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Engineering Nanotrap Hydrogel for Immune Modulation in
Wound Healing

Xiguang Yang, Dandan Guo, Xiaotian Ji, Changying Shi, and Juntao Luo*

Imbalanced immune regulation leads to the abnormal wound healing process,
e.g., chronic unhealing wound or hypertrophic scar formation. Thus, the
attenuation of the overflowing inflammatory factors is a viable approach to
maintain the homeostatic immune regulation to facilitate normal wound
healing. A versatile telodendrimer (TD) nanotrap (NT) platform is developed
for efficient biomolecular protein binding. The conjugation of TD NT in
size-exclusive biocompatible hydrogel resin allows for topical application for
cytokine scavenging. Fine-tuning the TD NT density/valency in hydrogel resin
controls resin swelling, optimizes molecular diffusion, and improves cytokine
capture for effective immune modulation. The hydrogel with reduced TD NT
density allows for higher protein/cytokine adsorption capacity with faster
kinetics, due to the reduced barrier of TD NT nano-assembly. The positively
charged TD NT hydrogel exhibits superior removal of negatively charged
proinflammatory cytokines from the lipopolysaccharide (LPS, a potent
endotoxin) primed immune cell culture medium. The negatively charged TD
NT hydrogel removes positively charged anti-inflammatory cytokines
efficiently from cell culture medium. TD NT hydrogel effectively constrains the
local inflammation induced by subcutaneous LPS injection in mice. These
results indicate the great potential applications of the engineered TD NT
hydrogel as topical immune modulatory treatments to attenuate local
inflammation.
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1. Introduction

The tissue damages in wound release
damage associated molecular patterns
(DAMPs), which trigger immune cells
to secrete signaling molecules, such as
cytokines, to initiate inflammatory phase of
wound healing process.[1] Impaired wound
healing is often associated with prolonged
inflammation in disorders related to im-
mune dysregulation, such as diabetes,
obesity, and therapy-induced immune-
compromised complications.[2] Chronic
wounds, such as chronic venous leg ulcers,
are characterized by the excessive and pro-
longed presence of proinflammatory cells
and molecules, including proinflammatory
cytokines, damage/pathogen associated
molecular patterns (DAMPs/PAMPs) at
the local environment,[3–5] which lead
to persistent inflammation and halt the
healing process. The dysregulated in-
flammatory monocytes/macrophages and
neutrophils unrestrainedly produce cy-
tokines and chemokines to recruit more
immune cells into the local wound tissue
and secrete more tissue-lytic enzymes,
e.g., matrix metalloproteinases (MMP),

which prevent the healing process.[6,7] On the other hand, pa-
tients with severe burn injury usually suffer from persistent sys-
temic inflammation and can develop hypertrophic scar forma-
tion, resulting from the high level of transforming growth factor
𝛽 (TGF-𝛽).[8–10] TGF-𝛽 stimulates fibroblasts and myofibroblasts
to produce high amounts of collagen and other extracellular ma-
trix (ECM) components, forming fibrotic tissue in pathological
scars.[11,12] Thus, attenuation of TGF-𝛽 is considered a valid ap-
proach to prevent pathological scars.[13,14]

Numerous therapeutic approaches have been established to
alleviate local inflammation, including the employment of anti-
inflammatory agents like corticosteroids,[15] and monoclonal an-
tibodies that target inflammatory cytokines.[16] Another strat-
egy involves functional materials developed for scavenging key
immune-stimulating molecules, such as monocyte chemoattrac-
tant protein-1 (MCP-1), tumor necrosis factor-alpha (TNF-𝛼), and
interleukin-8 (IL-8),[6,17] or reactive oxygen species (ROS) from
the chronic wound environment.[18–20] However, these therapies
have limitations in terms of efficacy due to their adverse effects,
drug resistance, and high costs. To resume the healing process,
novel biocompatible functional materials with immune modula-
tion capabilities that balance local hemostasis are required.
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We have developed a well-defined telodendrimer (TD) nan-
otrap (NT) platform, which can be customized for both drug
and protein encapsulation.[21–23] The synergistic combination of
multiple adjacent charges and hydrophobic moieties in dendritic
TD enables effective surface coating on biomolecules indepen-
dent of molecular conformations. The conjugation of TD NT
in size-exclusive polyethylene glycol acrylamide (PEGA) based
co-polymer hydrogel resin has resulted in a versatile PEGA-
NT platform for adsorption of a broad range of pathogenic
septic molecules and proinflammatory cytokines in sepsis
treatment.[24] Our objective in this study is to extend the applica-
tion of the TD NT platform for topical immune modulation ther-
apy, i.e., chronic wound treatment. Wound dressing containing
TD NT resins can serve as an efficient local scavenger, sequester-
ing high amounts of inflammatory mediators from the unhealing
wounds to resolve the inflammatory process. Although we have
previously demonstrated the efficacy of PEGA-NT resins for im-
mune modulation therapy,[24,25] the density and valency of TD NT
in hydrogel resin have not been studied systematically, which di-
rectly impact the binding affinity, as well as the binding kinetics,
due to the alteration of hydrophilicity and swelling properties,
thus influencing molecular diffusion, especially for biomacro-
molecules. Here, we systematically synthesized PEGA-NT resins
with different TD NT densities and valencies, incorporating both
positively and negatively charged moieties to optimize the scav-
enging of different cytokines in vitro and in vivo. The scaveng-
ing efficiency of the materials was compared in capture assay us-
ing model protein, conditioned medium containing a mix of im-
mune cell-derived inflammatory cytokines. A mouse model with
lipopolysaccharide (LPS) induced inflammation was applied to
evaluate the overall local immune-regulation with PEGA-NT hy-
drogel for potential wound treatment.

2. Results and Discussion

2.1. PEGA-NT Resin Engineering and Characterization

Telodendrimer (TD) nanotrap (NT) conjugated in the com-
mercial polyethylene glycol acrylamide (PEGA) resin has
proved effective in scavenging septic molecules, such as endo-
toxin, DAMPs/PAMPs, and inflammatory cytokines in sepsis
treatment.[24] In this study, we aim to further optimize TD NT
in PEGA resin and evaluate the application into topical usage for
effective immune modulation. The molecular diffusion into a hy-
drogel depends on the size of the analytes and the pore size of
hydrogel network, which is determined by the crosslinking and
swelling properties. The commercial PEGA resins have size ex-
clusive effect against protein molecules with molecular weight
>40–50 kDa,[26] thus allowing for effective scavenging of most
signaling molecules, which generally have small–medium sizes
(10–30 kDa). However, the introduction of TD NT impacts the
swelling of PEGA resin due to the reduced hydrophilicity, as well
as the self-assembly of TD NT into nano-domains as additional
physical cross-linking. As conceptualized in Figure 1A, the den-
sity and the valency of TD NT in PEGA resin need to be fine-tuned
to control the hydrogel swelling for effective molecular diffusion
and optimal molecular binding.

