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a b s t r a c t 

Both innate and adaptive immune systems play a crucial role in the pathology of skin diseases. To control 

these cells, there is a need for transdermal drug delivery systems that can target multiple cell popula- 

tions at independently tunable rates. Herein, we describe a tissue-adhesive hydrogel system that con- 

tains particles capable of regulating the release of small molecule drugs at defined rates. Resiquimod (a 

macrophage-targeting drug) and palbociclib (a T cell-targeting drug) are encapsulated within two types 

of silicone particles embedded within the hydrogel. We demonstrate that drug release is mediated by 

the crosslink density of the particles, which is decoupled from the bulk properties of the hydrogel. We 

show that this system can be used to sustainably polarize macrophages toward an anti-tumor phenotype 

in vitro and ex vivo , and that the hydrogels can remain attached to skin explants for several days with- 

out generating toxicity. The hydrogel system is compatible with standard dermatological procedures and 

allows transdermal passage of drugs. The multimodal, tunable nature of this system has implications in 

treating a variety of skin disorders, managing infections, and delivering vaccines. 

Statement of significance 

We describe a tissue-adhesive hydrogel that can regulate the release of drugs in a manner that is decou- 

pled from its bulk properties. The mechanism of drug release is mediated by embedded microparticles 

with well-defined crosslink densities. The significance of this system is that, by encapsulating different 

drugs into the particles, it is possible to achieve multimodal drug release. We demonstrate this capability 

by releasing two immunomodulatory drugs at disparate rates. A drug that targets innate immune cells 

is released quickly, and a drug that targets adaptive immune cells is released slowly. This programmable 

system offers a direct means by which cellular responses can be enhanced through independent targeting 

for a variety of transdermal applications, including cancer treatment and vaccine delivery. 

© 2022 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved. 
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Abbreviations: R848, Resiquimod; Plb, Palbociclib; DMSO, Dimethyl sulfox- 

de; TLR, Toll-like receptor; CDK, Cyclin-dependent kinase; DMEM, Dulbecco’s 

odified Eagle’s medium; DPBS, Dulbecco’s phosphate buffered saline; TEMED, 

etramethylethylenediamine; TEA, Triethylamine; TMOS, Tetramethyl orthosilicate; 

MODMS, Dimethoxydimethylsilane; PVA, Poly(vinyl alchohol); OCT, Optimal cut- 

ing temperature; FBS, Fetal bovine serum; LCDS, Low crosslink density silicone; 

DMS, Polydimethylsiloxane; HCDS, High crosslink density silicone; TCM, Tumor- 

onditioned media; UV-UPLC, Ultraviolet ultra-performance liquid chromatography; 

EM, Scanning electron microscopy; PAM, Polyacrylamide; iNOS, Inducible nitric ox- 

de synthase; Arg-1, Arginase-1; CD, Cluster of differentiation; MHCII, Major histo- 

ompatibility complex class II. 
∗ Corresponding author. 

E-mail address: Charles.Shields@colorado.edu (C.W. Shields IV) . 
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. Introduction 

Advances in materials engineering have improved the perfor- 

ance of immunotherapies by prompting more potent and durable 

mmune responses [1] . However, the controlled release of drugs to 

he skin at independently tunable rates remains a challenge. This 

s especially important for activating different populations of im- 

une cells. Contributing factors include poor penetration of drugs 

hrough the stratum corneum, limited control over their release 

rom standard ointments and creams, and poor patient compliance 

n response to adverse effects. Hydrogels are gaining popularity as 

 platform for addressing these factors due to their biocompatibil- 

ty, flexible chemistry, and mechanical similarity to living tissues 
issue-adhesive hydrogel for multimodal drug release to immune 
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Fig. 1. Overview of the tissue-adhesive hydrogel system for multimodal drug release. A) A hydrogel embedded with drug-containing microparticles (i.e., with low or high 

crosslink densities) adheres to skin. Two immunomodulatory drugs, resiquimod and palbociclib, are released from the microparticles at rates commensurate with their 

respective immune cell activation timelines. B) Resiquimod is released quickly due to low particle crosslink densities; palbociclib is released slowly due to high particle 

crosslink densities. Illustrations show resiquimod inducing M1 macrophage polarizations by TLR7/8 agonism and palbociclib promoting cytotoxic T cell activation by CDK4/6 

inhibition. C) Photograph of the adhesive hydrogel vehicle attached to skin. 
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 2 , 3 ]. However, the mechanisms governing drug release from hy- 

rogels are often inextricably linked to the bulk properties of the 

ydrogel, making it difficult to tune network properties without af- 

ecting drug release kinetics [4] . Other hydrogel systems have been 

eveloped to release drugs at tunable rates; however, these sys- 

ems either depended on stimuli-responsiveness to regulate drug 

elease [ 5 , 6 ], which is not conducive for multimodal drug release,

r lacked a simple means of synthesis for translational readiness 

7–9] . There remains a need for a simple and versatile transdermal 

elivery system that enables multimodal drug release. 

Herein, we describe a tissue-adhesive hydrogel embedded with 

icroparticles that enable tunable release of encapsulated drugs 

n a manner that is decoupled from the bulk properties of the hy- 

rogel ( Fig. 1 ). While many implanted drug reservoirs aim to de- 

rade over time, this hydrogel is designed as a flexible, biostable, 

nd fully removable unit to sustainably deliver localized treatments 

hile adherent, after which it can be painlessly peeled off, avoid- 

ng potentially adverse effects associated with materials degrada- 

ion such as pH changes to the skin, bioresorption, and the forma- 

ion of foreign body granulomas [ 10 , 11 ]. Hydration of the hydrogel

an be maintained while adhered to skin through simple meth- 

ds such as periodically depositing water on top to prevent drying 

ut. Use of a detachable hydrogel also enables the incorporation 

f a range of engineered particle types to guide drug release with- 

ut dependence on particle degradability, long-term biocompatibil- 

ty, and repeated injections. Anchoring of such particles to the hy- 
2

rogel network prevents their accumulation in tissues, a common 

ate of injected drug carriers [ 12 , 13 ]. Drug permeability through 

he skin can be enabled through standard dermatological proce- 

ures, such as by affixing the hydrogel within a surgical bed or a 

icroneedle-treated site. These methods can enable lower doses of 

rugs to be dispensed over longer durations, improving therapeutic 

fficacies and reducing toxicities [ 14 , 15 ]. 

