidermis from the dermis. The epidermal sheet was then 

rinsed in PBS, fixed in acetone for 20 min at −20°C, then rehydrated in cold PBS. Sheets 

were blocked and nuclei were permeabilized in PBS containing 2% BSA and 0.5% Triton-

X-100 for one hour at room temp, then stained overnight at 4°C with anti-γH2AX (1 mg/ml, 

clone JBW30, Millipore, Billerica, MA) diluted in PBS containing 0.4% BSA and 0.5% 

Triton X-100. The remaining steps were carried out at room temperature. Samples were 

washed in PBS containing 0.5% Triton-X 100 for two hour, stained for two hour with 

Alexa568-goat-anti-mouse IgG (Invitrogen), washed again, mounted in DAPI (Invitrogen) 

and examined under a Leica 5P Confocal microscope. For CPD staining, 5 fields/sheet (1 

sheet/mouse) were taken using the stage control to move 1 mm between fields in a set 

pattern. The fluorescence from CPD staining on nuclei was quantified by image J. For 

γH2AX staining, all of the areas with γH2AX+ cells on a sheet (1 sheet / mouse) were 

imaged. The γH2AX+ cells were counted using ImageJ (NIH) particle analyzer software 

with the threshold set to eliminate background γH2AX staining. The surface concentration 

of γH2AX+ cells was calculated by dividing the overall number of the γH2AX+ cells on a 

sheet with the surface area of the sheet.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Comparison of BNP based sunscreen to commercial sunscreen
(A) Sunscreen formulations are applied onto the skin. (B) After application, commercial 

sunscreen penetrates into the skin whereas the BNP formulation remains on the stratum 

corneum. (C) After sunlight exposure, UV filters produce deleterious ROS which can 

damage adjacent tissue, however, BNPs do not penetrate into the skin and prevent ROS 

mediated toxicity by confining these toxic products within the particle. BNP - bioadhesive 

nanoparticle, ROS - reactive oxygen species, UV – ultraviolet.
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Figure 2. Evaluation of BNP adhesion
(A) Surface aldehyde concentration on nanoparticles were recorded as a function of 

incubation time with NaIO4. Data are shown as mean ± SD (n = 4). (B) Surface 

immobilization of BNPs on lysine coated slides. The surface density of aldehydes was 

controlled by incubation time with NaIO4. The non-treated group (0 min) represent NNPs 

(non-adhesive control). Data are shown as mean ± SD (n = 4). (C) BNPs and NNPs at 1 

mg/ml were incubated on pig skin for six hours in a humidity chamber at 32°C. The scale 

bar represents 200 µm. (D) The fluorescence was quantified and normalized to the average 
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fluorescence of BNPs. Data are shown as mean ± SD (n = 10), ****P < 0.0001 (student t-

test). (E) BNPs encapsulating an infrared dye, IR-780, were applied on dorsal skin of mice 

and BNP skin retention was imaged with Xenogen at different time points. (F) The 

fluorescence was quantified and normalized to the fluorescence intensity at time zero. (G) 

BNPs encapsulating an infrared dye, IR-780, were applied to the dorsal skin of mice. After 

wiping with a wet towel (T) or washing with water (W), BNP skin retention was imaged 

with Xenogen. (H) The fluorescence after wiping or washing was quantified and normalized 

to the fluorescence intensity at time zero. BNP - bioadhesive nanoparticle, NNP - non-

bioadhesive nanoparticles.
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Figure 3. Synthesis and in vitro evaluation of PO/BNPs
(A) TEM image of PO/BNPs. The scale bar is 200 nm. (B) PO retention within PO/BNPs in 

artificial human sweat at 32°C and 37°C. Data are shown as mean ± SD (n = 4). (C) 

Absorbance efficiency of PO/BNPs, PO emulsion in water (PO/water), PO dissolved in 

mineral oil (PO/Oil), PO dissolved in DMSO (PO/DMSO) at a PO concentration of 0.01 

mg/ml, and sunscreen dissolved in mineral oil (Sunscreen/Oil) at 0.01 mg/ml of active 

ingredients. UV filters within their vehicles were scanned for UV absorbance between 260–

400nm. The data are plotted with background subtraction of blank vehicles. Data are shown 

as mean (n=4). (D) ROS formation as measured by DHR fluorescence after UV irradiation. 

DHR was incubated with PO/BNPs, blank BNPs, PO emulsion and PBS control. Data are 

shown as mean ± SD (n = 8), ****P<0.0001. BNP - bioadhesive nanoparticle, DHR – 

Dihydrorhodamine, DMSO - dimethyl sulfoxide, PO – padimate O, ROS – reactive oxygen 

species, TEM - transmission electron microscopy, UV – ultraviolet.
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Figure 4. Histology of dorsal mouse skin sections receiving different topical interventions three 
days after high dose UV (2160 J/m2)
Topical interventions included (A–B) normal skin without UV exposure, (C–D) sunscreen, 

(E–F) PO/BNPs, (G–H) blank BNPs, (I–J) no protection. There was significant acanthosis 

(double arrow) with prominent rete ridges (arrow) and orthokeratosis (*) present in the 

unprotected samples, consistent with epidermal hypertrophy. Skin protected by sunscreen 

showed thickened orthokeratosis as well relative to the skin protected by PO/BNPs and the 

normal skin control. (K) Epidermal thickness and (L) percent area of keratin within the 

dorsal skin after receiving topical interventions and UV irradiation. The scale bar represents 
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100 µm. Hematoxylin and eosin staining (A, C, E, G, I). Trichrome staining (B, D, F, H, J). 

*p<0.05 compared to all other treatment groups. BNP - bioadhesive nanoparticle, PO – 

padimate O.
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Figure 5. CPD staining of mouse dorsal epidermal sheets after receiving different topical 
interventions and UVB irradiation (160 J/m2)
Epidermal sheets were prepared one hour after exposure to UVB (A). The fluorescence of 

CPD on skin receiving different topical interventions was quantified (B). The scale bar 

represents 50 µm. Data are shown as mean ± SD (n=3), **p<0.01 (student t-test). Normal 

skin represents tissue that was not UV irradiated. BNP - bioadhesive nanoparticle, CPD - 

cyclobutane pyrimidine dimers, PO – padimate O.
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Figure 6. Staining for γH2AX on mouse dorsal epidermal sheets receiving different topical 
interventions and UVB irradiation (160 J/m2)
(A) Epidermal sheets were prepared 20 hours after exposure to UV-B. (B) The γH2AX+ 

cells within the epidermis for each intervention were enumerated. The scale bar represents 

50 µm. Data are shown as mean ± SD (n=3), **p ≤ 0.01 (student t-test). Normal skin 

represents tissue that was not UV irradiated. γH2AX – phosphorylated histone H2A variant 

H2AX, BNP - bioadhesive nanoparticle, NS – not significant, PO – padimate O, UV – 

ultraviolet.
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