As observed in our previous study, the commercial hydrogel
PEGA resin shrinks after conjugation of TD at full functional ca-

pacity. Thus, we decided to downscale the density of functional
amine groups in PEGA resin before TD synthesis by quantitative
partial amine-blocking as shown in Scheme S1 (Supporting In-
formation). Briefly, amino-PEGA resins were coupled with a mix-
ture of orthogonally protected glycine, i.e., Fmoc-glycine and Boc-
glycine, at a predetermined ratio. Following the standard peptide
chemistry, Fmoc protection group on PEGA resin can be selec-
tively deprotected with base and qualified via UV–vis absorbance
at 301 nm (Figure 1B). Then, the free amine groups were perma-
nently blocked by acetic anhydride to reduce available functional
groups. Then Boc protected glycine on resin will be deprotected
by acidic treatment to expose free amine groups for TD synthe-
sis on resin. Accordingly, we have downscaled a series of PEGA
resins with the capacity of 1%, 5%, 10%, 25%, 50%, and 100%
to the original loading capacity. The UV-vis quantification analy-
sis revealed that the downscaled PEGA resins have amine group
density close to the designed values at 2.7%, 8.1%, 13.7%, 27.8%,
58.1%, and 103.9%, respectively, to the original loading capacity
(0.33 mmol g−1). The slightly higher measured capacity could be
attributed to the systemic error, as well as the fact that Boc-glycine
has smaller size for diffusion and higher reactivity for less stereo
hindrance compared to the Fmoc-glycine.

In addition to the passive diffusion, the binding affinity of the
analytes with the ligand and polymer matrix also impacts the ad-
sorption rate,[27,28] as well as the retention and release of the ana-
lytes. The backbone of PEGA resin mainly consists of hydrophilic
polyethylene glycol and polar polyacrylamide, which have weak
interactions with drugs and biomolecules in the aqueous solu-
tion. In contrast, the specifically designed TD NT immobilized
in hydrogel provides a strong binding affinity to these molecules
through a multivalent and synergistic combination of charge and
hydrophobic interactions.[22] The binding site barrier may be also
applicable for TD NT PEGA resin, as observed for the high-
affinity antibodies with limited tissue and tumor penetration.[29]

Thus, we adjusted the valency of TD as well (Figure 1A) to fine-
tune the binding affinity to drug or protein molecules in the hy-
drogel to optimize the protein adsorption kinetics. The combina-
tions of either negative carboxylic acid (COOH) or positive Argi-
nine (Arg) groups with hydrophobic heptadecanoic acid (C17)
moieties in TD have demonstrated the synergy for effective pro-
tein delivery and bio-scavenging for immune modulation,[21–25]

thus were selected as functional moieties to be synthesized on
PEGA-NT resins with different valency and density to fine-tune
the swelling property. The stepwise conjugation of TD NT on
commercial PEGA hydrogel resin has been described in our pre-
vious work following the standard solid-phase peptide synthe-
sis via standard Fmoc/Boc chemistry.[24] The detailed synthetic
routes of TD NT on PEGA resin are shown in the Scheme S1
(Supporting Information). The completion of each amine cou-
pling during TD synthesis was monitored by the chromogenic
Kaiser test for quality control. As shown in Figure 1C, the de-
creased amine and TD density in resin was reflected by the grad-
ually reduced blue color in Kaiser test. After amide coupling, pro-
tecting groups were cleaved to expose the charged groups, e.g.,
COOH or guanidine. The engineered resins were thoroughly
washed with organic solvents to remove unreacted reagents,
dried and stored in the refrigerator.

As expected, TD density has a great impact on the swelling of
PEGA resins with the decreased swelling volume in water for the
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Figure 1. PEGA-NT resin engineering and physical properties characterization. A) Schematic illustration of resin swelling properties related to the
different density and valency of TD NT, the branched structure conjugated in the sphere represents TD NT. B) The downscaling of density of amine
groups in PEGA resin can be quantified by UV–vis spectroscopy using the characteristic wavelength of the Fmoc group at 301 nm. C) Darkness of the
blue color in Kaiser test of amino-PEGA resin indicates the gradually decreasing free amine groups in resins after blocking certain percent of amine
groups. D) The swelling properties of PEGA-NT resins increases with the reduced density of the conjugated TD(ArgC17)4. E) The swelling properties
(ratio of wet to dry weight) of engineered PEGA resins with different density and valency of TD NT. F) Representative microscopy images showed different
swelling behavior of PEGA resin with different density of TD in two solvents, DMSO (dimethyl sulfoxide) and water. Scale bar: 500 𝜇m. G) 3D confocal
microscope images of FITC conjugated PEGA resins indicates homogenous functional group distribution after downscaling the loading capacity of
original amine groups in PEGA resin.

same weight of resin (Figure 1D). The quantitative swelling ratio
of resins are shown in Figure 1E, blank PEGA resin swells signif-
icantly in PBS with an increased wet weight about six-fold relative
to the dry weight. The PEGA resin with 50%–100% TD density
show significantly reduced swelling with 30%–50% reduction in
comparison to the blank PEGA. In contrast, PEGA resins with
1%–10% of TD density swell similarly to the blank PEGA even
with a slight increase, which is likely due to that low TD density
interfere PEG chain interactions via hydrogel bonding, resulting
in even slightly increasing PEGA swelling. This data is indicative
of the additional physical crosslinking caused by the high-density
TDs, facilitating self-assembly due to their proximity. Interest-
ingly, TDs with bi-valency or tetra-valency have similar swelling
properties, indicating that density determines the critical dis-
tance between TDs in PEGA resin for TD assembly. The posi-
tively charged TD(ArgC17)4 exhibits the most reduction in resin
swelling compared with negatively charged TD(COOHC17)4 at
the high density, likely due to that guanidine group in Arg groups
form stronger hydrogel bonding with PEG chain by providing
more protons as compared with COOH in negative TD. Fur-

ther, we validate swelling properties under light microscope af-
ter soaking PEGA-NT resins in DMSO and water. As shown in
Figure 1F and Figure S1A (Supporting Information), the PEGA-
NT resins swell similarly in DMSO solvent regardless of their TD
density due to the amphiphilic feature of DMSO; while PEGA-
NT resins swell dramatically differently in water: higher den-
sity of TD resins swell less, indicating the TD moieties induce
resin shrinking in water at higher density with more hydropho-
bic moieties. In addition, confocal microscopy showed that FITC
fluorescent dye is homogeneously conjugated within the PEGA
resin via free amines, suggesting homogenous downscaling of
functional groups in resin (Figure 1G; Figure S1B, Supporting
Information).