To demonstrate utility of this programmable hydrogel system—

hich we define as the hydrogel vehicle and embedded 

icroparticles—we encapsulate and release two drugs used for 

elanoma immunotherapy at independently tuned rates. Specifi- 

ally, we release resiquimod and palbociclib at different rates by 

djusting the crosslink density of the particles encapsulating them. 

esiquimod (R848) and palbociclib (Plb) are hydrophobic drugs 

ith molecular weights of 314 and 448 Da, respectively, and sol- 

bilities of 31.4 and 13.0 mg/mL in dimethyl sulfoxide (DMSO). 

esiquimod is a toll-like receptor (TLR)7/8-agonist that polarizes 

acrophages toward a proinflammatory (M1-like, herein referred 

o as “M1” for convenience) phenotype [ 16 , 17 ]. Palbociclib is a 

yclin-dependent kinase (CDK)4/6-inhibitor that activates effector 

 cells and promotes their infiltration into solid tumors [ 18 , 19 ]. The

ombination of these drugs has the potential to elicit a potent im- 

une response against residual and metastasizing tumor cells and 

revent recurrence of molecularly similar tumors [16] . We there- 

ore designed our hydrogel system to release resiquimod quickly 

over several days) and palbociclib slowly (over several weeks) to 
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atch the associated cell activation timescales (i.e., macrophages 

nd T cells are members of the innate and adaptive immune sys- 

ems, respectively). This proof-of-concept application highlights the 

ndependently tunable features of this hydrogel system for a range 

f uses such as treating actinic keratosis, dermatitis, and carcinoma 

s well as delivering analgesics, antibiotics, and vaccine compo- 

ents to the skin [20] . 

. Materials and methods 

.1. Materials 

RAW 264.7 murine macrophages and B16-F10 murine 

elanoma cells were sourced from the American Type Culture 

ollection (ATCC). BD Cytofix/Cytoperm fixation/permeabilization 

it was obtained from BD Biosciences. Zombie Green Viability Kit 

as obtained from Biolegend. Dulbecco’s modified Eagle’s medium 

DMEM) high glucose media, DMEM low glucose media, trypsin, 

nd Dulbecco’s phosphate buffered saline (DPBS) were obtained 

rom Cytiva. Sylgard 184 Elastomer Curing Agent and Silicone 

lastomer Base were obtained from Dow Chemical. Citramount 

edium was obtained from Electron Microscopy Sciences. Pal- 

ociclib was obtained from MedChemExpress. Hair depilating 

ream was obtained from Nair (Church & Dwight). Tetram- 

thylethylenediamine (TEMED) and acetone were obtained from 

illipore Sigma. Recombinant murine epidermal growth factor 

as obtained from Peprotech. Acrylamide, tannic acid, ammonium 

ersulfate, N,N’ -methylenebis(acrylamide), poly(ethylene glycol)- 

lock-poly(propylene glycol)-block-poly(ethylene glycol) (Pluronic 

108), Accumax, insulin, transferrin, 3,3–5 ′ triiodo- l -thyroxine, 

ydrocortisone, hydrochloric acid (HCl, 37%), triethylamine 

TEA), tetramethyl orthosilicate (TMOS), dimethoxydimethylsi- 

ane (DMODMS), hexane, ethyl acetate, methanol, mineral oil, 

nd poly(vinyl alcohol) (PVA) were obtained from Sigma-Aldrich. 

asySep Mouse CD45 Positive Selection Kits were obtained 

rom StemCell Technologies. Penicillin and streptomycin, min- 

ral oil, DMSO, trifluoroacetic acid (TFA), acetonitrile (ACN), Dr. 

aisch Reprosil-Pur 1.9 μm 120A C18-AQ media, optimal cutting 

emperature (OCT) embedding medium, BODIPY FL C 5 (4,4- 

ifluoro-5,7-Dimethyl-4-Bora-3a,4a-Diaza- s -Indacene-3-Pentanoic 

cid), fetal bovine serum (FBS), UltraComp eBeads compensation 

eads, and anti-mouse CD16/CD32 Fc block were obtained from 

hermo Fisher Scientific. See Supplemental Materials for details 

egarding fluorescent antibodies. Resiquimod was obtained from 

okyo Chemical Industry. Hematoxylin stain was obtained from 

ector Laboratories. Glucose, PBS, Ham’s F12 medium, penicillin- 

treptomycin, gentamicin sulfate salt, and Bambanker cell freezing 

edia was obtained from VWR. 

.2. Particle synthesis and characterization 

Low crosslink density silicone (LCDS) particles for encapsulating 

esiquimod were synthesized via homogenization of polydimethyl- 

iloxane (PDMS) precursor and heat curing [21] . The precursor was 

repared by mixing a total of 1 g of Sylgard 184 base and cur- 

ng agent (crosslinker) in different mass ratios, followed by the ad- 

ition of 250 μL 10 mg resiquimod / mL DMSO. Next, the PDMS 

ixture was added to 9 mL aqueous phase (15 wt.% PVA in deion- 

zed (DI) water) and homogenized at 60 0 0 rpm for 1 min. The PVA

olution was made by measuring 15 g PVA, filling to 100 mL with 

I water, and mixing in a round bottom flask at 85 ºC for 3 h us-

ng a condenser. After homogenization, the PDMS-PVA emulsion 

as heated at 80 ºC for at least 3 h on a stir plate at 300 rpm.

he solution was diluted to 50 mL with 1 wt.% Pluronic F108 and 

entrifuged at 3,0 0 0x g for 10 min. The supernatant containing the 

mall particle size fraction was discarded, and the pellet containing 
3

he large fraction was resuspended to the desired concentration in 

 wt.% Pluronic F108 to prevent sticking of particles. 

