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Poly(glutamic acid-block-tyrosine) peptides
designed for gastrointestinal drug adsorption

Hunter B. Wood, a Joseph T. Dosch,†a Stella M. Trickett,†a Juhi Singh,a

Farin M. Weinger,a Gerald J. Wang, b Dazhe J. Caoc and Stefanie A. Sydlik *ad

Drug overdose remains a major public health challenge, particularly for non-opioid substances that lack

effective antidotes and are often treated through gastrointestinal decontamination with activated

charcoal. While activated charcoal is broadly effective, its use is associated with aspiration risks and

gastrointestinal complications. Here, we report a class of synthetic poly(glutamic acid-block-tyrosine)

(EY) peptide adsorbent materials designed as biocompatible, tuneable alternatives for gastrointestinal

drug adsorption. EY polypeptides were synthesized via N-carboxyanhydride ring-opening polymerization

with systematically varied tyrosine block lengths to investigate how amino acid composition and length

govern adsorption. Adsorption kinetics and capacity were evaluated under simulated gastric (pH 1.2) and

intestinal (pH 6.8) conditions for clinically relevant drugs commonly implicated in overdose: amitriptyline

(AMI), bupropion (BUP), hydroxychloroquine (HCQ), and strychnine (STR). Increasing tyrosine content

enhanced drug uptake, with the top-performing formulation (E30Y129) achieving high adsorption

capacities and binding affinities comparable to reported adsorbent biopolymers and competitive with

activated charcoal for certain drugs. Langmuir isotherm analysis revealed maximum adsorption

capacities of 40–238 mg g�1 and binding affinities up to 0.214 L g�1, with adsorption behavior depen-

dent on drug characteristics. Exploratory fed-state experiments demonstrated that adsorbent properties

are retained in the presence of a complex nutrient matrix and vary depending on drug properties.

Preliminary enzyme degradation studies indicated gradual proteolysis under gastrointestinal conditions,

and cytocompatibility assays with fibroblasts and macrophages showed no overt toxicity across relevant

concentrations. Collectively, these results demonstrate that synthetic polypeptides can be engineered to

achieve efficient, clinically relevant drug adsorption while offering advantages in biocompatibility,

degradability, and tunability. This work establishes a foundation for next-generation gastrointestinal

decontamination materials beyond activated charcoal.

Introduction

Accidental drug overdose deaths increased nearly four-fold for
both men and women between 2000 and 2020.1 Further,
between January 2020 to January 2021, drug overdose death
rates rose by a staggering 26.4%, coinciding with the beginning
of the COVID-19 pandemic.2 Although opioids account for
many of these deaths, a substantial number involve non-opioid
substances.3 Opioid overdose can be effectively reversed using

naloxone if administered with multiple doses as necessary.
However, most non-opioids do not have drug-specific antidotes
in cases of overdose. When an oral overdose involves a drug
without a specific antidote, treatment may include gastroin-
testinal decontamination with activated charcoal (AC) to bind
the drug before systemic absorption occurs.4

AC is the clinical standard for gastrointestinal decontamina-
tion due to its chemical structure that facilitates adsorption
through various intermolecular interactions. There is a large
delocalized network of p-electrons associated with the carbon
surface of AC.5 This high p-electron density promotes the
adsorption of drugs to AC through p–p and hydrophobic
interactions.5,6 The large specific surface area of AC encourages
drug loading in this manner, as it provides an enormous space
for these interactions with adsorbates to occur.7

The honeycomb lattice framework of AC further promotes
adsorption by conferring porosity to the material. Pores provide
internal free volume to AC, increasing the specific surface area
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of the material and facilitating drug adsorption through greater
solvent penetration.8 AC also interacts with adsorbates via
oxygen-containing functional groups, rendering it a highly
versatile adsorbent.9 Aside from its physical and chemical
properties, AC is ideal for commercial use because it is inex-
pensive and can be prepared from a variety of waste products.10

AC is also widely considered to be nontoxic, and is expelled
through normal digestive processes following ingestion.11 How-
ever, drug overdose treatment using AC still involves risk.
Administration of AC poses an aspiration hazard due to its
unpalatable flavor, and emesis may occur leading to further
complications.11 When AC enters the lungs, it can result in a
variety of respiratory issues.12 Fatalities have even been
reported in severe cases of pulmonary AC aspiration.11,13,14

Risk of pulmonary aspiration is also high for patients present-
ing with central nervous system depression and altered mental
status, which complicates the emergency treatment of drug
overdose using AC.11 Aside from respiratory concerns, gastro-
intestinal complications (including bowel obstructions) have
also been reported following overdose treatment using AC, and
medical intervention is sometimes required.11,15–17

The limitations associated with AC motivate the develop-
ment of alternative adsorbent materials for gastrointestinal
drug adsorption. Synthetic polypeptides represent a promising
platform because they can be designed to exhibit favorable
biocompatibility and degradation profiles.18 Synthetic polypep-
tides resemble biological macromolecules more closely than
AC, making them attractive for applications where cytocompat-
ibility is an important consideration.19 Peptide backbones are
also susceptible to enzymatic degradation, allowing degrada-
tion behavior to be incorporated as a material design
element.20 Beyond biological considerations, synthetic polypep-
tides offer substantial chemical tunability, enabling adsorbent
properties to be tailored through polymer composition.21 The
primary structure of the polypeptide influences adsorption
through intermolecular interactions that can occur between
the adsorbates and amino acid residues.22 Higher-order orga-
nization, including secondary structure and self-assembled
aggregate morphology, can also influence adsorption by con-
trolling the orientation, density, and accessibility of functional
groups at the material-solution interface.22–24

We previously reported a class of polypeptide adsorbent
materials (KEYs) designed for gastrointestinal drug adsorp-
tion.25 This platform demonstrated that triblock copolypep-
tides formulated with lysine, glutamic acid, and tyrosine can
combine pH-responsive electrostatic interactions, p–p interac-
tions, hydrophobic interactions, and hydrogen bonding, to
achieve strong adsorption of small molecules under simulated
gastrointestinal conditions. While that study demonstrated the
capability of polypeptides as tunable adsorbent materials, it did
not comprehensively investigate the role of amino acid compo-
sition and polymer block length on adsorption performance.

In this study, we developed a class of poly(glutamic acid-
block-tyrosine) peptides to investigate how amino acid compo-
sition and block length influence drug adsorption. Using the
highest-performing formulation, we then evaluated adsorption

behavior through isotherm modeling. While this work focuses
on proof-of-concept, it also expands on existing research by
examining factors relevant to gastrointestinal applications,
including fed versus fasted-state drug adsorption, stability
toward certain gastrointestinal enzymes, and preliminary cyto-
compatibility with mammalian cells. This research demon-
strates that polypeptides can be engineered for efficient drug
adsorption under simulated gastrointestinal conditions and
supports their further investigation as tunable biomaterial
adsorbents.

Experimental
Materials

Protected amino acids (g-benzyl-L-glutamate and O-benzyl-L-
tyrosine) and triphosgene were purchased from commercial
suppliers and used for N-carboxyanhydride (NCA) synthesis
without further purification. Common organic solvents and
reagents were obtained from standard vendors and purified
as required for moisture-sensitive reactions. Deuterated sol-
vents for proton nuclear magnetic resonance (1H NMR) analysis
were also commercially sourced. Simulated gastric fluid (SGF)
and simulated intestinal fluid (SIF), with and without digestive
enzymes, were prepared according to United States Pharmaco-
peia guidelines or literature precedent. RAW 264.7 murine
macrophages and NIH 3T3 fibroblasts were maintained in
Dulbecco’s modified eagle medium supplemented with fetal
bovine serum and antibiotics under standard cell culture con-
ditions. Full preparation details are provided in the SI.