2.2. Protein Capturing Property of PEGA-NT Resin

Protein adsorption in PEGA-NT resin depends on the protein
sizes, charge density, and hydrophobicity, as well as the TD NT
properties in resin, e.g., chemical structure, valency, and density.
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We selected two model proteins with similar molecular weights,
but distinct charges to mimic cytokines, i.e., 𝛼-LA (MW: 14 kDa,
PI: 4.2) and lysozyme (MW: 14 kDa, PI: 11.4), to test the cap-
ture properties of engineered TD NT resins. Interestingly, the
majority of pro-inflammatory cytokines have negative charges,
e.g., tumor necrosis factor-𝛼 (TNF-𝛼), interleukin-1 beta (IL-
1𝛽), interleukin-6 (IL-6); and major anti-inflammatory cytokines,
e.g., interleukin-10 (IL-10), interleukin-4 (IL-4), and transform-
ing growth factor beta (TGF-𝛽), are positively charged.[4,30] Thus
𝛼-LA and lysozyme can mimic pro- and anti-inflammatory cy-
tokines in this study, respectively. Accordingly, COOH and Arg
in PEGA resins were applied to capture these two model pro-
teins. Model proteins were conjugated with fluorescent dye to fa-
cilitate the concentration measurement in resin incubated solu-
tion by fluorescent spectrometry. As controls, PEGA resins with
TD structures possessing only charges (positive or negative), only
hydrophobic moieties, and PEGA resin with acetylated amine
groups were included for comparison.

As shown in Figure 2A, both density and valency of the pos-
itively charged TD(ArgC17) in PEGA resins have impact on
the kinetics and capturing efficiency of the negatively charged
protein Cy3-𝛼-LA. Interestingly, PEGA resins with 10% tetrava-
lent TD(ArgC17)4 and 50% bivalent TD(ArgC17)2 exhibit the op-
timal Cy3-𝛼-LA capturing properties. While resins with ultra-
low 1% TD density fail to capture protein like the blank resin,
thus were excluded for further cytokine scavenging evaluation.
We quantify protein loading capacity after equilibrium in PEGA
resins with different TD moieties (Figure 2B). First, we found
PEGA resins with only charge moieties (10% PEGA(COOH)2
and PEGA(Arg)2) have no noticeable protein capture capacity
(Figure 2B) as well as the blank PEGA; whereas the resins
with the same density of hydrophobic moieties, e.g., 10%
PEGA(C17)2, capture significant amount of protein based on
hydrophobic interactions. Further, the combination of negative
charges with hydrophobic moieties in 10% PEGA(COOHC17)4
cannot further improve the loading capacity of negatively charged
𝛼-LA, in comparison to hydrophobic only resin. However, the
positively charged 10% PEGA(ArgC17)2 significantly increased
𝛼-LA capture capability from 1.6 to 2.8 μg mg−1, indicating
the critical charge selectivity and synergistic charge/hydrophobic
combination for effective protein capture. Bivalent TD NT PEGA
resins with 10%, 50%, or 100% TD densities show similar 𝛼-
LA loading capacity; whereas the PEGA resin with tetravalent
TD reveals a reverse correlation of TD density with the protein
loading capacity. Especially, 100% tetravalent TD(ArgC17)4 resin
exhibits slower protein adsorption and lowest loading capacity
(Figure 2A,B), likely due to the reduced swelling property as
shown in Figure 1E. We also applied electrophoresis to evalu-
ate whether the captured protein will reversibly release out from
resin. As shown in Figure S2 (Supporting Information), no pro-
tein leakage was observed, indicating the strong protein binding
affinity for effective immune modulation.

We further evaluate the capturing efficiency of positively
charged Cy3-lysozyme in PEGA-NT resins as a surrogate of
the majority of anti-inflammatory cytokine. As expected, the
lysozyme capture in PEGA-NT resins with 1% density is lim-
ited as shown in Figure 2C,D. Interestingly, no significant differ-
ence in both kinetics and loading capacity for lysozyme capture
in other engineered PEGA(COOHC17) resins, regardless of the

density and valency. Similarly, PEGA-NT with only charge moi-
eties cannot capture lysozyme. And hydrophobic PEGA(C17)2
shows significant protein loading capacity, which can only be fur-
ther improved by the combination of negative charges, indicat-
ing charge selectively. As shown in Figure 2E, blank and charge
only resin barely absorbs any Cy3-lysozyme molecules (<10%)
over time. 10% PEGA(ArgC17)4 adsorb 20% Cy3-lysozyme,
the 10%PEGA(C17)2 adsorb 35% Cy3-lysozyme, while the 10%
PEGA(COOHC17)2 adsorb >60% Cy3-lysozyme from the solu-
tion with fast initial adsorption. Further, we introduce more neg-
ative charge species, e.g., squaric acid (SA), phosphate (Phos) to
compare with COOH for lysozyme capturing in 10% engineered
PEGA-NT resins. 10% PEGA(ArgC17)4 was included as a control
resin. As shown in Figure 2F, all engineered resins with nega-
tively charged groups show comparable level of protein capture
ranging from 2.2 to 3.2 μg mg−1.

2.3. Proinflammatory Cytokine Removal In Vitro

The attenuation of proinflammatory cytokines is a promis-
ing approach to modulate immune status.[24] Here, we apply
the engineered PEGA-NT in scavenging pathogenic molecules,
such as proinflammatory cytokines, DAMPs, and other small-
medium sized inflammatory factors. As illustrated in Figure 3A,
we used an in vitro inflammation model in RAW 264.7 cell
culture with the stimulation with endotoxin lipopolysaccha-
ride LPS (50 ng mL−1) or DAMPs (100 μg mL−1) from Panc-
02 cell lysate. After overnight incubation, the proinflammatory
cytokines-enriched culture medium was harvested for PEGA-
NT resins incubation. Adsorption of representative proinflam-
matory cytokines, including tumor necrosis factor alpha (TNF-
𝛼) and interleukin-6 (IL-6), by various engineered resins was
measured by ELISA assay. Consistent with the model protein
capture results (Figure 2A), 10% PEGA(ArgC17)2&4 resins have
the most efficient cytokine scavenging from LPS stimulated cul-
ture medium (LCM), with 75% removal efficiency for TNF-𝛼
(Figure 3B) and ≈100% for IL-6 removal (Figure 3C), owing to
the superior swelling properties and effective protein binding.
In comparison, the removal efficiency was decreased with the
TD density of 50% and 100%. Also, the bivalent PEGA(ArgC17)2
performs better than the tetravalent resins for both TNF-𝛼 and
IL-6 adsorption, due to the different swelling properties. In con-
trast, blank PEGA resins show almost no effective TNF-𝛼 and
IL-6 removal (Figure 3B). As shown in Figure 3D, DAMPs in-
duce a low, but significant amount of TNF-𝛼 in the DAMP stim-
ulated culture medium (DCM), which mimics the aseptic tis-
sue damage in wound. Consistently, 10% PEGA(ArgC17)4 resins
remove TNF-𝛼 from DCM more efficiently than other PEGA-
NT resins with higher density (Figure 3D). In addition, all 10%
PEGA(ArgC17) resins with mono, double valency could remove
TNF-𝛼 from DCM completely, due to the better resin swelling for
TNF-𝛼 diffusion. These results suggest that the cytokine scaveng-
ing efficiency of PEGA-NT resins can be significantly improved
by downscaling the TD density in the PEGA-NT resins.