High crosslink density silicone (HCDS) particles for encapsulat- 

ng palbociclib were synthesized using a nucleation and growth 

echnique [22] . TMOS and DMODMS in a 1:8, 1:12, or 1:16 mo- 

ar ratio were stirred in a solution of water and 219.5 μL 0.1 M HCl

pH = 2.7) at 500 rpm for 1.5 h to hydrolyze the monomers. The 

olution was then centrifuged at 20 0 0x g for 5 min and the top

.5 mL extracted for use, leaving behind oligomers, and retaining 

ostly monomers or dimers. Added to the hydrolyzed monomers 

ere 7.5 mL 3.1 × 10 −4 M HCl (pH = 3.5) and 500 μL 2 mg pal-

ociclib / mL DMSO, stirred at 500 rpm for 1 min. Finally, 15 μL 

f the base catalyst, TEA, was added, and the solution continued to 

tir at 500 rpm for 30 min while particles grew by polycondensa- 

ion. After the reaction was complete, the solution was stabilized 

ith 5 mL of 1% w/v Pluronic F108 in DI water. 

Resiquimod content in the cured PDMS particles was deter- 

ined using the previously described solvent release method (Fig. 

1) [23] . Briefly, particles were agitated by vortexing in absolute 

thanol and centrifuged at 20,0 0 0x g for 2 min. The supernatant 

as collected and particles were resuspended in fresh ethanol, fol- 

owed by additional cycles of agitation, centrifugation, and washing 

ntil no detectable amount of drug remained. Supernatant was col- 

ected and measured using a UV–vis spectrometer (Tecan Infinite 

00) against a calibration curve to quantify the released drug. Pal- 

ociclib loading was measured using the same method with 5 vol.% 

MSO in water, due to its poor solubility in ethanol. 

FIJI (ImageJ2) was used to measure particle size via Otsu’s 

ethod for thresholding representative micrographs to a suffi- 

iently high number of particles analyzed ( n > 10,0 0 0). A hemocy- 

ometer was used to measure particle concentration. SEM was per- 

ormed in secondary electron imaging mode with high vacuum, at 

n accelerating voltage of 15,0 0 0 V (Hitachi SU350 0). Images were 

aken of particles washed thrice in water to remove Pluronic F108 

nd any unbound monomers, deposited onto a clean silicon wafer, 

nd coated in 10 nm platinum using a sputter coater (Cressington 

08auto). 

.3. Hydrogel synthesis and characterization 

In order, 1.25 g acrylamide monomer, 62.5 mg tannic acid, 

25 mg ammonium persulfate, 15 μL TEMED, 15 mg N,N’ - 

ethylenebis(acrylamide), 125 mg glucose, and 0.15 mL particles in 

I water at the desired concentration were added to 6.75 mL wa- 

er heated to 30 °C and stirred at 300 rpm. All components were 

ixed for 1.5 min and deposited in petri dishes or well plates with 

 pipette for curing. Hydrogels were sterilized for biological appli- 

ations through a two-hour UV light exposure in a biosafety cabi- 

et (Thermo Scientific) after complete polymerization. 

Tensile adhesion tests of hydrogels attached to dehaired ICR 

urine skin were performed using a universal testing machine 

MTS Exceed Series 40 Electromechanical Universal Test Machine) 

sing a 50 N load cell and loading rate of 0.083 mm/s. Glass slides 

ere glued on either side of the skin and hydrogel (Fig. S2), as pre- 

iously described [24] . Hydrogels of size 20 mm x 12.5 mm were 

ormed in molds and attached to murine skin soaked in PBS for 

4 h to prevent drying. The shear modulus was found from the 

lope of stress-strain curves generated by tensile tests performed 

n hydrogels formed in dog bone shaped molds according to Amer- 

can Society for Testing and Materials (ASTM) standard D638–14. A 

oading rate of 0.5 mm/s was applied until the hydrogels under- 

ent fracture. 

Rheological parameters were determined by performing a strain 

weep (0.1 − 25%, 1 Hz) and a frequency sweep (0.1 − 50 Hz, 5% 

train) on fully polymerized hydrogels without particles at 37 °C. 

olymerization kinetics were measured using an 20 mm parallel 
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late rheometer (ARES-G2, TA Instruments) at 1 Hz, 5% strain, and 

 gap height of 1.8 mm for a 60-minute time sweep at 37 °C while

he hydrogels formed in situ with mineral oil. Storage and loss 

oduli were determined from the in situ formed hydrogels follow- 

ng complete polymerization. Each test was performed in triplicate 

ith and without particles. The large fraction of 1:10 LCDS parti- 

les (average size = 8.1 μm) was added to the hydrogels at 10 ×10 6 

articles / mL hydrogel precursor for comparing viscoelastic prop- 

rties, as the large fraction of LCDS particles was expected to have 

 greater impact on network formation than the smaller HCDS par- 

icles. 

.4. Cell culture 

RAW 264.7 macrophages were cultured at 37 °C and 5% CO 2 

n DMEM supplemented with 10 vol.% heat-inactivated FBS and 

 vol.% penicillin-streptomycin. Tumor-conditioned media (TCM) 

or culturing RAW 264.7 cells in phenotyping studies was sourced 

rom B16-F10 cells during passaging. No cell line was used beyond 

assage 15. 