Synthesis

Poly(glutamic acid-block-tyrosine) peptides were synthesized
via sequential ring-opening polymerization of amino acid
N-carboxyanhydrides (NCAs). Protected g-benzyl-L-glutamate
and O-benzyl-L-tyrosine NCAs were prepared using triphosgene
and polymerized under inert atmosphere using hexylamine
initiation to generate a poly(glutamic acid) macroinitiator,
followed by chain extension with tyrosine NCAs to yield block
copolymers with systematically varied tyrosine block lengths.
Following polymerization, benzyl protecting groups were
removed using acid-mediated deprotection to obtain partially
ionized poly(glutamic acid-block-tyrosine) materials. Polymers
were purified by repeated dissolution and precipitation, fol-
lowed by dialysis against deionized water, and isolated as
lyophilized powders. Full synthetic procedures and character-
ization are provided in the SI.

Characterization

Polypeptide structure and composition were confirmed using
Fourier transform infrared spectroscopy (FTIR) and 1H NMR.
Particle size distributions and surface charge were measured
by dynamic light scattering (DLS) and zeta potential analysis in
simulated gastric and intestinal fluids. Particle morphology
and aggregation behavior were evaluated using scanning
electron microscopy (SEM) and optical microscopy. Drug
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concentrations in adsorption experiments were quantified by
ultraviolet-visible (UV-Vis) absorbance using experimentally
determined wavelengths and calibration curves. Full character-
ization methods and parameters are provided in the SI.

Adsorption kinetics and capacity

Adsorption kinetics and equilibrium capacity were evaluated
using batch adsorption experiments conducted at 37 1C. Drug
solutions and polypeptide suspensions were combined at fixed
adsorbent (polypeptide)-to-adsorbate (drug) mass ratios appro-
priate for kinetic (10 : 1) or capacity (13 : 1) measurements and
incubated with rotational mixing. Drug solutions were soluble
while polypeptide suspensions were milky white, with visible
insoluble particles. At predetermined time points, polypeptides
were filtered from solution using centrifugal filter units of
molecular weight cutoff (MWCO) 3 kDa, and the concentration
of unbound drug in the supernatant was quantified. The
adsorption equilibration time was defined as the point at which
no further change in percent adsorption was observed. Detailed
experimental conditions are provided in the SI.

Adsorption isotherm modeling

In a typical adsorption isotherm experiment, drug and poly-
peptide mixtures were prepared separately in 20 mL scintilla-
tion vials. Drug solutions were soluble while polypeptide
suspensions were milky white, with visible insoluble particles.
To prepare the experimental samples, the drug solution was
added to an Eppendorf tube. Next, a dispersion of polypeptide
in buffer was added to each Eppendorf to give adsorbent-to-
adsorbate mass ratios typically ranging from 0.25 : 1 to 20 : 1. All
experimental samples were prepared with the same final
volume. The Eppendorf tubes were vortexed briefly to mix
and incubated at 37 1C with rotational shaking. After incubat-
ing for the equilibration time (determined from adsorption
kinetics experiments), the Eppendorf tubes were removed from
the incubator, centrifuged using filter units (MWCO 3 kDa),
and the supernatant was plated and analyzed. More detail on
the experimental conditions used for these studies may be
found in the SI.

Cell culture

Cytocompatibility of the polypeptide materials was evaluated in
RAW 264.7 macrophages and NIH 3T3 fibroblasts using a
fluorescence-based viability assay. Cells were exposed to mate-
rials at concentrations of 1–250 mg mL�1 for 48 h, followed by
assessment of total cell number, viability, and membrane
integrity using Hoechst 33342, Calcein acetoxymethyl ester
(AM), and propidium iodide, respectively. Fluorescence mea-
surements were complemented by direct fluorescence imaging
to account for potential interference from polypeptide particu-
lates. Full experimental details are provided in the SI.

Statistical analysis

For adsorption studies, data are reported as mean � standard
deviation, with error bars representing one standard devi-
ation computed over independent, triplicate measurements.

Statistical significance was determined separately for each drug
within each medium by one-way analysis of variance (ANOVA)
followed by Tukey’s post hoc test. For cell culture studies, five
independent measurements were performed for each condi-
tion. Statistical significance was assessed using one-way ANOVA
followed by Dunnett’s post hoc test for multiple comparisons
relative to control conditions. For all analyses, statistical sig-
nificance is denoted as follows: p o 0.05 (*), p o 0.01 (**),
p o 0.001 (***), and ns = not significant.

Results and discussion
Experimental design considerations

The library of poly(glutamic acid-block-tyrosine) peptides pre-
pared and studied in this manuscript were developed using ‘‘E’’
(glutamic acid) and ‘‘Y’’ (tyrosine) amino acids and are aptly
referred to as ‘‘EY’’ polypeptides (EYs). This study extends our
prior work on ‘‘KEY’’ polypeptide adsorbents, which incorpo-
rated lysine, glutamic acid, and tyrosine in a different amino
acid composition than the EYs investigated in this work.25

While highly effective for certain small molecules, the adsorp-
tion profile of KEYs suggested the need for a complementary
design better suited to drugs commonly overdosed in the
United States. KEYs have positively charged polylysine residues
which have a high affinity for negatively charged groups.
However, many commonly overdosed drugs are weak bases
that carry a positive charge at physiological pH.26,27 EYs were
rationally designed to optimize the adsorption of these drugs,
by omitting lysine from the formulation.

Since the pKa of the glutamic acid side chain is roughly 4.1,
the residue will be negatively charged in intestinal fluid
(pH 6.8).28 This encourages adsorption through attractive inter-
actions between the negatively charged side chain and the
positively charged drug (Fig. 1). In simulated gastric fluid
(pH 1.2), the glutamic acid side chain will be protonated, but
can still adsorb drugs through weaker, hydrogen bonding
interactions (Fig. 1).28 However, the contribution of hydrogen
bonding can be attenuated in aqueous environments because
water molecules can occupy or hinder access to hydrogen-
bonding adsorption sites.29 Further, since our previous work
suggested that local salt concentrations may interfere with
electrostatic interactions between the side chain and drug, p-
stacking interactions were prioritized for the purpose of opti-
mizing the polypeptides for drug adsorption.25

As such, the length of the tyrosine block in the polypeptide
formulation was explored to determine the degree to which
drug adsorption was promoted through p–p or hydrophobic
interactions between the phenolic side chain and aromatic
drugs. In this study, block copolypeptides E30Y28, E30Y79,
E30Y101, and E30Y129 were prepared to probe the impact of
this effect on adsorption, where the number following each
amino acid moniker represents the degree of polymerization
for each block in the copolypeptide. The series of polypeptides
were prepared using the same E30 macroinitiator and therefore
share the same E30 block. Polymer lengths were targeted to
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remain within the range accessible by conventional, catalyst-
free, primary amine-initiated N-carboxyanhydride (NCA) ring-
opening polymerization (ROP).30 To encourage the formation of
aggregates through hydrophobic collapse in aqueous condi-
tions, glutamic acid (hydrophilic) and tyrosine (hydrophobic)
were also synthesized as separate blocks.31

Characterization

L-a-amino acid N-carboxyanhydride (NCA) monomers were pre-
pared from protected amino acids using triphosgene (Fig. S1
and S2). EYs were polymerized from NCA monomers via ring-
opening polymerization (ROP) using hexylamine as the initia-
tor. Hexylamine was first added to a solution of E-NCA dis-
solved in dry N,N-dimethyl formamide (DMF) to prepare a
poly(glutamic acid) macroinitiator (pE30). Once Fourier-
transform infrared (FTIR) spectroscopy had indicated the
depletion of the E-NCA monomer through the absence of the
anhydride peak, accurate volumes of the E30 macroinitiator
were transferred to different solutions of Y-NCA to prepare EY
polypeptides with the same lengths of the glutamic acid block,
but varying tyrosine block lengths. The resulting reactions were
monitored for conversion using FTIR, and precipitated from
solution following consumption of the anhydride. Polypeptides

were deprotected according to standard acidic deprotec-
tion procedures.32–34 Following dialysis against deionized
water, the polypeptides were characterized to ensure proper
synthesis and deprotection. Full synthetic details can be found
in the SI.