To further optimize the cytokine scavenging efficiency, con-
ditions, such as temperature, duration, and resin usage were
evaluated. It is expected that prolonged incubation and higher
temperature allow cytokine molecules to have better chance to

Macromol. Rapid Commun. 2023, 2300322 © 2023 Wiley-VCH GmbH2300322 (4 of 12)

 15213927, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/m

arc.202300322 by Syracuse U
niversity L

ibraries, W
iley O

nline L
ibrary on [31/08/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



www.advancedsciencenews.com www.mrc-journal.de

Figure 2. Protein capture kinetics and capacity can be optimized through PEGA-NT engineering. A) Using Cy3 labeled 𝛼-lactalbumin, protein capture
kinetics was compared between positively charged PEGA-NT resins engineered to different density (1%, 10%, 50%, and 100%). B) Endpoint quantifi-
cation of 𝛼-LA protein capture capacity of engineered PEGA-NT resins. C) Using Cy3 labeled lysozyme, protein capture kinetics was compared between
negatively charged PEGA-NT resins engineered to different density (1%, 10%, 50%, and 100%). D) Endpoint quantification of lysozyme capture capacity
of engineered PEGA-NT resins. E) Using Cy3 labeled lysozyme, protein capture kinetics was compared between PEGA-NT resins engineered to differ-
ent moieties (charge only and hydrophobic only). F) Lysozyme capture capacity in PEGA resins with varied negative charge moieties (COOH, SA, and
Phosphate) was compared, with PEGA(ArgC17)4 serving as a control group.

interact with TD NT in the resin. As shown in Figure 3E, 10%
PEGA(ArgC17)4 outperformed other engineered resins and
performed optimally at 20 °C with 16 h incubation with 86%
TNF-𝛼 removal. In addition, the TNF-𝛼 removal is dependent on
the resin amount increased from 2 to 10 mg after 2 h incubation
(Figure 3F). More intriguingly, usage as little as 2 mg of dry 10%

PEGA(ArgC17)4 resins efficiently remove IL-6 with a ≈100% ef-
ficiency (Figure 3E), and the dose dependency was also observed
in 50% PEGA(ArgC17)4, but not significant in highest density
100% PEGA(ArgC17)4.

In order to analyze protein scavenging capacity of differ-
ent resins, we characterized LPS-conditioned RAW 264.7 cell
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Figure 3. Optimization of in vitro pro-inflammatory cytokine scavenging through PEGA-NT engineering. A) Experimental protocol scheme of the cytokine
removal assay. RAW 264.7 cells are seeded and challenged by endotoxin LPS (50 ng mL−1) or DAMP (100 μg mL−1) for 24 h. The culture medium is
collected as the proinflammatory cytokine enriched culture medium. The medium is aliquoted and incubated with PEGA-NT resins for overnight. The
resin-free supernatant is analyzed by ELISA or SDS-PAGE assays. B) Engineered NT resins scavenges proinflammatory cytokines TNF-𝛼 or C) IL-6 from
LPS treated culture medium and D) DAMP treated culture medium. E) Cytokine removal efficiency optimization by temperature and duration, and F)
resin usage. G) Silver stained SDS-PAGE gel indicates superior removal effect of PEGA-NT resins with lower density in adsorbing small to moderate
sized proteins from serum free LPS cell culture medium (lane 1).
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Figure 4. Optimization of in vitro anti-inflammatory cytokine scavenging through PEGA-NT engineering. A) PEGA-NT resins scavenges anti-
inflammatory cytokines TGF-𝛽1 and B) GDF-15 from Panc-02 cell culture medium. C) PEGA-NT resins were co-incubated with Panc-02 cell culture
using trans-well plate and TGF-𝛽1 and D) GDF-15 levels were measured by ELISA.

medium before and after resin incubation using SDS PAGE with
highly sensitive silver staining.[31] To eliminate the background
from abundant serum proteins, serum-free culture medium was
used during LPS stimulation to harvest inflammatory medium
for incubation with PEGA-NT resins. As shown in Figure 3G, it
is noticeable that the band intensity of small to moderate sized
proteins (10 to 40 kDa) was visually reduced after incubation
with the engineered resins for overnight. Especially, the sam-
ples treated with 10% PEGA-NT resins show significantly re-
duced lower band intensity. Large serum proteins have mini-
mum adsorption in PEGA-NT resins due to size-exclusive ef-
fects of PEGA resins as demonstrated in our previous study.[24]

Therefore, the upper bands (≈75 kDa) were used to normalize
the intensity of lower bands (10–37 kDa) as shown in the table of
Figure 3G. Untreated LPS stimulated cell culture medium (lane
1) was used for comparison with a L/U ratio of 1.74. The 50%
PEGA(ArgC17)2 resins showed the lowest intensity ratio of 0.74
(42.8% to positive control), followed by the 10% PEGA(ArgC17)4
resin of 1.02 (58.8% of positive control). It indicated that 50%
PEGA-NT has high capacity in scavenging protein mixtures with
small molecular weights, including cytokines, more efficiently
from culture medium, while 10% PEGA-NT resin scavenge sin-
gle cytokine most efficiently. In contrast, 1% PEGA(ArgC17)2&4
resins have limited adsorption in lower molecular weight pro-
teins, as evidenced by the high intensity of the lower bands (1.72
and 1.70). Although, it is not possible to identify individual cy-
tokines, e.g., TNF-𝛼 and IL-6, in the silver-stained SDS PAGE gel
due to the low abundance, the reduced band intensity for small–
medium sized proteins by the engineered TD NT resins provide
strong evidence for effective scavenging for potential immune
modulation.