.5. Murine skin explant culture 

Skin explants were taken from freshly euthanized female ICR 

albino) mice. After removal of the dorsal skin with scissors in 

septic conditions, hair was trimmed with scissors, then the sur- 

ace was coated with a thin layer of hair removal cream and wiped 

ff using a damp paper towel after 3 min. The stratum corneum 

as removed by 10 cycles of tape stripping with cellophane [25] . 

ix mm biopsy punches were collected from across the dorsal skin 

nd placed dermis-side down in a 24-well plate for 15 min or un- 

il adherent. Biopsy punches were semi-submerged in 0.2 mL mKer 

edia for culture, as previously described [26] . If a biopsy punch 

etached, it was moved to a new well and allowed to adhere for 

0 more minutes before adding back in media. mKer media was 

ade with 500 mL low glucose DMEM, 167 mL Ham’s F12 nutrient 

ixture, 67 mL heat-inactivated FBS, 5 μg insulin / mL media, 5 μg 

ransferrin / mL media, 0.987 ng 3,3–5 ′ triiodo- l -thyroxine / mL 

edia, 0.4 μg hydrocortisone / mL media, 10 ng epidermal growth 

actor / mL media, 60 μg penicillin / mL media, and 25 μg gen-

amicin / mL media. Components were mixed and passed through 

 0.2 μm sterile filter. Media was exchanged for biopsy punches in 

ulture after 24 h. 

.6. Drug release 

Drug release studies from particles were performed in 5 vol.% 

MSO in PBS or complete DMEM. LCDS particles were synthe- 

ized as previously described (see Section 2.2 ) and aliquots were 

ushed with absolute ethanol and agitated with vigorous vortex- 

ng to measure drug concentration per number of particles. The 

olume of stock particles used for release of resiquimod was cho- 

en by aliquoting an amount corresponding to 15 μg total drug 

ncapsulated. HCDS particles were synthesized as previously de- 

cribed (see Section 2.2 ) and aliquots were flushed with 5 vol.% 

MSO and agitated with vigorous vortexing to measure drug con- 

entration per number of particles. At specific time points, par- 

icles were centrifuged at 5,0 0 0x g and an aliquot of solvent was

ithdrawn for measurement. The remaining supernatant was dis- 

arded and replaced. Cumulative release of drug into 5 vol.% DMSO 

as measured by analyzing the collected supernatants with UV–

is at 320 nm and 353 nm for resiquimod and palbociclib, respec- 

ively, in a UV-transparent 96-well plate (Corning). Cumulative re- 

ease of resiquimod into DMEM was measured by ultraviolet ultra- 

erformance liquid chromatography (UV-UPLC), described in the 

upplemental Materials. 
4 
For drug release from particles embedded within hydrogels, hy- 

rogels were incubated with cells in a 24-well plate. Hydrogels 

ere formed around inverted P10 0 0 pipet tips in 24-well plates to 

orm donut shapes. After complete polymerization, hydrogels were 

terilized using a 2-hour UV light cycle before addition to wells 

n a fresh 24-well plate. Hydrogels were stuck to the sides of the 

ells, partially submerged in media, to enable drug release and 

edia exchange but avoid contact with the adherent cell layer. Re- 

iquimod release studies were performed with RAW 264.7 cells to 

valuate macrophage polarization. 

For skin explant studies, hydrogels were formed in 96-well 

lates with a volume of 200 uL hydrogel precursor per well. Af- 

er complete polymerization and sterilization using a 2-hour UV 

ight cycle, hydrogels were removed from the well plate and added 

o the surface of semi-submerged skin explants biopsy punches in 

ulture. After addition of the hydrogels, media was exchanged after 

4 h, and after 48 h, biopsy punches were removed, dissociated, 

nd phenotyped. 

.7. Cell phenotyping 

RAW 264.7 cells were collected from well plates and stained 

ith either anti-CD86, anti-CD206, and anti-MHCII antibodies or 

ermeabilized and stained with anti-iNOS and anti-Arg-1 antibod- 

es. Complete methods can be found in the Supplementary Materi- 

ls. 

.8. Tissue dissociation and phenotyping 

Skin biopsy punches were removed from culture, minced into 

 mm pieces with a scalpel (without mashing), and placed into 

 mL Accumax digestion solution in a 24-well plate. The plate was 

ncubated at 37 °C for 25 min with orbital shaking. The solutions 

ere transferred into a 40 μm cell strainer and pushed through 

ith a syringe plunger for several minutes, with periodic rinsing 

ith PBS. Material stuck in the filter was disposed, and the col- 

ected material was centrifuged at 350x g for 10 min at 4 °C. The 

ellet was resuspended in stain buffer and cells counted (to en- 

ure no group exceeded 10 8 cells), and reagents for CD45 + cell se- 

ection from an EasySep (Stem Cell) kit were added according to 

nstructions from the manufacturer. Each sample underwent two 

ounds of magnetic separation, after which point, CD45 + cells were 

ounted (to ensure no group exceeded 10 6 cells) and stained as 

escribed in the Supplementary Materials with the addition of 

nti-CD11b and anti-F4/80 surface staining antibodies to identify 

acrophages. The gating scheme for different immune cell popu- 

ations is shown in the Supplementary Materials (Fig. S3). 

.9. Statistical analysis 

Data in Fig. 2 are shown as mean ± standard deviation (SD). 

ata in Fig. 3 and Fig. 4 are shown as median fluorescence ± stan- 

ard error (SE). For determination of statistical significance, multi- 

le unpaired, equal variance t-tests were used, as applicable. Sig- 

ificance was determined at the cutoff point ∗P < 0.05. 

. Results 

.1. Hydrogel synthesis and adhesion 

We chose a polyacrylamide (PAM) backbone for this hydrogel 

ystem, due to its common use as a polymer in biological ap- 

lications, biocompatibility, strong resistance to degradation, and 

menability to modification for incorporating adhesive groups [27] . 

urther, PAM toughness, as measured by fracture energy, is com- 

ensurate with human skin [2] , making it an ideal material for 
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Fig. 2. Particle characterization and drug release. A) Large size fraction of LCDS particles, synthesized using homogenization and separated by differential centrifugation, 

imaged with scanning electron microscopy (SEM). B) HCDS particles, synthesized using a nucleation and growth technique, imaged with SEM. C) Size distribution of 

resiquimod-containing LCDS particles made from different ratios of crosslinker to base, split into small and large fractions ( N = 11,0 0 0 particles). D) Size distribution of 

palbociclib-containing HCDS particles made from different ratios of TMOS to DMODMS ( N = 23,0 0 0 particles). E) Rapid release of resiquimod over one week from particles 

with varied crosslinking density (1:5, 1:7.5, 1:10, and 1:20 crosslinker to base; N = 5). F) Slow release of palbociclib over two weeks from particles made from 1:8, 1:12, and 