The Fourier-transform infrared (FTIR) spectra of the EYs
display the characteristic signatures of both the peptide back-
bone and the constituent amino acid side chains, with clear
compositional trends as tyrosine incorporation increases from
E30Y28 to E30Y129 (Fig. 2A). The backbone is defined
by the amide A band at B3200–3400 cm�1,35 amide I band at
B1640 cm�1,35 arising primarily from CQO stretching, the
amide II band at B1534 cm�1 from N–H bending and C–N
stretching,35 and the amide III band at B1238 cm�1.35 Glutamic
acid side-chain contributions are also evident, including CH2

bending at B1444 cm�1, C–C/N–C stretching at B1116 cm�1,
and COOH deformation near B624 cm�1.36 Signals corres-
ponding to tyrosine are also present at B1514 cm�1 (aromatic
C–C ring), B1444 cm�1 (CH2 bending, overlapping with gluta-
mate), B1176 cm�1 (C–H ring bending), B1018 cm�1 (aro-
matic C–C ring), B842 and B824 cm�1 (Fermi doublet
of the phenolic ring), B736 and B698 cm�1 (aromatic
C–H out-of-plane bending), and B624 cm�1 (out-of-plane ring

Fig. 1 Proposed function of poly(glutamic acid-block-tyrosine) peptides (EYs) for gastrointestinal drug adsorption. The schematic illustrates an
amphiphilic polypeptide containing a glutamic acid rich hydrophilic domain and a tyrosine rich hydrophobic domain, which can form adsorbent
particles in gastric and intestinal environments. Purple circles represent drug molecules. Glutamic acid residues provide ionizable groups that can
contribute to electrostatic interactions and hydrogen bonding, while tyrosine residues provide aromatic and hydrophobic groups that can contribute to
p–p interactions, hydrophobic interactions, and hydrogen bonding. The interactions shown represent proposed noncovalent contributors to adsorption
and are not intended to imply a single binding mode for all drugs or media.
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deformation, overlapping with glutamate).36 A progressive
increase in intensity is observed with higher tyrosine incorpora-
tion: specifically, the aromatic C–C vibration at B1514 cm�1,
the C–H in-plane bending at B1176 cm�1, the aromatic skeletal
vibration at B1018 cm�1, the diagnostic Fermi doublet at
B842/824 cm�1, and the out-of-plane C–H bending modes at
B736/698 cm�1.36 The evolution of these features suggests the
successful and progressive incorporation of tyrosine into the
copolypeptide series, as signal intensity is proportional to
functional group density.

Weight-average molecular weight and dispersity could not
be reliably evaluated for the EY series because of limited
solubility under the available gel permeation chromatography
(GPC) conditions. Instead, proton nuclear magnetic resonance
spectroscopy (1H NMR) was used to determine the number-
average molecular weight (Mn) and degree of polymerization
(DP) of the polypeptides (Fig. 2B and C and Fig. S3–S11).
Quantitative end-group analysis was performed by referencing
the spectrum to the methyl signal of the hexylamine initiator.
The aromatic region was used to determine DP and Mn because

Fig. 2 Structural characterization of poly(glutamic acid-block-tyrosine) peptides (EYs). (A) gives Fourier transform infrared spectroscopy (FTIR) spectra
for the E30 macroinitiator and EYs, with annotated backbone and side chain vibrations from glutamic acid and tyrosine. The inset shows the full spectral
range, including the amide A region. (B) Shows a representative proton nuclear magnetic resonance (1H NMR) spectrum of E30Y28 with assignments
used for end group analysis. (C) Provides synthetic targets, target molecular weights (MW), 1H NMR determined number average molecular weights (Mn),
and calculated glutamic acid and tyrosine degrees of polymerization (DP) for the E30 macroinitiator and EYs. Color-coding presents the E30
macroinitiator and glutamic acid block as blue, with the EYs presented as increasingly dark green based on increasing tyrosine block length.
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these signals were well resolved and displayed consistent
chemical shifts across solvents and between protected and
deprotected forms. Following deprotection and purification,
the integral of the remaining benzyl protecting-group signal
was used to quantify the extent of deprotection (Fig. S5, S7, S9
and S11). The molecular weights and DPs were in good agree-
ment with theoretical values, and near complete deprotection
(Z95%) was observed for all polypeptides.

Zeta potential measurements indicate changes in material
properties with increasing chain length (Fig. 3A and B). These
measurements were performed using dynamic light scattering
(DLS) at 50 mg mL�1 to minimize concentration-dependent
artifacts, including multiple scattering, particle–particle inter-
actions, and preferential detection of strongly scattering
aggregate populations.37–40 These data are therefore used as
comparative descriptors of formulation behavior rather than
absolute measurements of aggregation state at the higher
concentrations used during adsorption experiments. At pH
1.2, the zeta potential decreased from 8.3 mV (E30Y28) to
3.7 mV (E30Y129), while at pH 6.8, it increased from
�29.3 mV (E30Y28) to �22.3 mV (E30Y129) (Fig. 2E). This trend
may reflect tyrosine-driven changes in aggregate organization,
where increasing hydrophobic tyrosine content alters the expo-
sure of ionizable glutamic acid residues at the particle–solution
interface. Reduced presentation of glutamate carboxylates at
the aggregate surface would decrease the effective interfacial
charge density, consistent with the lower positive zeta potential
in SGF and less negative zeta potential in SIF as tyrosine block
length increases.41

To better characterize the EYs under hydrated conditions,
polypeptide suspensions were also prepared at 1 mg mL�1 in
SIF and studied using low-magnification microscopy at 10�
and 20� (Fig. 3C, 10� and 20�). At low tyrosine content
(E30Y28), the suspension was sparse and featured a limited
number of insoluble particles. However, as tyrosine content
increased, the EY suspensions became progressively denser
with more apparent aggregation. This is consistent with
increased hydrophobicity at higher tyrosine content, leading
to aggregation via hydrophobic collapse in aqueous media.
Microscopy of polypeptide suspensions in SGF was not per-
formed since dynamic light scattering (DLS) measurements
indicated similar particle size distributions for all formulations
under acidic conditions (Fig. S12–S15).

EY polypeptides were also examined by scanning electron
microscopy (SEM) to qualitatively assess how variations in
amino acid composition affect microstructural features
(Fig. 3C, 1000� and 3000�). Although SEM appearances can
be influenced by sample preparation, all materials were pre-
pared identically, enabling meaningful side-by-side compari-
son. High-magnification SEM imaging (1000� and 3000�)
revealed clear morphological trends with increasing tyrosine
content among the EYs. E30Y28 featured a relatively smooth
surface with little texture, indicative of a more cohesive bulk
morphology. In contrast, E30Y79, E30Y101, and E30Y129 exhib-
ited progressively textured morphologies with apparent micro-
domains. Collectively, these observations suggest a gradual

shift from compact, smooth particles at low tyrosine content
to increasingly heterogeneous morphologies at higher tyrosine
content, which may influence dispersibility and accessibility of
available sites for drug binding. However, because these obser-
vations are based on freeze-dried materials, surface morphol-
ogy may differ under hydrated gastrointestinal conditions.