2.4. Anti-Inflammatory Cytokine Removal In Vitro

Immunity is known as a double-edged sword regulated at both
cellular and molecular levels. In addition, disease progression is
usually dynamic with heterogeneous etiology. Phase-dependent
customized medicine is a promising approach to immune ther-
apy. To target different phases of wound healing, here we further
expand our toolbox by investigating our engineered-NT resins for
potential scavenging anti-inflammatory/pro-healing cytokines,

which can be pathogenic in hypertrophic scar formation.[11,12]

Transforming growth factor beta 1 (TGF-𝛽1) is often chron-
ically over-expressed in disease states, including cancer, fi-
brosis, and inflammation.[32] Growth/differentiation factor-15
(GDF-15), a TGF-𝛽 superfamily protein, was first identified
as macrophage inhibitory cytokine-1 (MIC-1) and exerts anti-
inflammatory effects.[33] Therefore, we evaluate the scaveng-
ing of TGF-𝛽1 (MW: 44.3 kDa, PI: 8.83) and GDF-15 (MW:
34 kDa, PI: 9.79) via the engineered negatively charged PEGA-
NT resins. We harvested TGF-𝛽1 and GDF15 enriched culture
medium from pancreatic cancer cells Panc-02, which secrete anti-
inflammatory (pro-healing) cytokines without exogenous stim-
ulation. As shown in Figure 4A, fetal bovine serum (FBS) con-
tains a high level of TGF-𝛽1 (600 pg mL−1) for proliferative effect
essential for cell growth. Panc-02 cell culture medium contains
elevated levels of TGF-𝛽1 (1600 pg mL−1). Negatively charged
PEGA(COOHC17)4 resins remove 12.5% of TGF-𝛽1 from Panc-
02 culture medium, and the efficiency increases to 30.1% as
the resin usage doubles. Surprisingly, PEGA(COOHCOOHC17)4
with eight charges showed significantly higher efficiency (97.7%)
in TGF-𝛽1 scavenging. In contrast, blank PEGA resins and
positively charged PEGA(ArgC17)4 resins cannot absorb TGF-
𝛽1 as expected. Similarly, in GDF-15 removal as shown in
Figure 4B, PEGA(COOHCOOHC17)4 resin showed the highest
efficiency of 91%, followed by PEGA(COOHC17)4 with an 83%
efficiency, consistent with their superior efficiency in TGF-𝛽1
scavenging. However, it is notable that blank PEGA also removes
GDF-15 with 43% efficiency, possibly due to the non-specific
adsorption.

In parallel, we conducted an in situ adsorption assay to
assess the effectiveness of long-term incubation with engi-
neered PEGA-NT. As shown in Figure 4C,D, treatment with
PEGA(COOHCOOHC17)4 removed 36% of TGF-𝛽1 and 60% of
GDF-15 from the cell culture, while PEGA(COOHC17)4 exhib-
ited 31% and 73% removal efficiency. The blank PEGA resin
showed a removal efficiency of 24% and 35%. The reduced re-
moval efficiency in in situ cell culture assay compared to the
culture medium co-incubation model are likely due to the con-
tinuous secretion of cytokines, which may saturate the capacity
of PEGA-NT. The efficient scavenging of anti-inflammatory cy-
tokines indicates the potential use of PEGA-NT as a tool for ther-
apy of fibrosis, and hypertrophic scar formation.
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Figure 5. Bulky hydrogel with engineered PEGA-NT enriches its topical applications. Protein capture property of 10% PEGA(ArgC17)4 immobilized in
PEG hydrogel at 20% weight ratio was characterized using Rb-𝛼-LA. A) Protein capture efficiency and B) microscopic fluorescent images of blank PEGA
and 10% PEGA(ArgC17)4 resins embedded in bulky hydrogel for Rb-𝛼-LA adsorption after 8 h incubation. Scale bar : 250 μm. C) TNF-𝛼 and D) IL-6
cytokine removal efficiency was quantified using ELISA after incubating bulky hydrogel only, PEGA-NT resins only, PEGA-NT@hydrogel with LPS-treated
cell culture medium for overnight.

2.5. Bulky Hydrogel Embedding PEGA-NT Resin for Topical
Application

The PEGA hydrogel resins can be readily functionalized via typ-
ical peptide chemistry, however, PEGA-NT resins need to be fur-
ther formulated in ointment, lotion, or hydrogel for topical ap-
plication. We chose biocompatible PEG hydrogel as a blank car-
rier for PEGA-NT resins. PEGA-NT resins can be immobilized
in bulky PEG-diacrylate (PEGDA, MW: 6 kDa, 10% aqueous so-
lution) hydrogel before photo-initiated gelation. The bulky hydro-
gel has pore sizes for biological molecules to diffuse and cap-
tured by PEGA-NT resins. Fluorescently labeled Rb-𝛼-LA was
used to evaluate the efficiency of resin-in-gel system for protein
capture in solution. 10% PEGA(ArgC17)4 resins were immersed
in PEGDA hydrogel at 20% weight ratio for protein adsorption
and blank PEGA resin was applied as control. The cured bulky
hydrogel was fully swollen prior to incubation with the protein
to avoid passive solute adsorption during hydrogel swelling. 10%
PEGA(ArgC17)4@hydrogel captured 60 μg of protein per 20 mg
of resin, while blank PEGA@hydrogel and blank hydrogel con-
trols captured minimal amounts of protein (10 μg) via passive dif-
fusion. Fluorescence microscopy (Figure 5B) demonstrated that
the engineered 10% PEGA(ArgC17)4 embedded in the hydrogel
effectively adsorbed proteins in bulky hydrogel. In contrast, low
fluorescence was observed in blank PEGA embedded bulky hy-
drogel. These data suggest that the bulky hydrogel does not im-
pact the protein capture capacity of TD NT resins.

Using an LPS challenged RAW 264.7 cell culture medium
(LCM), we tested the ability of PEGA-NT@hydrogel to cap-
ture cytokines. As demonstrated in Figure 5C,D, both 10%
PEGA(ArgC17)4@hydrogel and 10% PEGA(ArgC17)4 resin
alone efficiently removed proinflammatory cytokines TNF-𝛼 and
IL-6 from the cell culture medium almost quantitatively. It sug-
gests that the bulky hydrogel scaffold does not restrict the PEGA-
NT resins for scavenging cytokines. Control groups, including
blank PEGA resin and blank PEGA@hydrogel, showed limited
cytokine removal by passive diffusion. This data suggests the fea-

sibility of resin incorporation into other carriers, such as cream,
lotion, or ointment for topical therapeutics delivery/scavenging
without compromising the efficiency.