1:16 molar ratios of TMOS to DMODMS ( N = 5). 
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ransdermal applications. Synthesis occurs by way of free radi- 

al vinyl addition polymerization of acrylamide monomers to form 

AM. Additional functionalization with galloyl groups, found in the 

olyphenol tannic acid, imparts adhesive capabilities to the hydro- 

el by binding to proteins in the skin [28] . A universal testing ma-

hine was used for tensile-adhesion tests to pull the hydrogel from 

ehaired murine skin explants. The hydrogel showed an average 

dhesive strength of 1348 ± 211 Pa ( N = 5, Fig. S2). Higher ad- 

esiveness can be achieved without affecting drug release rate by 

arying the content of galloyl groups or water in the hydrogel and 

esting on more physiologically relevant models such as porcine or 

uman skin. Furthermore, adhesion mediated by polyphenols has 

een shown to increase in strength with contact time (i.e., up to 

4 h), while these hydrogels were only in contact with murine skin 

or five minutes to avoid loss of moisture in the skin explants [29] .

Hydrogel mesh size was also approximated from tensile test- 

ng data to ensure that drug release kinetics were not affected by 
t

5 
he hydrogel network (Fig. S4). Using the classical theory of rub- 

er elasticity, shear modulus (G) is related to hydrogel mesh size 

r mesh ) by the equation: 

 mesh = 

(
6 RT 

πN A v G 

)1 / 3 

here R is the gas constant, T is the absolute temperature, and 

 Av is Avogadro’s number [4] . Calculating shear modulus from the 

tress-strain curve yields a mesh size of 17.9 ± 1.5 nm ( N = 6), 

hich is substantially larger than the diameter of small molecule 

rugs such as palbociclib and resiquimod [30] , which will allow 

ree passage of the drugs once released from the particles. 

.2. Particle synthesis and drug loading 

To achieve multimodal drug release, two types of silicone par- 

icles were synthesized and embedded into the hydrogel ( Fig. 2 ) 
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 22 , 31 ]. While the mesh size of the hydrogel can also affect the ki-

etics of drug release [4] , we selected a sufficiently large mesh size 

uch that the kinetics were fully decoupled from hydrogel network 

roperties and solely dependent on the particle formulation. To en- 

ble the rapid release of resiquimod (i.e., 50% release in one day), 

e prepared low crosslink density silicone (LCDS) particles using a 

ommercial PDMS kit (Sylgard 184) ( Fig. 2 A). The standard 1:10 ra- 

io of crosslinker to base results in a mesh diameter ranging from 

 to 35 nm [31] . We therefore evaluated the LCDS particles synthe- 

ized with crosslinker to base ratios from 1:5 to 1:20 to determine 

he effect on resiquimod release. To encapsulate resiquimod, the 

DMS precursor was mixed with resiquimod dissolved in a small 

olume of DMSO prior to homogenization in an aqueous solvent. 

articles made using this approach had an average resiquimod en- 

apsulation efficiency of 7.5 ± 1.1% across all conditions. The low 

rug loading efficiency was likely due to the relatively large mesh 

ize of the PDMS. Drug loading was measured by a solvent release 

ssay described elsewhere [23] , where particles are flushed multi- 

le times with a favorable solvent (i.e., ethanol) to extract encapsu- 

ated drug for measurement using a calibration curve. This method 

eads to a more conservative estimation of drug loading than mea- 

uring the supernatant after particle synthesis because potential 

ources of drug loss (e.g., drug trapped on the stir bar, adsorbed 

o the walls of the container) are accounted for (Fig. S1). To re- 

uce particle polydispersity, a 15 wt.% PVA solution was used as 

he aqueous phase during homogenization, resulting in an average 

article size of 6.5 ± 9.1 μm and a coefficient of variance (CV) of 

.4 ( Fig. 2 C, Fig. S5). Particle size was further refined by differen-

ial centrifugation, resulting in two subpopulations, the larger size 

f which (mean = 8.1 ± 11.1 μm, CV = 1.4) was used due to its

bility to readily pellet. 

To enable slow release of palbociclib (i.e., 50% release in five 

ays), high crosslink density silicone (HCDS) particles were synthe- 

ized using a one-pot nucleation and growth technique ( Fig. 2 B) 

23] . Here, particle mesh size is controlled by the relative abun- 

ance of alkoxide groups present in alkoxysilane and silicon alkox- 

de monomers used in the reaction. We varied the ratio of tetra- 

unctional monomers (tetramethoxysilane, TMOS) to difunctional 

onomers (dimethoxydimethylsilane, DMODMS), which can form 

p to four or two siloxane bonds after polycondensation, respec- 

ively, with an alkaline catalyst. A denser mesh (i.e., due to a higher 

atio of TMOS to DMODMS) resulted in slower drug release [23] . 

herefore, we evaluated particles made with 1:8, 1:12, and 1:16 

olar ratios of TMOS to DMODMS to achieve slow release of pal- 

ociclib. To encapsulate drug within the particles, palbociclib dis- 

olved in a small volume of DMSO was added at the beginning 

f the polycondensation step, resulting in an average loading effi- 

iency of 93.6 ± 7.7% across all particle conditions. While ethanol 

ould not be used for the solvent release assay to determine drug 

oading in the HCDS particles due to its relatively low density, 

 vol.% DMSO was used with agitation to collect all encapsulated 

rug prior to release kinetics experiments. HCDS particles had a 

arrower size distribution than the LCDS particles, resulting in an 

verage size of 0.67 ± 0.17 μm and a CV of 0.26 ( Fig. 2 D, Fig. S5). 

