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Local innate immune cells regulate the lung microenvironment

Merad, Nat Rev Imm 2011
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Innate immune APCs are the gateway to “immune engineering”

Adobe stock photos; Fromen unpublished

Execute a complex 

“Playbook”

Respond to 

molecular cues

Particles:  

Extracellular   

Intracellular

Correct a “bad” response Direct a “good” response



The absorbance, clearance & immune involvement depends on location

Sudduth, Trautmann-Rodriguez  et al. Adv Drug Deliv Rev 2023

Conducting Airways
Respirable Airways

Alveolus



microns centimeters

Cellular impact: 

Targets? Intracellular 

mechanism?

Microenvironment: 

Cell-cell interactions? 

Residence time?

Tissue Localization:

Where and how 

much?

Multiscale challenges in predicting immune response to inhaled products



Engineering Tools

Immune 

Response

Aerosol immune engineering: harnessing the power of the immune system

Correct a “bad” response Direct a “good” response



What happens when 

an innate immune cell 

internalizes a particle?
(cellular level)

Engineering 

Tools

Immune 

Response

Bader Jarai Michael Trautmann-Rodriguez
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PEGDA “Immunologically Inert” Particle Platform

Poly(ethylene glycol) 

diacrylate (PEGDA) 

1 µm

Stillman, Jarai, Raman, Patel, Fromen. Polym Chem 2019

Jarai, BM, Fromen CA. Adv Nanobiomed Res 2022

88%  PEGDA700

10%  CEA
1%  FITC
1%  Photoinitiator

88%  PEGDA700

10%  CEA
1%  FITC
1%  Photoinitiator

First Order Kinetics

ln([NP]/[NP0]) = -k*t 

Soft: k = 0.032 days-1

Stiff: k = 0.017 days-1

Dh ~300 nm
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Trautmann-Rodriguez, Sabnis, Gill, Fromen in prep

Image: https://www.imrpress.com/journal/FBL/30/6/10.31083/FBL36405

C57BL/6J, female 4-6 wks

24 hr NP dose (100 ug/mouse), n=5
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Macrophage small EV secretion dependent on phagocytosis

Trautmann-Rodriguez, Sabnis, Gill, Fromen in prep 
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Macrophage small EV secretion follows intracellular MVB formation

Trautmann-Rodriguez, Sabnis, Gill, Fromen in prep

https://everzom.com/exosomes/

MVB

lysosome



Propagation of signals using phagocytosis and small EV biogenesis

Trautmann-Rodriguez, Sabnis, Gill, Fromen in prep

https://everzom.com/exosomes/



microns centimeters

Cellular impact: 

Targets? Intracellular 

mechanism?

Microenvironment: 

Cell-cell interactions? 

Residence time?

Tissue Localization:

Where and how 

much?

Multiscale challenges in predicting immune response to inhaled products



Kartik BombApril Kloxin Jodi Graf Emma Sudduth Lina Pradhan

How does the 

microenvironment 

regulate cell response?
(population level)



(1) Wodzanowski, K. A. et al. Front Chem 2022, 10, 842602.

(2) Bomb, K. et al. Biomaterials Science 2022, 10 (19), 5689-5706 

(3) Smithmyer, M. E. et al. AIChE Journal 2019, 65 (12), e16837. 

Tissue culture plastic: 3 GPa            Lung Tissue: ~5 kPa 

Moving toward 3D in vitro hydrogel modeling to improve biological relevance 



Bomb, et al. Biomaterials Science 2022 10, 5689-5706

Graf et al. Frontiers in Biomaterials Science 2024

Graf et al. RCS Applied Polymers 2025

Healthy Lung Alveoli Fibrotic Lung Alveoli

Healthy Lung 

Fibrotic Lung

High throughput Hydrogel Platform to probe microenvironment effects



Macrophage phagocytosis is impaired in stiffer microenvironments

soft stiff

soft stiff
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PEG-based hydrogels facilitate advanced epithelial cultures   
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Future opportunities in integrated multicellular ALI cultures on lung ECM



microns centimeters

Cellular impact: 

Targets? Intracellular 

mechanism?

Microenvironment: 

Cell-cell interactions? 

Residence time?

Tissue Localization:

Where and how 

much?

Multiscale challenges in predicting immune response to inhaled products



Where do inhaled 

therapeutics go?
(tissue level)

Ian Woodward Yinkui YuEmily Kolewe Dominic Hoffman Katie Austin Logan Whitesel



Building a physical full-volume dynamic airway for spatial deposition

?

?
?

?

?

Woodward, Yu, Fromen. Device 2024



TIDAL: Total inhalable deposition in an actuated lung 

Woodward, Yu, Fromen. Device 2024

Breathing Dynamics

Spatial Collection

Modular

Full Lung Volume

Full Inhaler Dose



TIDAL: Total inhalable deposition in an actuated lung 

Woodward, Yu, Fromen. Device 2024

Breathing Dynamics

Spatial Collection

Modular

Full Lung Volume

Full Inhaler Dose



Spatial collection enabled by tunable “filters”

Central

Peripheral
Central

Peripheral

Woodward, Yu, Fromen. Device 2024





A wide range of physiologically relevant breathing patterns achievable

Woodward, Yu, Fromen. Device 2024



Capturing spatial deposition with TIDAL and validating to a healthy adult

Woodward, Yu, Fromen. Device 2024

MMAD 6.7 µm MMAD 4.14 µm

Human scintigraphy 

C:Pplanar = ~1-2



Future opportunities to design lattices to mimic disease
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Building an integrated workflow to assess disease-specific responses

Sul, B. et al. J Biomech Eng 2018Woodward, Yu, Fromen. Device 2024



Engineering Tools

Immune 

Response

Aerosol immune engineering: harnessing the power of the immune system

Correct a “bad” response Direct a “good” response
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Thank you!

@FromenLab

@cathy-fromen

Catherine Fromen: 

cfromen@udel.edu

https://sites.udel.edu/cfromen/
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