2.6. Biocompatibility of Engineered PEGA-NT Resin for
Bio-Scavenging

There is a general concern whether broad-spectrum scavenging
may deplete essential nutrient/signaling molecules that poten-
tially hinder the cell viability and may result in undesirable side
effects. To address this concern, cell culture medium was pre-
incubated with PEGA-NT resin of 50 and 100 mg mL−1 overnight
before adding it to normal cell culture. Then, cell viability assay
was conducted after 72 h cell culture as depicted in Figure 6A.
Mouse immune cell line RAW 264.7 cells and human fibrob-
last cell line HFF-1 were applied as model cells. Serum-reduced
medium (2% FBS) and serum free medium (0% FBS) were ap-
plied as positive controls in cell culture, which demonstrated a
significant reduction in cell viability to ≈50% due to the reduced
nutrient and growth factors. Regardless of the type and concen-
tration of the PEGA-NT resins applied to prime the medium, no
significant difference in RAW 264.7 cell and HFF-1 cell viabil-
ity was observed (Figure 6B,C). This data suggests that the en-
gineered PEGA-NT resins do not adsorb essential and abundant
protein from serum, and there is minimum impact on normal
cell nutrients and signaling.

2.7. Inflammation Control Effect of Engineered PEGA-NT Resin
In Vivo

A preliminary study was performed to assess the immune reg-
ulatory capabilities of PEGA-NT resins in an LPS-induced local
inflammation mouse model. In this model, LPS solution and
PEGA-NT resins were subcutaneously injected into the dorsum
of wild type C57BL/6 mice, blank resin co-injected with LPS were

Macromol. Rapid Commun. 2023, 2300322 © 2023 Wiley-VCH GmbH2300322 (8 of 12)
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Figure 6. Safety profile of engineered PEGA-NT resin. A) Experimental protocol for the conditional medium incubation cell viability assay. The conditional
medium was obtained by incubating TD NT resin with complete DMEM medium (10% FBS and 1% penicillin-streptomycin) overnight, followed by
supernatant collection. Cells were then incubated with the conditional medium in a 96-well plate for three days, after which cell viability was determined
using an MTS assay. Cell viability of B) RAW 264.7 and C) HFF-1 was normalized to that of complete DMEM medium.

Figure 7. Local deposition of PEGA-NT resins inhibits LPS-induced skin tissue inflammation and prevents systematic hyperinflammation. A) Photo after
co-deposition of LPS solution and resin formulations through the same injection sites. Each wild type C57BL/6 mouse was given by two injections at
two separate spots. B) Inflammation control effect of engineered PEGA-NT resin was evaluated by IL-6 level in skin tissue homogenate and serum 4 h
after injection.

included as control, as shown in Figure 7A. After 4 h, we sacri-
ficed the mice and collected serum and injection-site skin tissue
for cytokine analysis. Figure 7B showed the significantly attenu-
ated IL-6 in both skin homogenate and serum by the treatment
with 10% PEGA(ArgC17)4 resin. This could be attributed to the
locally resided PEGA-NT resins scavenge LPS, restricting its dif-
fusion into the bloodstream, and acting as cytokine scavengers
that capture locally secreted cytokines.

3. Conclusion

In this study, we optimized the TD NT hydrogel resin by en-
gineering the valency and density of TD in the resin for ad-
sorption of small–medium sized cytokines for topical immune
modulation. The reduced TD density in resin results in superior
swelling property, better protein capture capacity, and proinflam-
matory cytokine scavenging effect. The introduction of negatively

charged moieties in the TD enables the TD resin to target anti-
inflammatory cytokines. Further, the incorporation of functional
resins with biocompatible hydrogel as a scaffold enables the ap-
plication for topical wound dressing, thereby expanding its poten-
tial applications. The local deposition of engineered TD NT hy-
drogel resin shows effective in vivo inflammation control effect.
In this context, the results indicated the TD NT hydrogel resins
as a promising therapeutic approach in immune modulation for
topical chronic wound treatment.

4. Experimental Section
Materials: All chemicals were used as received unless other-

wise specified. Amino PEGA resin (Novabiochem, Darmstadt, Ger-
many) was obtained from EMD Millipore (Billerica, MA). (Fmoc)-
Lys(Boc)-OH, (Fmoc)-Lys-(Fmoc)-OH, and trifluoroacetic acid (TFA)
were obtained from ChemImpex International, Inc. (Wood Dale, IL).
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(Fmoc)-Arg(Pbf)-OH was purchased from AnaSpec Inc. (San Jose,
CA). Heptadecanoic acid (C17, +98%) was purchased from TCI. N,
N′diisopropylcarbodiimide (DIC), N-hydroxybenzotriazole (HOBt), suc-
cinic anhydride, N, N-dimethylformamide, anhydrous (DMF, 99.8%),
methylene chloride (DCM), methanol (MeOH), and dimethyl sulfox-
ide (DMSO) were received from Acros Organics (Belglum, NJ). Triethy-
lamine (TEA), 𝛼-lactalbumin (𝛼-LA from bovine milk), LPS from Es-
cherichia coli (L4130), and Pseudomonas aeruginosa (L9143) were pur-
chased from Sigma–Aldrich (St. Louis, MO). Sodium dodecyl sulfate
(SDS, +98%) was obtained from Alfa Aesar. ELISA kits were purchased
from companies for direct use (interleukin-6, Cat. #: BMS603-2 from
Invitrogen, and tumor necrosis factor-𝛼 (TNF-𝛼): Cat. #: BMS607HS
from Invitrogen). Tetrazolium compound [3-(4,5-dimethylthiazol-2-yl)-
5-(3carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, MTS] and
phenazine methosulfate (PMS) were purchased from Promega (Madison,
Wisconsin). Lithium phenyl-2,4,6-trimethylbenzoylphosphinate was pur-
chased from TCI chemicals.

Synthesis of Telodendrimer Nanotrap Resin: The synthesis of NT resin
followed a published procedure.[24] As shown in Scheme S1 (Supporting
Information), commercial PEGA resin was used as the starting material for
NT synthesis, DIC and HOBt were used as catalytic coupling reagents. All
reagents were in three-fold excess to the amine functional group on resin.
The branched oligolysine scaffold was synthesized by sequential conjuga-
tion of (Fmoc)-Lys(Fmoc)-OH. Introduction of guanidine group to the pe-
riphery of NT by (Fmoc)-Arg(Pbf)-OH conjugation leads to the production
of positively charged resin; introduction of carboxy acid group to the pe-
riphery of NT by succinic anhydride generates the negatively charged resin.
De-Fmoc was carried out in 20% 4-methylpiperidine DMF solution for
30 min. Pbf- protecting group was removed in the presence of TFA/DCM
(50/50, v/v) for 30 min. After reaction completion, residual reactants were
removed under vacuum and washed with DMF, DCM, and MeOH for three
times each. The heptadecanoic acid was conjugated to the primary amine
on the periphery of NT dendron, serving as the hydrophobic moieties.
Kaiser test was used to confirm the completion of amid coupling reactions:
dark blue indicates the presence of primary amine; yellow color indicates
the completion of amine coupling.