Adsorption kinetics

Following characterization, kinetics experiments were per-
formed with commonly overdosed drugs to determine the rate
of drug adsorption to the peptide amphiphiles. Our previous
study found that KEYs had a low affinity for amitriptyline.25 To
determine whether EY polypeptides improved adsorption of
similar drugs, materials were tested with amitriptyline (AMI),
bupropion (BUP), hydroxychloroquine (HCQ), and strychnine
(STR) (Fig. 4A). These compounds are associated with severe
clinical toxicity in overdose, including rapid cardiovascular
collapse (HCQ),42 delayed-onset seizures (BUP),43 and life-
threatening arrhythmias (AMI),44 as well as potent neurotoxicity
(STR).45 They encompass a range of geometries and physico-
chemical properties, and together reflect clinically relevant and
challenging scenarios for gastrointestinal decontamination.
Studying this panel provides a rigorous assessment of adsor-
bent performance across diverse toxins of medical significance.

E30Y129 was selected as a representative model for adsorp-
tion kinetics. Among the polypeptides examined, E30Y129
formed the cloudiest suspensions, consistent with extensive
aggregation. Under diffusion-limited conditions when intrapar-
ticle mass transport governs uptake, aggregation is expected to
slow diffusion to interior adsorption sites.46,47 Accordingly,
E30Y129 provides a conservative benchmark for evaluating
adsorption kinetics. Experiments were conducted using a con-
stant 10 : 1 adsorbent-to-adsorbate mass ratio in simulated
gastric fluid (SGF, pH 1.2) or simulated intestinal fluid (SIF,
pH 6.8). This ratio reflects a dose of activated charcoal
that is generally used as a benchmark for gastrointestinal
decontamination.11 Similarly, SGF and SIF model the gastro-
intestinal environments relevant to the intended application of
the polypeptides.48 For each experiment, replicate samples of
each drug/adsorbent mixture were incubated at 37 1C with
rotational stirring. At defined time points, the sample was
centrifuged using filter units with a molecular weight cutoff
(MWCO) of 3 kDa to ensure soluble complexes and insoluble
particles were removed from the supernatant. The amount of
adsorbed compound was then quantified by measuring the
concentration of free adsorbate in the supernatant via ultravio-
let visible (UV-Vis) spectroscopy (Fig. S16–S23). Full experi-
mental details can be found in the SI.

The kinetics experiments demonstrated that drug adsorp-
tion to the EYs is influenced by pH (Fig. S24–S27). The rate of
drug adsorption is much slower in SGF (pH 1.2) compared to
SIF (pH 6.8). At low pH, the timescale of drug adsorption is
prolonged and adsorption does not generally plateau until
45 minutes of incubation (Fig. S24–S27A). However, at high
pH, drug adsorption plateaus within the first 5 minutes of
incubation for all drugs (Fig. S24B–S27B). This behavior
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Fig. 3 Zeta potential (surface charge), solution-phase behavior, and dry-state surface morphology of poly(glutamic acid-block-tyrosine) peptides (EYs).
A) gives zeta potential values for E30Y28, E30Y79, E30Y101, and E30Y129 in simulated gastric fluid (SGF, pH 1.2). (B) Gives zeta potential values for the
same materials in simulated intestinal fluid (SIF, pH 6.8). Zeta potential measurements were performed at 50 mg mL�1 and are used as comparative
descriptors of surface charge under dilute measurement conditions. (C) Shows optical microscopy images of EY suspensions in SIF at 10� and 20�
magnification at 1 mg mL�1, and scanning electron microscopy (SEM) images of lyophilized EY powders at 1000� and 3000�magnification. Transmitted
light microscopy was used to compare hydrated aggregation behavior, while SEM was used to compare dry particle morphology. Scale bars are 400 mm
for 10� magnification, 200 mm for 20� magnification, 50 mm for 1000� magnification and 10 mm for 3000� magnification. Color-coding presents the
EYs as increasingly dark green based on increasing tyrosine block length.
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suggests that drug adsorption to the EYs may occur through
different mechanisms based on pH.

The rapid adsorption to the EYs at high pH is likely due to
electrostatic attraction between positively charged drug

molecules and negatively charged glutamic acid side chains.
Below the glutamic acid side chain pKa (4.1) however, carboxylic
acids are protonated, and electrostatic interactions are broken.
Considering the relative order of noncovalent interactions, this

Fig. 4 Adsorption capacities of poly(glutamic acid-block-tyrosine) peptides (EYs) across a panel of clinically relevant adsorbates. (A) Shows the
structures and pKa values of the EYs and adsorbates evaluated in adsorption experiments, including amitriptyline (AMI), bupropion (BUP), hydroxy-
chloroquine (HCQ), and strychnine (STR). (B) Shows percent drug adsorption to E30Y28, E30Y79, E30Y101, and E30Y129 in simulated gastric fluid (SGF,
pH 1.2). (C) Shows percent drug adsorption to E30Y79, E30Y101, and E30Y129 in simulated intestinal fluid (SIF, pH 6.8). Adsorption experiments were
performed at 37 1C using a 13 : 1 adsorbent-to-adsorbate mass ratio. E30Y28 was excluded from the primary SIF comparison because its colloidal and
filter-passing behavior under SIF conditions complicated direct comparison with the more aggregated E30Y79, E30Y101, and E30Y129 materials. Data are
shown as mean � standard deviation from triplicate measurements. Statistical significance was determined separately for each drug within each medium
by one way analysis of variance (ANOVA) followed by Tukey’s post hoc test. Significance is denoted as * = p o 0.05, ** = p o 0.01, *** = p o 0.001, and
ns = not significant.
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difference in adsorption kinetics between simulated gastroin-
testinal media aligns with theoretical expectations. Electro-
static attraction is generally stronger than hydrogen bonding
and p-stacking interactions.49,50 When electrostatic attraction
is not present, adsorption occurs more slowly because it
proceeds via weaker interactions.49,51 Because E30Y28 appeared
visually consistent with a colloidally dispersed suspension in
deionized water, it was expected to provide a more hydrated
aggregate state with greater exposure of hydrophilic, ionizable
glutamic acid residues at the aqueous interface (Fig. S28). This
interpretation is consistent with the more negative zeta
potential of E30Y28 in SIF compared with longer tyrosine-
containing analogues, suggesting greater interfacial presenta-
tion of glutamate carboxylates under these conditions (Fig. 3B).
Therefore, E30Y28 was selected as a model for evaluating pH-
dependent changes in surface charge during sequential acid-
ification (Fig. S29). The experiment demonstrates that the
surface charge of E30Y28 becomes progressively less negative
when acid is added to solution, indicating the protonation of
negatively charged glutamic acid side chains.

Kinetics were studied to verify the timescale on which
equilibrium drug adsorption was achieved, and whether it
differed based on drug and pH. For gastrointestinal drug
adsorption, the specific kinetic model or mechanistic regime
that best fits early uptake is not highly clinically meaningful;
what is instead important is whether the characteristic time-
scale of adsorption is fast relative to the timescales of gastric
and intestinal transit. Since E30Y129 achieved high drug
adsorption within relevant windows for overdose management,
further rate law modeling was not pursued.

