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Crystalline Antibody-Laden Alginate Particles: A Platform for
Enabling High Concentration Subcutaneous Delivery of
Antibodies
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Cinthia Pastuskovas, Vaishali Parab, Denarra Simmons, Xiaoyu Yang, Apoorv Shanker,
Paula Hammond, and Patrick S. Doyle*

Subcutaneous (SC) administration is a desired route for monoclonal
antibodies (mAbs). However, formulating mAbs for small injection volumes at
high concentrations with suitable stability and injectability is a significant
challenge. Here, this work presents a platform technology that combines the
stability of crystalline antibodies with injectability and tunability of soft
hydrogel particles. Composite alginate hydrogel particles are generated via a
gentle centrifugal encapsulation process which avoids use of chemical
reactions or an external organic phase. Crystalline suspension of
anti-programmed cell death protein 1 (PD-1) antibody (pembrolizumab) is
utilized as a model therapeutic antibody. Crystalline forms of the mAb
encapsuled in the hydrogel particles lead to stable, high concentration, and
injectable formulations. Formulation concentrations as high as 315 mg mL−1

antibody are achieved with encapsulation efficiencies in the range of 89–97%,
with no perceivable increase in the number of antibody aggregates.
Bioanalytical studies confirm superior maintained quality of the antibody in
comparison with formulation approaches involving organic phases and
chemical reactions. This work illustrates tuning the alginate particles’
disintegration by using partially oxide alginates. Crystalline mAb-laden
particles are evaluated for their biocompatibility using cell-based in vitro
assays. Furthermore, the pharmacokinetics (PK) of the subcutaneously
delivered human anti-PD-1 mAb in crystalline antibody-laden alginate
hydrogel particles in Wistar rats is evaluated.
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1. Introduction

Many recent innovative therapies are
based on monoclonal antibody (mAb)
treatments.[1–3] For example, antibodies
against programmed cell death protein
1 (PD-1) and its ligand, have revolution-
ized the clinical treatment of cancer.[4]

While all immune-oncology mAb treat-
ments are administrated intravenously
(IV), recently subcutaneous (SC) admin-
istration of mAbs has gained significant
attention.[5] Medications such as rituximab
and trastuzumab are being clinically eval-
uated for SC administration.[5] SC or local
injection of therapeutic agents can bring
clinically meaningful benefits to patients[6]

and potentially reduced side effects as com-
pared to IV administration.[7] One of such
benefits can be the reduced time of admin-
istration. For example, for rituximab the
total time at clinic for IV injection is ≈3.7 h
which can be reduced to ≈0.8 h for SC
administration.[8] Formulating mAb for SC
or local administration requires small vol-
ume (ideally ≤ 2 mL), high concentration
(ideally ≥ 300 mg mL−1), and moder-
ate viscosity for injectability (ideally ≤
0.025 Pa s). Immunotherapy mAbs require
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a significant amount of the antibody for the treatment. For in-
stance, anti-PD-1 antibody pembrolizumab dosing regimen is
400 mg every 6 weeks. Considering the limitation in the volume
of a local injection, formulating the mAb at required high concen-
trations can be a major challenge as it exceeds the concentration
of any commercially available antibody formulation. As impor-
tantly, liquid mAbs at high concentrations become increasingly
more prone to aggregation, unfolding, and degradation.[9] An-
other challenge related to formulation of biologics arises from the
current trend in the field of immune oncology toward combinato-
rial therapies as combination of mAbs or mAbs and cytokines can
even be more challenging to formulate for liquid injections. Con-
sidering alternative strategies to enhance protein colloidal stabil-
ity in such conditions can be crucial in formulating high concen-
tration formulations. Formulating mAbs as solid (e.g., crystalline
and amorphous) suspensions in injectable forms can overcome
these challenges. Similarly, using biodegradable particulate de-
livery carriers such as injectable microspheres can play a role by
enabling new modes of therapy through carrier design.

Protein crystals are hydrated (≈50% w/w water content) non-
stoichiometric structures that have protein molecules within
them. Proteins in a crystal are densely packed (>500 mg mL−1),
folded (hence functional),[10] and highly stable in this immobi-
lized state. Protein crystals are formed in the presence of certain
salts or other excipients additives. Suspensions of protein crystals
can be concentrated by centrifugation or sedimentation and can
dissolve outside of the crystallization conditions. These crystals
may be formed in a variety of sizes, but suspensions still exceed
desirable viscosities for injection.[11] Conditions can be tuned to
produce micron-scale protein crystals[12] which can enable en-
capsulation in hydrogel particles. In our previous work, we have
shown that encapsulating such solid suspensions in soft hydro-
gel particles improves injectability properties compared to a mAb
solution or crystal suspensions.[13]