Engineering of Telodendrimer Nanotrap Resin: As shown in the inlet
table in Scheme S1 (Supporting Information). PEGA resin was engineered
before the NT synthesis. The resin was engineered from density and va-
lency. For terminology, the engineered NT resin was named in the format
of (density) PEGA(ArgC17)#valency, i.e., 10% PEGA(ArgC17)2 indicates 10%
of free amino groups on the commercial PEGA resin (≈0.33 mmol g−1)
was conjugated by bi-valent TD NT. To modify the density (amino loading
capacity) to 1%, 5%, 10%, 25%, 50%, and 100%, PEGA resin was reacted
with a mixture of Fmoc-Glycine-OH and Boc-Glycine-OH at the predeter-
mined ratios, i.e., 99:1, 95:5, 90:10, 75:25, 50:50, and 0:100, respectively.
After conjugation, Fmoc protection groups were removed by the treatment
with 20% 4-methylpiperidine DMF solution for 30 min, then free depro-
tected amine groups were permanently blocked by acetic anhydride. Then
Boc-deprotection was conducted via TFA/DCM (50/50, v/v) treatment for
30 min. PEGA resins with reduced amino density were obtained for further
TD conjugation. To modify the TD valency, bivalent NT resin was synthe-
sized by single lysine branching conjugation, resulting in one branched NT
scaffold. Tetravalent NT resin was synthesized by two consequent conju-
gations of oligolysine branching, resulting in two layers of branched NT
structure.

Quantification of Amine Group Downscaling in PEGA Resin: The down-
scaling of density of amine groups in PEGA resin could be quantified
by UV–vis spectroscopy using the characteristic wavelength of the Fmoc
group at 301 nm. Preparation of the PEGA resin sample: a small amount
of PEGA resin was taken and washed with solvents, including DMF, DCM,
and MeOH to remove any impurities or residual solvents. The resin was
then reacted with a mixture of Fmoc-Glycine-OH and Boc-Glycine-OH at
the predetermined ratios for overnight, followed by thorough washing pro-
cedure with DMF, DCM, and MeOH. The same volume of DeFmoc solu-
tion was reacted with resins for at least 30 min. Then the absorbance of the
supernatant was measured at 301 nm using a UV–vis spectrophotometer.
The absorbance at this wavelength was proportional to the density of the

Fmoc group on the resin, which in turn was proportional to the density of
the amine groups on the resin. By using this method, the density of amine
groups on PEGA resin could be accurately quantified and downscaled as
per the requirement. To acquire a standard curve of Fmoc, a known amount
of Fmoc-OSu was reacted with DeFmoc solution and quantified by UV–vis
spectroscopy.

Evaluation of the Swelling Property of Engineered PEGA-NT Resin: After
being synthesized, the resins underwent a rigorous cleaning process, fol-
lowed by lyophilization and weighing in a dry state (Wdry). The dry resins
were then soaked in a phosphate-buffered saline (PBS) solution overnight
to ensure complete swelling, after which the liquid portion was drained us-
ing a vacuum. To ensure thorough liquid removal, the swollen resin was
then centrifuged in a filtered column. The swollen resins were weighed
in a wet state (Wwet), and the soaking-draining-centrifuging process was
repeated three times for accuracy. The swelling ratio was calculated as
Wwet/Wdry.

The PEGA resin samples with different densities of TD were soaked
in two different solvents, DMSO (dimethyl sulfoxide) and water, to study
their swelling behavior. After thorough soaking, the swollen PEGA resin
samples were placed on a microscope slide for imaging. Using a micro-
scope equipped with a camera, at least three different fields of view were
randomly chosen for each swollen PEGA resin sample in each solvent. The
microscope images were then analyzed using image analysis software to
manually label the periphery of each resin particle in the image. The diam-
eter of each resin particle was calculated based on its perimeter, and its
volume was calculated based on the assumption of a spherical shape. For
each solvent and PEGA resin sample, the diameter and volume of at least
150–300 resin particles were measured to obtain a statistically significant
sample size. The volume-based average diameter was then calculated by
averaging the diameters of all the resin particles in the sample and taking
the cube root of the result.

Protein Capture Studies: A-lactalbumin (𝛼-LA) and lysozyme were con-
jugated with fluorescence for detection purpose. The engineered NT resins
were weighted in the Eppendorf tubes. For the capture kinetics experi-
ment, 300 μL of protein solution (1 mg mL−1) was added into each pre-
weighted resin-containing tubes (30 mg wet resin), which were then placed
on a rotator (set at 10 rpm) under light-protecting aluminum foil cover at
room temperature. At each of the pre-determined timepoints, the tubes
were spined and the fluorescence of the unabsorbed amount of protein
in the supernatant was measured with fluorescence spectrometry in a
plate-reader (synergy H1). The fluorescence of the original protein solu-
tion served as the starting point. Rb-labeled protein was measured at exci-
tation/emission wavelength of 525/586 nm. Cy3 labeled protein solution
was measured at excitation/emission wavelength of 480/570 nm.

The remained protein percent (%) and capture capacity (μg/mg) was
calculated by the following formula:

Remained protein percent (%)= RFUremained∕RFUoriginal∗ 100 (1)

Capture capacity (𝜇g∕mg)

=
(

RFUoriginal−RFUremained

)
∕RFUoriginal∗ CV∕m (2)

where RFUoriginal and RFUremained are the fluorescence measurement value
before and after protein incubation; C and V are the concentration (μg/mL)
and volume (mL) of protein solution, m is the wet weight (mg) of the resin.

Protein capture study using PEGA-NT resin embedding in PEG-
diacrylate (PEGDA) hydrogel: various weights of 10% PEGA(ArgC17)4 wet
resin was mixed with PEGDA (10 wt.%) with photoinitiator lithium phenyl-
2,4,6-trimethylbenzoylphosphinate (0.1 wt.%) solution. In 48-well plate,
100 μl of such solution was added into wells and irradiated by 405 nm to
form PEG bulky hydrogel. The circular resin-embedded PEG hydrogel was
taken out to immerse into 200 μL sterile PBS for overnight to achieve totally
swollen status. After swelling, the hydrogel was washed with 500 μL PBS,
adsorbed to remove excessive liquid, and incubated with Rb-𝛼 LA protein
solution. The fluorescence intensity of protein solution before, during and
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after incubation was measured to quantify the protein capture property.
Blank PEG hydrogel and blank PEGA@PEG hydrogel served as controls.

Confocal Microscopy of Engineered PEGA-NT Resin: Fluorescein isoth-
iocyanate (FITC) labeled PEGA resin (PEGA-FITC) was prepared at a
swollen status at microscopy slides. Confocal images were acquired with
Nikon confocal microscope, FITC laser was used to scan the engineered
PEGA-FITC resin. Z stack serial images were obtained by layer-by-layer
scanning with a setup of 200 μm range and 5 μm interval. Z stack movie
was automatically generated by Nikon confocal software. Among series
of z stack serial images, the xy plane with an optimal focus was chosen
for figure presentation, representative xz, and yz planes were chosen to
demonstrate the homogeneous conjugation of FITC molecules in resin
hydrogel network.