Adsorption capacity

Capacity studies were performed to determine whether larger
tyrosine chain lengths increased drug adsorption. These stu-
dies followed the same method as adsorption kinetics experi-
ments, except that the EYs were incubated with each of the
drugs for 120 minutes, to ensure complete saturation. Further,
while the 10 : 1 adsorbent-to-adsorbate mass ratio used in
adsorption kinetics experiments demonstrated high uptake, a
13 : 1 adsorbent-to-adsorbate mass ratio was chosen for capa-
city experiments to push drug removal closer to 100%. The
13 : 1 adsorbent-to-adsorbate mass ratio was selected based on
preliminary screening showing that the 10 : 1 condition pro-
duced high but incomplete removal for some adsorbate-
adsorbent combinations. The higher ratio was therefore used
to determine whether modestly increasing the adsorbent dose
would achieve complete adsorption, while the 10 : 1 condition
was used for kinetics to compare uptake rates under bench-
mark loading conditions. From a clinical standpoint, this
meager increase in adsorbent-to-adsorbate mass ratio is still
practical for an adsorbent dose, where reports suggest adsor-
bent doses between 10 to 40 times the amount of drug.52 Full
experimental methods are detailed in the SI.

The data demonstrate that the amount of adsorbed drug
increases with larger tyrosine chain lengths (Fig. 4). In SGF,
adsorption increased significantly from E30Y28 to E30Y79 for

all four drugs (Fig. 4B). Further increases at longer tyrosine
block lengths were significant for AMI and HCQ, whereas BUP
and STR adsorption did not differ significantly among E30Y79,
E30Y101, and E30Y129. This suggests that increasing tyrosine
block length has the largest effect between E30Y28 and E30Y79,
followed by a plateau at higher tyrosine contents. In SIF, AMI
and STR adsorption increased significantly from E30Y79 to
E30Y101 and E30Y129, while E30Y101 and E30Y129 were not
significantly different from each other (Fig. 4C). For BUP,
E30Y129 showed significantly greater adsorption than E30Y79
and E30Y101, whereas E30Y79 and E30Y101 were not signifi-
cantly different. HCQ adsorption was high across all three
polymers and did not differ significantly with tyrosine block
length. Overall, these trends indicate that increasing the tyr-
osine block length enhances drug adsorption, likely by increas-
ing the aromatic/hydrophobic domain available for drug-
polymer interactions, although the benefit becomes less pro-
nounced with larger tyrosine block lengths.

The trend in adsorption with longer tyrosine block lengths is
less pronounced in SGF compared to SIF (Fig. 4). This likely
reflects variations in particle size induced by the different pHs
of the two media. In SIF (pH 6.8), deprotonation of glutamate
side chains increases polymer hydrophilicity and promotes
solvation of the polypeptide backbone, improving wettability
and dispersibility in aqueous media. These effects favor the
formation of smaller, better-dispersed assemblies with greater
accessible surface area for drug adsorption (Fig. S15–S18).53–55

In contrast, in SGF (pH 1.2), protonation of glutamate reduces
charge repulsion and polymer hydration, encouraging hydro-
phobic collapse and the formation of larger aggregates
(Fig. S15–S18). Aggregation under acidic conditions can seques-
ter aromatic residues within the particle interior, thereby
reducing the surface area available for drug binding.53–55 This
pH-responsive behavior is supported by the aforementioned
control experiment with E30Y28 performed by acidification of
SIF (Fig. S29).

Data for adsorption to E30Y28 are not compared to the rest
of the EY series in SIF (Fig. 4C). As previously mentioned,
E30Y28 featured few insoluble particles when viewed using
transmitted light microscopy in SIF (Fig. 3C, 10� and 20�).
Upon dispersion at 1 mg mL�1 in pH 8 deionized water, the
sample appeared cloudy but translucent with no visible sedi-
mentation (Fig. S28), which is visually consistent with colloidal
assembly formation.56 Particle size distribution data provides
more evidence for the presence of colloidal assemblies in SIF,
as it is the only polypeptide in the series that features a
population of particles less than 100 nm in size (Fig. S12, blue,
o100 nm).57,58 As such, adsorption to E30Y28 in SIF was
performed (Fig. S30), but is not directly compared to E30Y79,
E30Y101, and E30Y129 in SIF since these polypeptides do not
behave the same way, according to microscopy and particle size
data (Fig. 3C, 10� and 20�; Fig. S12–S15). Furthermore, control
studies indicate that the centrifugal filters used for the adsorp-
tion experiments do not adequately remove these o100 nm
assemblies from solution, based on the elevated absorption of
SIF filtrate after incubation with E30Y28 (Fig. S31). As such,

Journal of Materials Chemistry B Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

2 
Ju

ne
 2

02
6.

 D
ow

nl
oa

de
d 

on
 6

/3
/2

02
6 

4:
34

:5
1 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6tb00121a


J. Mater. Chem. B This journal is © The Royal Society of Chemistry 2026

adsorption of AMI to E30Y28 in SIF cannot be interpreted using
UV-Vis techniques since the high absorbance of the polypeptide
blank in SIF interferes with accurate analysis (Fig. S32).

These capacity results demonstrate that EYs can achieve
high and, in several cases, complete adsorption at clinically
practical adsorbent-to-adsorbate mass ratios. The increase in
adsorption with tyrosine block length demonstrates that per-
formance can be optimized through controlled polymer design.
Notably, the strong uptake observed across structurally and
chemically distinct drugs that are commonly encountered in
overdose scenarios demonstrates the relevance of this platform
for gastrointestinal decontamination. Although complete drug
adsorption is still not observed in SGF at a 13 : 1 ratio, extra-
polation of the trend predicts complete adsorption at
adsorbent-to-drug ratios below 40 : 1, which falls within estab-
lished activated charcoal dosing guidelines for overdose
treatment.52 These features position EY polypeptides as a
promising framework that can be further optimized for drug
adsorption applications.

Isotherm modeling

Adsorption capacity experiments showed that E30Y129 exhib-
ited the highest drug uptake at a 13 : 1 adsorbent-to-adsorbate
mass ratio. As the top-performing formulation, E30Y129 was
selected for subsequent studies to evaluate its adsorption
profile via isotherm modeling. In these studies, separate sam-
ples with increasing amounts of polypeptide were incubated
with a fixed drug concentration at 37 1C for 120 minutes.
Following incubation, polypeptides were centrifuged using
filter units (MWCO 3 kDa) to remove dissolved complexes
and insoluble particles from the supernatant. Then, the super-
natant was analyzed using UV-Vis to determine the concen-
tration of remaining drug in solution (Fig. S16–S23). The data
were then fit to the Langmuir isotherm to derive physical
constants that quantify adsorbent characteristics, including
maximum adsorption capacity (Qmax) and binding affinity
(KL). Full experimental details can be found in the SI.

Nonlinear adsorption isotherms were obtained for each
drug in SGF and SIF using E30Y129 (Fig. S33A–S40A). At low
equilibrium concentrations (Ce), the equilibrium adsorption
capacity (Qe) increased gradually, consistent with adsorption to
accessible high-affinity sites on or within the polypeptide
aggregates.59 At higher Ce, several isotherms displayed steep
increases in Qe, reaching values approaching 1 g of drug
adsorbed per g of polypeptide. This high-concentration beha-
vior indicates adsorption beyond an ideal monolayer and likely
reflects non-ideal uptake processes, including multilayer
adsorption, drug–drug association within the adsorbed phase,
or partitioning into hydrophobic aggregate domains.60,61

Therefore, fitting to a Langmuir isotherm was only performed
for low Ce, where uptake was most consistent with initial site-
limited adsorption, to provide comparative apparent adsorp-
tion parameters across adsorbates and media (Fig. S33B–S40B).
Accordingly, the reported maximum adsorption capacity (Qmax)
values should be interpreted as apparent low-concentration
monolayer capacities rather than absolute saturation capacities

for the full adsorption process, and binding affinity (KL) should
be interpreted as an apparent affinity parameter for the initial
adsorption regime. Although alternative isotherm models,
including Hill-type cooperative adsorption models, can
describe cooperative or multilayer adsorption processes,62

application of these models using our experimental design
required high-Ce adsorption measurements that would have
necessitated material scales beyond the practical scope of
this study.