Hydrogels (cross-linked networks of hydrophilic polymers)
are seen as viable candidates for a range of drug delivery
applications.[14,15] This approach can be extended to SC or lo-
cal delivery of mAbs.[16–19] Hydrogels are capable of holding sig-
nificant amounts of water, biomacromolecules or suspensions
within them because of their low polymer content (high theoreti-
cal drug loadings). Hydrogels’ modular chemistry, structure, and
functionality enable new therapies through carrier design with
tunable mesh size and drug release.[15] Furthermore, hydrogel
particles are shear thinning even at high volume fractions and
have favorable flow properties.[20]

While hydrogels can be particularly suitable for unstable drugs
(e.g., labile biomacromolecules), hydrogels encapsulating anti-
bodies have not reached clinal studies or commercialization.[21]

There are major difficulties that can act as deterrents in the de-
velopment of such strategies.[22,23] These can be attributed to
shortcomings in materials and processes that are considered that
can make translational research unfeasible or are making the
technology impractical from the manufacturing perspective. It
has been shown that some polymeric networks can cause pro-
tein aggregation and denaturation which can take place during
the encapsulation or storage.[24] This can be attributed to the
harsh conditions for encapsulation and particle formation that
promote protein destabilization. Furthermore, many of the stud-
ies using hydrogels for encapsulation of biologics produce the

hydrogel through chemical reactions in the presence of the ther-
apeutic biologics[25–27] which can cause denaturation, unwanted
chemical modifications remnant impurities. Such impurities or
unwanted chemical/physical alternations to the mAb are a ma-
jor concern in clinical studies. Furthermore, particle formation
through emulsion-based methods requires an organic phase that
can adversely contribute to protein denaturing and also lower en-
capsulation efficiencies. This generates the need for processes
that are gentle and are fully compatible with labile nature of the
therapeutic molecules and clinical research.

Sodium alginate (NaALG) is a natural polysaccharide that
can form a hydrogel by ionic cross-linking in mild conditions
without use of toxic reactants, making it widely used for biomed-
ical applications.[28–32] NaALG linear polysaccharide chain is
comprised of mannuronic (M-blocks) and guluronic group
(G-blocks) in which only G-blocks are assumed to take part
in the intermolecular ionic cross-linking with divalent cations
such as Ca2+.[33] While ALG has excellent biocompatible prop-
erties, is not enzymatically broken down in vivo hence its slow
and uncontrollable degradation can be a cause of concern for
bioaccumulation.[30] Introduction of hydrolytic labile groups on
the ALG backbone using partial oxidation has been proposed as a
method to enhance biodegradability.[34] Yet ability of these modi-
fied ALGs to form hydrogel particles and to be benign to the mAb
chemical/physical stability requires investigation. ALG hydrogel
particles can be produced if NaALG droplets are formed and later
cross-linked in a calcium containing bath. Such process can avoid
the need for using emulsion-based methods which can cause
protein aggregation/denaturing. We have previously described
the governing principles for production of ALG particles via cen-
trifugal extrusion without use of an organic phase.[35] Yet manu-
facturing crystalline mAb-laden ALG particles by extrusion poses
unique challenges caused by the presence of shear-thinning crys-
tals, the need to achieve high antibody encapsulation efficiency
and maintain antibody stability throughout the formulation
process.

Here, we report a platform that enables highly efficient,
densely packed, injectable formulations of biologics. We establish
a process to encapsulate crystalline mAbs in ALG hydrogel parti-
cles to form high-concentration, stable formulations and use an
anti-PD-1 antibody as a model therapeutic. We assess centrifugal
extrusion for particle formation and study the design considera-
tion for this process to prevent premature dissolution throughout
processing. We evaluate the biodegradation of chemically mod-
ified ALG. Furthermore, we evaluate the formulation stability
the quality of released mAb from the particles using bioanalyt-
ical methods. Our in vitro studies evaluate the biocompatibility
(biodegradability, toxicity, and immunogenicity) of the crystalline
mAb-laden particles. Our approach can prevent unwanted chemi-
cal reactions and biomacromolecule aggregation and denaturing.
Our in vivo rat studies evaluate the technology for SC delivery of
mAbs.