.3. Drug release from particles 

To identify the appropriate formulation (i.e., crosslink density) 

f each type of particle, we performed a series of controlled release 

tudies. Fast-releasing LCDS particles were made to encapsulate re- 

iquimod and stimulate macrophages. Slow-releasing HCDS parti- 

les were made to encapsulate palbociclib and stimulate T cells. 

mmediately following synthesis, both types of particles were sus- 

ended in 5 vol.% DMSO in PBS to facilitate drug release. LCDS 

articles released 50% of their payload within 24 h, with more 

radual release over the rest of a week in all crosslinker condi- 
6 
ions ( Fig. 2 E). Therefore, the standard ratio of 1:10 crosslinker to 

ase was selected for all subsequent experiments. We also studied 

he release of resiquimod from LCDS particles (1:10 crosslinker to 

ase) in complete cell media. Due to the high levels of resiquimod 

eleased (i.e., above the linear region of the standard curve), the 

V-UPLC detector was overloaded. Thus, while the exact concen- 

rations were not identified, we were able to map the trend of re- 

iquimod release by extrapolating the average amount of drug re- 

ease from Days 1–5. We then approximated the complete release 

f drug to calculate fractional release and found similar release ki- 

etics in both solvents over a period of five days (Fig. S6). This 

nding confirms that the release experiments performed in 5 vol.% 

MSO (shown in Fig. 2 ) are a reasonable model for drug release in

omplete cell media. 

In contrast to the LCDS particles, the release rate of drug from 

CDS particles was highly dependent on crosslink density; in par- 

icular, the 1:8 TMOS to DMODMS particle condition released less 

han 15% of its encapsulated payload in 24 h and only 70% over 

wo weeks ( Fig. 2 F). The 1:12 and 1:16 conditions had similar re- 

ease profiles, both of which achieved over 35% release within 24 h 

nd leveled off. 

.4. Hydrogel polymerization kinetics 

Using in situ rheological analysis, we identified a hydrogel for- 

ulation that polymerizes rapidly (90% gelation within 20 min af- 

er the addition of crosslinker at 37 °C) and displays a storage 

odulus of 90.5 kPa and a loss modulus of 0.41 kPa (Fig. S7). How- 

ver, we hypothesized that both gelation kinetics and storage mod- 

lus would be affected by the concentration of particles added to 

he hydrogel precursors due to obstruction of network formation. 

hus, we evaluated the upper limit of particles that could be added 

o the hydrogel while maintaining rapid polymerization kinetics 

Fig. S7). For this study, we used LCDS particles with an average 

ize of 8.1 ± 11.1 μm ( Fig. 2 B). Our analysis revealed that a hy-

rogel will still form with a storage modulus of 1.5 kPa and loss 

odulus of 8.5 Pa with up to 10 ×10 6 particles / mL hydrogel pre-

ursor. Also, there was no significant difference in the rate of poly- 

erization whether particles were present in the hydrogel or not 

near complete polymerization occurred after 30 min). The sol-gel 

ransition kinetics of hydrogels both with and without particles is 

onsistent with data and curve fitting found in literature [32] . 

.5. Immune cell activation in vitro 

The complete hydrogel system containing resiquimod was next 

ested in vitro to stimulate RAW 264.7 murine macrophages cul- 

ured in 10 vol.% TCM. Hydrogels were formed into “donut” shapes 

ith the outer diameter 3x the inner diameter, matching the width 

f a 24-well plate well. Their donut geometry and ability to ad- 

ere to surfaces allowed the hydrogels to be suspended, partially 

ubmerged, in a 24-well plate by sticking to the walls. Therefore, 

rug was released from LCDS particles into the media without dis- 

urbing the cell layer, while permitting gas and media exchange 

hrough the center of the hydrogel. Cell polarization was measured 

ia flow cytometry on Days 1 and 5 of culture and normalized to 

ells cultured with an empty hydrogel (i.e., the hydrogel vehicle 

ithout any drug). We examined the expression of markers asso- 

iated with macrophage polarization to compare the durability of 

henotypic changes caused by the release of resiquimod from the 

ydrogel system to that of a single bolus injection, representative 

f current methods of drug administration. Free resiquimod was 

dded to the wells to produce a concentration of 150 nM. In con- 

rast, release of resiquimod from the hydrogel was estimated to be 

0.5 nM after Day 1 based on data shown in Fig. 2 . Cell media

as exchanged in all conditions after 24 and 72 h to simulate a 
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Fig. 3. Macrophage modulation by resiquimod release from hydrogels in vitro . A) Schematic illustration of macrophage phenotypes in response to pro-inflammatory or anti- 

inflammatory signals. Relative expression of M1-associated markers (iNOS, MHCII, and CD86) and an M2-associated marker (CD206) on murine macrophages, relative to that 

of control cells incubated with an empty hydrogel vehicle after B) one and C) five days in culture in 10 vol.% TCM ( N = 3, P < 0.05). 
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hysiological sink for the drug (e.g., due to absorption, diffusion, 

r metabolism) ( Fig. 3 A,B). All fold-changes in marker expression 

re relative to cells incubated with an empty hydrogel to account 

or potential stimulatory effects of the hydrogel. Markers examined 

nclude inducible nitric oxide synthase (iNOS), arginase-1 (Arg-1), 

luster of differentiation 86 (CD86), major histocompatibility com- 

lex class II (MHCII), and CD206. iNOS controls the production of 

itric oxide, a cytotoxic and tumoricidal agent, and is strongly up- 

egulated by inflammatory cytokines (e.g., interferon gamma, IFN- 

), making it a common biomarker for M1 macrophage pheno- 

ypes. Conversely, Arg-1 production can inhibit iNOS and suppress 

1 phenotypes [33] . MHCII and CD86 play roles in adaptive immu- 

ity as an antigen-presenter to T helper cells and a costimulatory 

olecule for antigen presentation, respectively [34] . Thus, MHCII 

nd CD86 are overexpressed on M1 macrophages. Finally, CD206 

s a mannose receptor associated with protumoral behaviors such 

s clearance of inflammatory proteins and profibrotic effects by fi- 

roblast growth, indicative of M2 polarizations [35] . While there 

as a minor increase in the expression of all markers in the con- 

ition of the empty hydrogel compared to the unstimulated cells 

i.e., negative control), this effect did not surpass the intended ef- 

ect caused by resiquimod by a significant amount in any case. 