Site availability and favorable interactions govern adsorp-
tion under the Langmuir isotherm model. When fit to this
model, the data reveal that these factors contribute differently
to overall adsorption depending on pH and the structural
features of the drugs (Fig. 5). In SGF, AMI exhibits the highest
Qmax, consistent with its large, hydrophobic aromatic network
that may favor p-stacking interactions with E30Y129. In SIF,
adsorption capacities increase due to a greater number of
available binding sites when E30Y129 is deprotonated and
more hydrated. This increase is least pronounced for adsorp-
tion of BUP, which features a sterically hindered cation that
may limit interactions with glutamate residues.

Binding affinity trends further clarify the drug features that
lead to higher interactions with E30Y129 (Fig. 5). In SGF, KL

values were within the same order of magnitude across the
drug set. However, in SIF, these values were generally higher,
with AMI and HCQ exhibiting the most favorable interactions.
In SIF, the glutamate block can electrostatically bind cationic
drugs, while the tyrosine block provides aromatic and hydro-
phobic surfaces for adsorption. Drugs like AMI and HCQ,
which have larger aromatic networks and conformationally
flexible aliphatic cations, may access a broader range of bind-
ing geometries, leading to stronger binding affinities. Both STR
and BUP have smaller aromatic networks than AMI and HCQ.
Further, the rigid structure of STR restricts accessibility of the
aromatic ring and cation, whereas the cation is sterically
hindered by the methyl group in BUP.

Since the Langmuir model was applied only to the initial
low-Ce regime, the resulting parameters were used for com-
parative analysis rather than as complete descriptions of the
full adsorption process. To further contextualize these values,
the apparent capacities of E30Y129 were compared with
reported adsorption capacities for other proposed oral
detoxifying materials. These comparisons are not direct one-
to-one evaluations because adsorption capacity depends on
adsorbate structure, medium composition, concentration
range, adsorbent loading, and model selection.62,63 However,
they provide a useful benchmark for evaluating the perfor-
mance of EY polypeptides relative to other non-charcoal adsor-
bent platforms.

In simulated gastric (pH 1.2) and intestinal (pH 6.8) condi-
tions, E30Y129 exhibited maximum adsorption capacity values
ranging from 40 to 238 mg g�1 and binding affinities between
0.008 to 0.214 L g�1 (Fig. 5). These values fall within the ranges
reported for adsorbent biopolymers in literature.64–66 Further,
E30Y129 also falls within the same order of magnitude as
inorganic nanomaterial adsorbents including metal–organic
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frameworks that adsorb salicylates67 and titanate nanotubes
that adsorb paracetamol.68

The performance of E30Y129 is also competitive with AC for
the adsorption of drugs with certain chemical characteristics.
The maximum adsorption capacities for each drug with
E30Y129 is within the same order of magnitude as those
observed with AC (Table S1). In SGF, the adsorption capacity
of E30Y129 for AMI was comparable to the value measured with
AC, while in SIF the adsorption capacity of E30Y129 for STR
approached that of AC. With the exception of AMI, the binding
affinities for each drug with E30Y129 were also within the same
order of magnitude as those observed with AC (Table S2).
Further, the binding affinity of E30Y129 with HCQ in SIF
approached that of AC. Since the reported E30Y129 adsorption
capacity here represents the monolayer capacity as determined
by Langmuir isotherm fitting, it is worth emphasizing that
these values underestimate contributions from multilayer
adsorption. However, these results demonstrate that polypep-
tide adsorbents can compete with AC in certain contexts, and
merit further study for optimization in the context of high-
capacity adsorption.

Since the goal of this proof-of-concept study was to deter-
mine whether E30Y129 could achieve meaningful adsorption of
clinically relevant drugs, desorption from E30Y129 was not
evaluated. However, these experiments are an important next
step and will be pursued in future work to evaluate the robust-
ness of E30Y129 as an adsorbent. Here, establishing adsorption

performance and defining initial binding parameters serve as
the foundation for such future studies.

Fed-state drug adsorption

The simulated biological media used in this study only contain
salts and therefore model fasted-state gastrointestinal condi-
tions. In contrast, fed-state conditions involve nutrient-rich
food matrices that can alter the physicochemical environment
and potentially influence drug-adsorbent interactions.
Although a full investigation of fed-state effects across all drugs
and polypeptides was beyond the scope of this work, we
performed exploratory adsorption experiments for a subset of
drugs with E30Y129 in the presence of a complex food matrix.
These experiments were designed to provide initial insight into
how nutrient-rich conditions may influence adsorption relative
to fasted-state environments.

E30Y129 was selected because it was the best-performing
polypeptide in this work and its adsorption behavior is well
characterized through isotherm modeling. STR and HCQ were
chosen for fed-state experiments because they bracket the
structural and chemical diversity of the drug panel; STR repre-
sents a bulky, rigid polycyclic cation and HCQ is a more flexible
polycationic molecule. Although their adsorption capacities on
E30Y129 are comparable across SGF and SIF, their binding
affinities differ substantially between these media (Fig. 5A
and B). Studying these two drugs in the presence of food
therefore allows us to observe whether fed-state conditions

Fig. 5 Apparent Langmuir adsorption parameters for E30Y129 adsorption in simulated gastrointestinal media. (A) Gives apparent maximum adsorption
capacity (Qmax) values for amitriptyline (AMI), bupropion (BUP), hydroxychloroquine (HCQ), and strychnine (STR) adsorption to E30Y129 in simulated
gastric fluid (SGF, pH 1.2) and simulated intestinal fluid (SIF, pH 6.8). (B) Shows apparent binding affinity (KL) values for the same drug and medium
conditions. Values were obtained by fitting the low equilibrium concentration (Ce) region of the adsorption isotherms to the linearized Langmuir model
and are reported as apparent comparative parameters rather than absolute saturation capacities or global binding constants for the full adsorption
process. Non-ideal adsorption behavior observed at higher Ce values is not captured by these fitted parameters. Tables below each plot provide the
corresponding fitted values plotted in the bar charts.
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disproportionately affect adsorption for molecules with similar
capacities but distinct affinity profiles.

Adsorption under fed-state conditions was evaluated using a
similar experimental design as the previous ‘‘starved’’ adsorp-
tion capacity studies. Briefly, a suspension of E30Y129 was
prepared by dispersing the powder in either SGF or SIF. Next,
solutions of STR and HCQ were prepared by dissolving the
adsorbates in liquid baby formula calibrated to pH 1.2 or pH
6.8. Volumes of E30Y129 in simulated biological media were
combined with the adsorbates in formula at the appropriate pH
to achieve a 13 : 1 adsorbent-to-adsorbate mass ratio. By adding
adsorbent dispersed in liquid to drug dissolved in formula, the
experiment is designed to mimic the administration of an
adsorbent for overdose treatment to remove drug in a non-
fasted state. Matched control samples were prepared to account
for matrix contributions to the signal, including drug-
containing formula without adsorbent and blanks containing
adsorbent and formula without drug. For HCQ, the presence of
formula in solution did not greatly impact the amount of drug
that was adsorbed in SIF and even increased the amount of
drug adsorbed in SGF compared to the study in the absence of
formula (Fig. 6). However, for STR, the presence of formula in

solution led to a reduction in drug adsorption in both SGF and
SIF. HCQ is likely adsorbed well in the presence of formula
because adsorption to E30Y129 is more favorable than for STR
(Fig. 5A and B). The Langmuir binding constants show that
HCQ has higher affinity for E30Y129 in both SGF and SIF;
binding affinity values for HCQ are 0.0210 in SGF and 0.2141 in
SIF, whereas strychnine has binding affinity values of only
0.0075 in SGF and 0.0294 in SIF. Even though the maximum
adsorption capacities of the drugs are comparable, interactions
between HCQ and E30Y129 are more favorable.