Agarose Gel Electrophoresis: Modified from the published assay,[24] the
Cy3-𝛼 LA loaded NT resins were rinsed once with flash PBS wash to re-
move un-adsorbed protein solution. Cy3-𝛼 LA@NT PEGA resin (2 mg)
were loaded into the wells of agarose gel for electrophoresis analysis. Free
Cy3-𝛼LA (10 μg) served as a positive control. The electrophoresis was car-
ried out in 1.5% agarose gel at a constant current of 45 mA for 30 min.
The gel was imaged by a Bio-Rad ChemiDoc MP imaging system under
Cy3 application mode.

Cytokine Removal Study from Culture Medium: DAMP Generation: Pan-
creatic tumor cells Panc-02 were sonicated by primer sonicator, the soni-
cated cell suspension was centrifuged to harvest the supernatant, serving
as the DAMPs- resource.

DAMP/LPS Stimulated Cell Culture Medium: RAW 264.7 cells were
seeded in complete Dulbecco’s modified Eagle’s medium (DMEM) (10%
fetal bovine serum (FBS) and 1% penicillin-streptomycin) in a 100 mm
culture Petri dish at a 90% confluency. After overnight incubation for cell
settling, Panc-02 source DAMP (100 μg mL−1), or endotoxin lipopolysac-
charide from E. Coli (50 ng mL−1) was added to stimulate macrophage
cells in culture for 24 h. Culture medium without DAMP or LPS stimula-
tion were collected as controls. The cell culture medium was centrifuged
to remove cell debris and stored at −80 °C freezer for further use.

Cytokine Removal: The proinflammatory cytokine (500 μL) enriched cul-
ture supernatant was aliquoted into Eppendorf tubes containing 50 mg
of pre-weighted wet NT resins and vortexed to ensure sufficient resin-
solution contact. The Eppendorf tubes were rotated at 10 rpm for overnight
at 4 °C cold room. The supernatant was collected after centrifugation for
ELISA and SDS-PAGE analysis.

Enzyme-Linked Immunosorbent Assay (ELISA): The levels of proinflam-
matory cytokines tumor necrosis factor-𝛼 (TNF-𝛼) and interleukin-6 (IL-
6) were measured by ELISA according to manufacturer’s instruction. All
the cell culture medium samples treated by different NT resins were five
times diluted. LPS stimulated cell culture medium without resin incuba-
tion served as the positive control, and cell culture medium without LPS
stimulation was used as the negative control. Three replicates were in-
cluded for each sample. Two independent experiments were conducted
with consistent results.

Silver Stained SDS-PAGE: Polyacrylamide gel was made with 10-well
comb and 1 mm spacer. The wells were loaded with the culture super-
natant obtained by incubating engineered NT resins with proinflammatory
cytokine enriched cell culture medium. Original culture medium without
resin incubation served as the positive control. Electrophoresis was car-
ried out at 80 V for 25 min, followed by 120 V for 70 min. Silver staining
was performed following a standard protocol.[34] The gel was imaged by
a Bio-Rad ChemiDoc MP imaging system under silver stain mode. Two
independent experiments were conducted with consistent results.

Cell Culture and Cell Viability Study: Mouse macrophage RAW 264.7
cells and mouse pancreatic cancer cells Panc-02 (ATCC) were cultured
in complete DMEM medium (10% FBS, 1% penicillin-streptomycin, and
p/s) at 37 °C in a humidified 5% CO2 incubator. In 96-well plate, 6 × 103

RAW 264.7 cells per well were seeded and cultured overnight to allow at-
tachment. Meanwhile, 25 or 50 mg of sterilized wet NT resins were incu-
bated with 0.5 mL of complete DMEM medium in Eppendorf tubes for
overnight at 4 °C. The conditional medium (without resin) was used to
culture the attached cells. Complete DMEM medium (10% FBS and 1%
penicillin-streptomycin), serum-reduced DMEM medium (2% FBS and

1% penicillin-streptomycin), DMEM medium only, and PBS were used as
control groups. After 72 h, MTS reagents were added to each well accord-
ing to manufacturer’s instructions and the published assay.[24] The ab-
sorbance at 490 nm of each well was measured immediately after MTS
reagents were added (T0) and 2 h later (T2) with a microplate reader
(BioTek Synergy 2). The difference in OD490 between T2 and T0 was calcu-
lated and used to determine the cell viability. The viability was normalized
to that of positive control (complete DMEM medium), and was shown
as the average cell viability of triplicate wells via a formula of [(OD −
ODnegative)/(ODpositive − ODnegative) × 100%].

Anti-Inflammation Effect of Engineered PEGA-NT Resin In Vivo:
C57BL/6J mice (Jackson lab) were maintained under pathogen-free
conditions (22 ± 2 °C and 60% air humidity,12 h light/dark cycle) ac-
cording to the AAALAC (Association for Assessment and Accreditation
of Laboratory Animal Care) guidelines and were allowed to acclimatize
for at least 4 days before any experiments. All animal experiments were
performed in compliance with the institutional guidelines and according
to the protocol approved by the Committee for the Humane Use of Ani-
mals of State University of New York Upstate Medical University (IACUC
# 490). Female C57BL/6J mice were used to study the anti-inflammatory
effect of engineered PEGA-NT resin after co-treatment with LPS (E. Coli,
5 μg per injection site for mice with 20 g body weight). Blank PEGA resin
treatment served as a control group. Each mouse received two injections
which were located separately by 2 cm. The dorsum of the mouse was
shaved carefully and depilated with hair-removal lotion. LPS solution
(50 μL) was mixed with 20 mg of sterilized wet resin and immediately
injected subcutaneously using an 18 gauge needle in mice anesthetized
with isoflurane. Mice were immediately transferred to individually venti-
lated cages. Four hours after injection, the mice were sacrificed. The skin
tissue near the injection site (pre-labeled), and serum were harvested for
cytokine analysis.

Statistical Analysis: For the protein diffusion kinetics study, the data
were plotted by GraphPad Prism with an appearance of “Mean and Error”
and SD of each replicate measurement was also plotted. Data were pre-
sented as means ± SDs in bar graphs, including cytokine removal studies,
and cell viability studies. Four parameters logistic (4PL) curve was used
to fit and analyze the data obtained from TNF-𝛼 and IL-6 ELISA bioassays.
The level of significance in all statistical analyses was set at a probability of
P<0.05. Statistical analysis was performed by two-way analysis of variance
(ANOVA) for multiple groups, followed by Šídák’s multiple comparisons
test.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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