2. Results and Discussion

2.1. Crystalline mAb-Laden ALG Particles

Figure 1 illustrates the process for production of crystalline
mAb-laden ALG particles. This gentle process enables the
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Figure 1. Illustration of the platform for crystal monoclonal antibody (mAb) laden alginate hydrogel particles for high-concentration antibody formula-
tions evaluated for anti-PD-1 antibody (pembrolizumab) crystals as a model antibody. a) mAb crystallization in polyethylene glycol (PEG) solution. b)
Micrograph of mAb crystals. c) Preparation of alginate and mAb crystals pre-gel suspension. d) Concentrating the mAb + alginate suspension using
centrifugation. e) Device for preparation of the crystalline mAb-laden hydrogel particles formed by centrifugal extrusion and hydrogel formation upon
impact with Ca2+ bath. f) Appearance of the crystalline mAb-laden alginate hydrogel particles for subcutaneous (SC) administration loaded in a syringe
for SC injection.

encapsulation without use of chemical reactions or an external
organic phase. Briefly, antibody crystals were formed by precip-
itation, crystals were resuspended in NaALG, concentrated, and
crystalline mAb-laden ALG particles were formed by centrifugal
extrusion. For the studied mAb, crystals were generated by crys-
tallization of mAb in the presence of polyethylene glycol (PEG)
and caffeine at 6% and 0.25% w/v respectively (Figure 1a). Caf-
feine was used as a small molecule ligand that noncovalently
bonds to the anti-PD-1 antibodies through hydrophobic inter-
action to enhance crystal nucleation and growth based on our
recent findings on anti-PD-1 crystal.[36] Crystallization recovery
of up to 98% was achieved during this process. This crystalliza-
tion condition resulted in antibody crystals 2–7 μm in size which
are large enough for centrifugal separation and are suitable for
encapsulation (Figure 1b). The mAb crystal suspensions were
concentrated and mixed with 10 mg mL−1 NaALG solution to
form the pre-gel suspension and was further concentrated to the
desired concentration (Figure 1d). The highest suspension con-
centration achieved was measured at 476 ± 26 mg mL−1. The
encapsulation process was evaluated for low (50 mg mL−1) to
high (400 mg mL−1) mAb concentration in the pre-gel. Later, us-
ing centrifugal acceleration, the pre-gel suspension was extruded
through a dispenser to form droplets that cross-linked upon im-

pact with the CaCl2 bath (Figure 1e). The key advantage of this
device is that the droplets are formed in air (continuous phase),
eliminating the need for an organic continuous phase or use of
surfactant in the continuous or dispersed phase. Both the pre-gel
suspension and the CaCl2 bath contained 10% w/v PEG to avoid
dissolution of the crystals. Afterwards the particles were resus-
pended in 6% w/w PEG solution for injection (Figure 1f).

2.2. Process Design Considerations

Manufacturing the (ALG + mAb crystals) particles by extrusion
(Figure 1e) poses unique challenges. In prior work we have stud-
ied the principles of forming ALG particles with use of centrifu-
gal forces.[35] However, in our current study the presence of solid
particles in the ALG suspension along with their shear-thinning
nature can impact particle formation. Furthermore, while high
mAb recovery can be achieved during the crystallization process,
crystalline mAbs require specific conditions to prevent prema-
ture dissolution throughout the hydrogel encapsulation and re-
covery processes to achieve a high mAb encapsulation efficiency.

Here, we investigated the process design considerations for
centrifugal extrusion of crystalline mAb-laden ALG particles. The
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Figure 2. Effect of physical process variables on the properties (particle size and aspect ratio) of the hydrogel particles. a) Droplets are formed at the
tip of the dispenser and are cross-linked upon impact with the calcium chloride bath. Particle formation is dictated by the drop generation and the
impact/gelation process. b) Relative centrifugal force (RCF) dictates the size of the particles (particle monoclonal antibody (mAb) loading of 160 mg
mL−1). c) Distance between the dispenser and the point of impact affects the impact speed and consequently the particle shape. Particles flatten
as collection distance increases. d,e) Dispenser inner diameter has minimal impact on the particle size (d) and shape (e) within the studied range.
Experiments at particle mAb loading of 200 mg mL−1 using 1% w/v guluronic rich alginate (MVG), 2 mm dispenser-to-bath, 200 relative centrifugal
force (RCF) spin rate, 30G needle, and 25 × 10−3 m CaCl2 unless otherwise noted. Sample size was n = 15.

goal is to produce uniform spherical particles containing high
mAb loadings while having minimal loss of the mAb to the sur-
rounding bath. Furthermore, the particles need to be injectable
using a 27-gauge needle (with internal dimeter of 210 μm) which
is commonly used for SC injection.

2.2.1. Physical Process Variables

Physical variables that control the centrifugal extrusion and con-
sequently the product are described in Figure 2a. The pre-gel
suspension flows downwards due to the centrifugal acceleration.
Droplets are formed at the tip of the dispenser in the “dripping
regime” (refer to the Supporting Information for the dimension-
less numbers that dictate the dripping regime). Droplets then
travel the distance to the bath (while accelerating) and are ion-
ically cross-linked during the “impact/gelation” phase.