When formula is added, components such as lipids, pro-
teins, and other organic matter may partially block the polymer
surface, compete for adsorption sites, or provide alternative
environments for the drug in solution. These effects are
expected to disproportionately impact adsorbates with weaker
binding affinities. Since adsorption of STR to E30Y129 is less
favorable, competition from the formula matrix may explain
the reduction in STR adsorption (Fig. 6). In contrast, HCQ
adsorption was largely retained in the presence of formula,
suggesting that these interactions may be less sensitive to
matrix competition under these conditions, potentially because
of its higher apparent binding affinity. Thus, the effect of the

Fig. 6 Fed-state adsorption of hydroxychloroquine and strychnine to E30Y129. (A) shows the experimental design for evaluating drug adsorption in
media containing infant formula as a model fed matrix, using E30Y129 as the adsorbent and hydroxychloroquine (HCQ) and strychnine (STR) as
representative adsorbates. (B) shows HCQ adsorption to E30Y129 in standard simulated gastrointestinal media and the fed matrix at pH 1.2 and pH 6.8.
(C) shows STR adsorption to E30Y129 in standard simulated gastrointestinal media and the fed matrix at pH 1.2 and pH 6.8. Adsorption experiments were
performed at 37 1C using a 13 : 1 adsorbent-to-adsorbate mass ratio. Data are shown as mean � standard deviation from triplicate measurements. Fed
matrix experiments are interpreted as a preliminary in vitro assessment of matrix effects and are not intended to fully reproduce fed-state gastrointestinal
conditions.
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fed-state matrix was adsorbate-dependent, which is clinically
relevant because oral adsorbents may be administered under
variable gastrointestinal conditions. While background contri-
butions from the formula matrix were accounted for using
blank controls, the matrix may still alter drug behavior in
solution or access to adsorption sites in ways that influence
apparent adsorption. Therefore, these results should be inter-
preted as a preliminary in vitro investigation of matrix effects on
adsorption to E30Y129 rather than direct evidence of in vivo
fed-state performance.

Enzyme degradation

Digestive enzymes were intentionally omitted from the simu-
lated gastric and intestinal fluids used for adsorption studies to
isolate the effects of pH and drug chemistry on adsorption.
Gastrointestinal enzymes were not expected to be primary
drivers of drug binding, and their inclusion would have com-
plicated interpretation of the molecular interactions responsi-
ble for adsorption to the polypeptides. However, because EYs
contain peptide backbones that may undergo hydrolytic or
enzymatic cleavage, an in vitro enzyme degradation study was
performed as an initial assessment of proteolytic susceptibility
under simplified gastrointestinal enzyme conditions.

E30Y28 was selected for enzyme degradation studies
because it contains the shortest hydrophobic tyrosine block
and exhibited the greatest apparent hydration in simulated
gastrointestinal media. This provided a conservative condition
for evaluating enzymatic susceptibility, as increased hydration
was expected to promote greater interaction with digestive
enzymes compared with more hydrophobic, tyrosine-rich ana-
logues that remain less hydrated in solution.69 Samples were
incubated at 37 1C in simulated gastric fluid containing pepsin
for 72 h and simulated intestinal fluid containing trypsin and
a-chymotrypsin for 72 h. These incubation periods exceed
typical physiological gastric and small-intestinal transit times
and were selected as extended in vitro exposure conditions to
assess whether gastrointestinal enzymes produce appreciable
degradation of the bulk material, rather than to directly repli-
cate in vivo residence times.70

Degradation was assessed using peptide backbone signals,
which are shared by both glutamic acid and tyrosine repeat
units and therefore provide a compositionally representative
measure of bulk polypeptide integrity. After 72 h in SGF
containing pepsin, E30Y28 exhibited modest degradation, with the
number-average repeat units decreasing from 58 to 55 (Fig. S41).
Under acidic conditions, reduced polymer hydration is expected
to limit solvent penetration and enzyme accessibility, resulting
in slower degradation.69 In contrast, exposure to trypsin and
a-chymotrypsin in SIF led to a larger reduction in number-
average repeat units, decreasing from 58 to 47 (Fig. S42). This
enhanced degradation is consistent with increased polymer
hydration under intestinal conditions, which may facilitate
improved enzyme access to the peptide backbone.

These results indicate that E30Y28 remains largely intact
under the tested extended enzyme exposures but is susceptible
to gradual degradation, particularly under intestinal protease

conditions. However, this assay should be interpreted as a
preliminary in vitro assessment of proteolytic susceptibility
rather than a complete model of gastrointestinal degradation
or in vivo residence time. The media used here include repre-
sentative digestive enzymes but do not capture the full com-
plexity of the gastrointestinal tract, including additional
enzymes, bile salts, food components, motility, microbiota, or
clearance. In addition, 1H NMR reports changes in bulk poly-
mer composition and number-average repeat unit estimates,
but it is not sensitive to subtle chain scission events that do not
substantially alter the integral values. Molecular weight analy-
sis by GPC could not be reliably performed for these depro-
tected polypeptides because of incompatibility of deprotected
polypeptides with available instrument conditions. Future stu-
dies using gel electrophoresis, matrix-assisted laser desorption/
ionization time-of-flight mass spectrometry, assays for newly
formed primary amines, ex vivo models, or in vivo analysis
would be needed to resolve degradation pathways and evaluate
gastointestinal residence, clearance, accumulation, or obstruc-
tion risk under physiological conditions.

Cell viability

Having evaluated preliminary enzymatic susceptibility under
simulated gastrointestinal conditions, we next examined mam-
malian cell interactions to assess the initial cytocompatibility of
the EY polypeptides. Polypeptides are generally attractive for
biomedical applications because of their structural and
chemical similarity to endogenous biomolecules. However,
hydrophobic domains within polypeptide materials can con-
tribute to cytotoxic effects, particularly at high concentrations
or when hydrophobic segments are solvent-exposed.71,72 There-
fore, E30Y129 was selected as a representative model for
cytocompatibility screening because it contains the longest
hydrophobic tyrosine block of the EY series.

The viability of RAW 264.7 murine macrophages and NIH
3T3 fibroblasts was evaluated after exposure to E30Y129 over a
concentration range of 1–250 mg mL�1. These cell lines were
selected as initial screening models because fibroblasts and
macrophages are commonly used to evaluate tissue-facing and
immune cell responses to biomaterials.73 Fibroblasts are
involved in extracellular matrix production, wound healing,
and tissue remodeling,74 whereas macrophages play central
roles in immune surveillance, inflammation, and foreign body
responses.75 However, these cell lines are not direct models of
the gastrointestinal epithelium, and therefore these experi-
ments should be interpreted as an initial cytocompatibility
assessment rather than a complete evaluation of gastrointest-
inal cellular compatibility.