In macrophages receiving free resiquimod, we observed a tem- 

orary increase in expression of MHCII and CD86 (M1 markers) on 

ay 1, while all markers returned near to levels associated with 

he empty hydrogel control by Day 5. In all cases, the free re- 

iquimod conditions had M1 markers elevated over the unstim- 

lated cells, indicating sufficient TLR7/8 stimulation at 150 nM. 
7 
owever, the decrease in marker expression, nearly to 1.0 (i.e., 

quivalent expression to the empty hydrogel) by Day 5, indicates 

hat macrophages polarized toward M1 phenotypes will lose their 

henotype without additional stimulation. On the other hand, re- 

iquimod release from hydrogels containing LCDS particles caused 

n increase in M1-associated biomarker expression from Day 1 to 

ay 5 in all cases and a decrease in M2 marker expression. Arg-1 

ad no significant response and therefore is not shown here. 

.6. Immune cell activation ex vivo 

To validate our in vitro data, we studied the release of re- 

iquimod from the hydrogel system when attached to murine skin 

xplants from freshly euthanized mice. Skin was removed, de- 

aired, and tape-stripped to remove the stratum corneum and al- 

ow for transdermal penetration of drugs. Prior to applying the 

ydrogel, we validated the penetration of resiquimod into murine 

kin through the use of a surrogate hydrophobic small molecule 

uorescent dye, BODIPY FL C 5 (molecular weight = 320 Da) [36] . 

fter 24 h, the dye permeated 370 ± 126 μm, demonstrating that 

issue-resident immune cells can be stimulated by topical release 

f drug after one day (Fig. S8). 

Processed skin was biopsied and added to culture media with a 

ylindrical hydrogel of the same diameter adhered to the top sur- 

ace. The biopsy punches were partially submerged in media to fa- 

ilitate adhesion of the hydrogel to the tissue, incubated for two 

ays, and dissociated for phenotyping ( Fig. 4 A). Macrophages were 

dentified as CD45 + , CD11b + , and F4/80 + cells, and a subset of 
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Fig. 4. Macrophage modulation by resiquimod release from hydrogels ex vivo . A) Graphical illustration of skin explant collection, preparation, and dissociation. B) Example of 

adhesion between a hydrogel and murine skin on a glass slide. Dimensions not reflective of biopsy punches and hydrogels in culture. C) M1-associated marker iNOS and M2- 

associated marker CD206 expression on primary murine macrophages after two days of culture without stimulation, with free resiquimod, or with a resiquimod-containing 

hydrogel, relative to that of macrophages from biopsied skin adhered to an empty hydrogel vehicle ( N = 3, P < 0.05). 
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eukocytes was permeabilized for analysis of intracellular marker 

xpression (Fig. S3). Free resiquimod was added to the culture me- 

ia to a concentration of 250 nM, and the hydrogels were esti- 

ated to release 250 nM resiquimod by Day 1 from the embedded 

CDS particles based on data shown in Fig. 2 and Figure S6. Con- 

entrations were increased from the RAW 264.7 cell experiments 

o account for transport through the tissue. 

Primary cells from the cultured skin explants had a significant 

ncrease in iNOS expression due to incubation with the hydrogel 

ystem, whereas the relative change in expression due to free re- 

iquimod was not significant compared to the empty hydrogel con- 

rol. This result is consistent with our in vitro studies and con- 

rms that the slow release of resiquimod from the hydrogel system 

as the capacity to promote durable immune responses. However, 

he M2 marker CD206 increased significantly in response to the 

ddition of free resiquimod, whereas there was no significant in- 

rease observed in the resiquimod-containing hydrogel condition. 

he M2-associated marker Arg-1 and M1-associated markers CD86 

nd MHCII were also examined, with no significant changes iden- 

ified in any condition. Furthermore, we did not observe a signif- 

cant reduction in cell viability when explants were cultured with 

ydrogels; the unstimulated control contained 96.3 ± 0.6% viable 

ingle cells after dissociation, and the empty hydrogel contained 

2.4 ± 5.7%. As the murine skin explants are most representative 

f the physiological application of this hydrogel system, these re- 

ults indicate a lack of toxicity from the hydrogel. Finally, there is 

o significant difference between marker expression in the control 

ondition and the empty hydrogel, indicating a lack of inflamma- 

ory response caused by hydrogel attachment. Removal of the hy- 

rogel system after 1–2 weeks of application will also avoid long 

erm effects on the skin. 

. Discussion 

We demonstrate the design and implementation of a tunable 

ydrogel system with drug release properties that are decoupled 

rom those of the hydrogel vehicle. The polymer backbone, PAM, 

s functionalized with galloyl groups to achieve tissue adhesion. 
8 
imilar phenol groups, catechols, are found in the muscle foot 

rotein [37] and on the poison ivy toxin [ 38 , 39 ], enabling sta-

le attachment for days to weeks. This adhesive chemistry has 

een exploited by a number of hydrogels with applications rang- 

ng from wound healing to cellular therapy [ 2 , 40–42 ], and tissue

dhesion mediated by tannic acid has also been shown to achieve 

trong underwater adhesion, supporting the feasibility of this hy- 

rogel system to tolerate daily wear [43] . Furthermore, we found 

hat the storage and loss moduli, but not polymerization kinetics, 

re affected by particle loading when large LCDS particles were 

mbedded at a high concentration. These effects can be reduced 

y using smaller particles or lower particle concentrations. How- 

ver, the minimal difference in polymerization rate when hydro- 

els were formed with or without particles demonstrates how this 

ydrogel system can be easily deposited into various sites (e.g., 

hose formed by microneedle rolling or surgical resection). This 

onsistency is useful for most topical applications, as hydrogels 

ust polymerize predictably within a reasonable time frame (e.g., 

 30 min). Furthermore, these results indicate that a high upper 

imit of particles, and thus drug, can be loaded into the hydrogel 

hile polymerizing reliably. In the complete hydrogel system, the 

otal amount of drug loaded can be varied by i) drug concentra- 

ion encapsulated in the particles, ii) particle density within the 

ydrogel, and/or iii) volume of the hydrogel applied to the skin. 