NIH 3T3 cell viabilities were comparable to untreated con-
trols following exposure to E30Y129 (Fig. 7A and B). Although
mean cell viabilities were slightly higher than the control at
intermediate concentrations, these differences were not statis-
tically significant (p = 0.11). Single-factor analysis of variance
(ANOVA) indicated no dose-dependent decrease in NIH 3T3
viability, supporting the absence of overt cytotoxic effects
within the tested concentration range.
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RAW 264.7 macrophage viabilities were generally high fol-
lowing exposure to E30Y129 across the tested concentration
range (Fig. 7A and C). One-way ANOVA indicated a statistically
significant effect of concentration on viability (p = 0.025). Post
hoc analysis using Dunnett’s test showed modest but statisti-
cally significant decreases in viability at 1 mg mL�1 and
10 mg mL�1 relative to the untreated control, whereas no
significant decrease was observed at the higher concentrations
of 100 or 250 mg mL�1. Because the reduction in viability was
small in magnitude and did not increase with concentration,
these results do not indicate a dose-dependent cytotoxic
response. Instead, the RAW 264.7 data suggest minor, nonmo-
notonic changes in macrophage viability under the tested
conditions, with no overt cytotoxicity observed at the highest
E30Y129 concentrations.

Fluorescence microscopy further supported preserved cell
morphology following E30Y129 exposure. NIH 3T3 fibroblasts
and RAW 264.7 macrophages retained visible nuclei and actin
cytoskeletal staining after treatment, consistent with main-
tained cell attachment and morphology (Fig. 7A). At higher
polypeptide concentrations, non-cellular fluorescent regions
were observed in both fibroblast and macrophage cultures
and were attributed to E30Y129 aggregates. Depending on the
imaging channel, these aggregates appeared more intensely in
the Hoechst channel or more faintly in the propidium iodide

channel. Bright-field imaging confirmed that these features
corresponded to material aggregates rather than nuclei or
dead cells. Because aggregates can potentially interfere with
fluorescence-based viability measurements through light scat-
tering, physical occlusion, or nonspecific fluorescence, viability
was assessed using direct fluorescence imaging combined with
MATLAB-based cell counting rather than bulk plate fluores-
cence alone. This image-based approach allowed cellular nuclei
to be distinguished from non-cellular aggregate features based
on morphology, size, channel overlap, and bright-field corre-
spondence, minimizing the likelihood that material aggregates
were counted as viable or nonviable cells. Overall, E30Y129 did
not induce overt cytotoxicity toward NIH 3T3 fibroblasts or
RAW 264.7 macrophages under the tested conditions, although
future studies using gastrointestinally relevant cell models such
as Caco-2 or HT-29 cells will be needed to evaluate epithelial
compatibility more directly.76,77

Conclusion

This work establishes poly(glutamic acid-block-tyrosine) pep-
tides (EYs) as a tunable platform for gastrointestinal drug
adsorption. These materials exhibit improved adsorption of
basic drugs relative to previously reported KEY polypeptide

Fig. 7 Cytocompatibility of E30Y129 with NIH 3T3 fibroblasts and RAW 264.7 macrophages. (A) Shows representative fluorescence microscopy images
of NIH 3T3 fibroblasts (top row) and RAW 264.7 macrophages (bottom row) following 48 h exposure to E30Y129 at concentrations ranging from 1 to
250 mg mL�1, compared to untreated controls. Cells were stained with Hoechst 33342 to visualize nuclei and Calcein acetoxymethyl ester (AM) to identify
viable cells. (B) Shows NIH 3T3 fibroblast viability compared to untreated controls. (C) Shows RAW 264.7 macrophage viability compared to untreated
controls. Data are shown as mean � standard deviation from five independent fluorescence measurements per condition. Scale bars are 100 mm for NIH
3T3 fibroblasts and 400 mm for RAW 264.7 macrophages. Statistical significance was determined by one way analysis of variance (ANOVA) followed by
Dunnett’s post hoc test relative to untreated controls. Significance is denoted as * = p o 0.05, ** = p o 0.01, *** = p o 0.001, and ns = not significant. No
dose dependent decrease in viability was observed for either cell type across the tested concentration range.
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adsorbents and provide a framework for designing adsorbents
with controllable composition, aggregation behavior, and drug-
binding properties.25 By systematically varying tyrosine block
length while maintaining a fixed-length E30 glutamic acid
block, this study demonstrates that adsorption behavior can
be modulated through amino acid composition and block
length.

Across a drug panel consisting of amitriptyline (AMI),
bupropion (BUP), hydroxychloroquine (HCQ), and strychnine
(STR), EYs demonstrated measurable adsorption under simu-
lated gastric and intestinal conditions. Adsorption was pH-
dependent, with enhanced adsorption generally observed
under intestinal conditions where deprotonated glutamate
residues can contribute to electrostatic interactions. Increasing
tyrosine content generally improved adsorption performance,
although the relationship between tyrosine block length and
adsorption was not strictly monotonic for all adsorbates. This
behavior indicates that adsorption is governed by a combi-
nation of electrostatic, aromatic, hydrophobic, and aggregate-
dependent effects rather than tyrosine content alone. The
highest-performing formulation, E30Y129, exhibited apparent
maximum adsorption capacities and binding affinities that
were competitive with reported biopolymer adsorbents, other
proposed oral detoxifying nanomaterials, and activated char-
coal for select drugs.

Langmuir-derived parameters provided useful comparative
descriptors of E30Y129 adsorption in the low-concentration
(Ce) regime, while the full isotherm profiles indicated non-
ideal adsorption behavior at higher drug concentrations. There-
fore, the reported maximum adsorption capacity (Qmax) and
binding affinity (KL) values should be interpreted as apparent
adsorption parameters, as high Ce data was not modelled and is
therefore not accounted for in these values. The adsorption
trends, together with structure–property analysis, provide
design criteria for future polypeptide adsorbents by identifying
drug features and material properties that promote favorable
uptake. Fed-state experiments further showed that matrix
effects were adsorbate-dependent, with food components redu-
cing STR adsorption while HCQ adsorption appeared largely
consistent under the tested conditions. This finding highlights
the need to evaluate gastrointestinal adsorbents on a drug-
specific basis under increasingly complex media conditions.

Beyond adsorption performance, EYs displayed properties
relevant to future translational development, while also identi-
fying important limitations that require further study. Preli-
minary in vitro enzyme degradation experiments indicated that
E30Y28 remained partially intact under extended simulated
gastrointestinal enzyme exposure but was susceptible to gra-
dual degradation, particularly under intestinal protease condi-
tions. These results should be interpreted as an initial
assessment of proteolytic susceptibility rather than evidence
of in vivo gastrointestinal stability, residence time, clearance,
accumulation behavior, or obstruction risk. Cytocompatibility
studies showed that E30Y129 was well tolerated by NIH 3T3
fibroblasts and did not produce dose-dependent cytotoxicity in
RAW 264.7 macrophages under the tested conditions, although

these cell lines are not direct models of the gastrointestinal
epithelium.

Taken together, this proof-of-concept study demonstrates
that synthetic polypeptides can be engineered as drug adsor-
bents with tunable adsorption behavior, preliminary cytocom-
patibility, and enzymatically degradable peptide backbones.
Future work should evaluate drug desorption and retention
during gastrointestinal transit, adsorption performance in
more complex fed-state and bile-containing media, compatibil-
ity with gastrointestinal epithelial models, formulation beha-
vior, and in vivo efficacy and safety. These studies will be
necessary to define the therapeutic potential of polypeptide
adsorbents as enterosorbents for overdose treatment.
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