herefore, appropriate dosing of individual drug types can be con- 

rolled by multiple means. As the LCDS particles have a lower drug 

ncapsulation efficiency than the HCDS particles, they are the lim- 

ting variable for drug loading. Using the maximum particle en- 

apsulation concentration for LCDS particles found via rheology 

Fig. S7), we estimate that ∼9 ng of drug can be contained per 

m 

3 of hydrogel. To assess whether this maximal loading will 

ffect downstream applications, we consider a melanoma resec- 

ion site as an example deployment location for our hydrogel. For 

oderately sized melanoma resections (i.e., 6 mm tumor diameter, 

 mm margin, 1 mm depth, according to the National Comprehen- 

ive Cancer Network), this loading would equate to a concentra- 

ion of 18.4 μM of resiquimod delivered to a volume of the same 

ize directly below the hydrogel, far surpassing the half-maximal 
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ffective concentration (EC 50 ) of 14.1 nM necessary for cell activa- 

ion [16] . For applications requiring a higher drug loading capacity, 

ther types of particles that confer higher encapsulation efficien- 

ies can be used (e.g., 1:16 TMOS to DMODMS HCDS particles). 

Multimodal drug release was demonstrated by preparing sil- 

cone particles with different crosslink densities. Release of re- 

iquimod from the LCDS particles into solvent was near-linear 

ithin the first 12 h, likely due to drug release near the surface 

f the particles, which is consistent with standard models of small 

olecule drug diffusion out of a spherical polymer matrix [44] . 

lower diffusion through the network dominated after the first 

ay. The negligible difference in release rate across crosslinker to 

ase conditions suggests that resiquimod had free passage out of 

he LCDS particles at all crosslink densities, indicating that even a 

igh crosslink density of PDMS results in a sufficiently large mesh 

ize for rapid release of resiquimod (i.e., drug size << mesh size). 

herefore, tuning drug release rate from the LCDS particles would 

ely on properties other than crosslink density such as particle size 

i.e., surface area to volume ratio) and drug size. On the other 

and, palbociclib release from HCDS particles was inhibited, result- 

ng in more sustained release, suggesting that the drug size was 

loser to the particle mesh size in all conditions. Although mesh 

ize does not appear to change linearly with TMOS:DMODMS, as 

een by the similar release kinetics of 1:12 and 1:16 conditions, 

ther ratios of TMOS to DMODMS may allow for finer control over 

he release rate of palbociclib and other small molecule drugs to 

chieve the desired kinetics for different applications. However, we 

ote that a 1:4 ratio of TMOS:DMODMS did not form well-defined 

articles using the methods described here. 

Controlled release of drugs from microparticles embedded 

ithin the hydrogel resulted in sustained cell activation in vitro 

nd ex vivo compared to controls. When tracking resiquimod re- 

ease from hydrogels over time in vitro , cellular biomarkers evalu- 

ted include iNOS, MHCII, CD86, and CD206. Resiquimod release 

rom hydrogels containing LCDS particles resulted in higher ex- 

ression of all markers by Day 5. This more durable response is 

ikely due to the rapid release of resiquimod in the first 24 h 

ausing initial activation, followed by slower but sustained release 

cross the subsequent days that maintained cellular phenotypes. 

e expect that a similar trend would occur ex vivo if examined 

ver a longer period, although there was still positive activity af- 

er two days. We show that a surrogate for resiquimod can pen- 

trate skin ex vivo 370 ± 126 μm after 24 h (Fig. S8), yielding a 

peed of 15.4 ± 5.3 μm/hour, therefore demonstrating that any cel- 

ular activation is due to release of drug. Topical drug penetration 

as also been shown in vivo with similar results [36] . The rela- 

ive expression of iNOS was highest in the explant group treated 

ith the hydrogels containing LCDS particles. This result was sig- 

ificant compared to the control condition of free resiquimod over 

he same two-day duration, demonstrating that the slow release 

f drugs from the hydrogel resulted in more durable immune re- 

ponses. M1-activated macrophages release proinflammatory fac- 

ors such as cytokines and nitric oxide, potentiating an inflamma- 

ory response after drug stimulation; therefore, sustained TLR7/8 

gonism by resiquimod may result in an elevated inflammatory re- 

ponse when compared to a bolus addition of drug. Furthermore, 

he relative expression of CD206 was not significantly different be- 

ween the hydrogel group and the unstimulated control, indicating 

o M2 marker upregulation. 

. Conclusion 

We have demonstrated the preparation and use of a hydro- 

el system that can attach to skin and controllably release drugs 

n a manner that is fully decoupled from the bulk properties of 

he hydrogel. We show that by using multiple types of silicone 
9 
articles, these hydrogels enable multimodal release of drugs that 

ave the capacity to independently stimulate multiple cell types 

or a robust and sustained therapeutic effect. The tunable nature 

f this hydrogel offers the potential to address a variety of topical 

ses and advance dermatological capabilities. For instance, this hy- 

rogel system could be used for transdermal vaccine delivery by 

o-encapsulating adjuvant- and antigen-containing particles [45] . 

his could be accomplished by treating the surfaces of particles 

ith adhesive coatings such as a metal-phenolic network or using 

articles made from alternative polymers to encapsulate biologics 

46] . Such hydrogels can be applied to surgical resection sites—

ollowing the current standard-of-care for most skin carcinomas—

r deposited using microneedles [47–49] . Skin perforations can be 

reated using the “poke and patch” microneedle rolling technique 

mmediately followed by application of the hydrogel [ 50 , 51 ]. While 

e focused on regulating the phenotypes of immune cells, this hy- 

rogel can be adapted to target a variety of cell populations for the 

urposes of treating skin cancers, wounds, and autoimmune dis- 

rders. Overall, this modular and programmable hydrogel system 

rovides a simple means by which the safety and efficacy of drugs 

elivered to the skin can be enhanced. 
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