Figure 2b–e illustrates the effects of centrifugal acceleration,
dispenser size, and collection distance (dispenser-to-bath) on the
particles. Experiments were carried out at particle mAb loading
of 200 mg mL−1. While centrifugal acceleration reported in rela-
tive centrifugal force (RCF) dictates the particle size, shape of the
particles is dictated by the dispenser-to-bath distance which con-
trols the particle impact speed. Figure 2c indicates that at higher

accelerations particles flatten due to inertia caused by the higher
accelerations. Interestingly the dispenser inner diameter is less
significant in controlling the particle size.

2.2.2. Physiochemical Process Variables

There are physiochemical variables that also control this
process, including Ca2+ concentration (in the bath), ALG
type/concentration, and additives/surfactant (Figure 3). The ex-
periments for the physicochemical process variable were also car-
ried out at particle mAb loading of 200 mg mL−1. In the proposed
process the impact/gelation phase has an extra level of complexity
caused by the presence of the mAb crystals. The CaCl2 bath needs
prevent the mAb crystal dissolution during the hydrogel cross-
linking stage. Furthermore, the amount of CaCl2 in the product
should not exceed the limit at which it negatively affects the mAb.
Figure 3a shows the unwanted dissolution of the mAb crystals in
the cross-linking bath can be avoided by keeping the CaCl2 con-
centration at or below 20× 10−3 m. Furthermore, Figure 3b shows
how at higher Ca2+ concentrations not only the mAb crystals dis-
solve but also particles develop teardrop shapes.

A wide variety of NaALGs have been used for biomedical
applications, varying in their molecular weights (MWs) and
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Figure 3. Effect of physiochemical process variables on the properties of the of the hydrogel particles. a) Excess calcium concentration resulted in
the unwanted dissolution of the monoclonal antibody (mAb) crystal (samples in triplicate). b) Particles at lower CaCl2 concentration are rounder. c)
Guluronic moieties in the sodium alginate are cross-linked with Ca2+ and as a result, the guluronic rich alginate are more cross-linked. d) Mannuronic
rich alginate forms more spherical particles. e) Spherical crystalline mAb-laden hydrogel particle can be formed with alginate concentration as low as
10 mg mL−1 alginate. Experiments at particle mAb loading of 200 mg mL−1 using 1% w/v guluronic rich alginate (MVG), 2 mm dispenser-to-bath, 200
relative centrifugal force (RCF) spin rate, 30G needle, and 25 × 10−3 m CaCl2 unless otherwise noted. b,d,e) Sample size was n = 15.

guluronic (G) to mannuronic (M) ratios. G-blocks are assumed
to take part in the intermolecular cross-linking with divalent
cations.[28] We also evaluated guluronic rich (G/M < 1) and man-
nuronic rich ALGs (G/M >1.5) for particle formation (and in
section 2.3 for their degradation profiles). Our observations in-
dicated that mannuronic-rich ALG tend to form more spherical
particles. Also, we observed that hydrogel particles encapsulat-
ing crystalline mAbs can be formed at ALG concentrations as low
10 mg mL−1. To improve the shape of the particles formed by very
low viscosity ALG, nonionic surfactant Tween 20 was added to
the collection bath to lower the interfacial tension during droplet
impact with the bath. For the data on the effect of ALG type and
effect of Tween 20 on particle shape refer to Figures S1 and S2
(Supporting Information).

2.2.3. Characterization of Anti-PD-1 Crystalline mAb-Laden ALG
Particles

As discussed earlier, in our method suspensions of ALG and mAb
crystals are formed and concentrated to the desired concentra-
tions. Later the particles are formed through centrifugal extru-
sion. Figure 4a illustrates the particle loading (concentration of

the mAb within particles) as a function of the pre-gel suspen-
sion. The experiments were carried out from low (50 mg mL−1)
to high (400 mg mL−1) mAb concentration in the pre-gel. To mea-
sure particle loading, the concentration of the antibody in a small
aliquot of the pre-gel suspension was measured. After produc-
ing the hydrogels, the mAb was released from the hydrogel and
the concentration of the mAb within the hydrogel particles was
estimated. Our results indicated that at low concentrations the
particle loadings were slightly higher than the pre-gel suspen-
sion and the opposite trend at higher concentrations. This can
be attributed to the change in the water content of the hydrogel
(swelling/deswelling) upon gelation and resuspension.

The formulation concentration of the crystalline mAb-laden
particles can be estimated as:

Formulation concentration = (Particle loading)

× (Effective volume fraction of the particles) (1)

The hydrogel particles’ soft nature affords high effective vol-
ume fraction formulations while maintaining shear thinning
properties.[20] To measure the effective volume fraction, the hy-
drogel particles were centrifuged at 3000 RCF for 10 min and the
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Figure 4. Characterization of the monoclonal antibody (mAb) crystalline mAb-laden alginate hydrogel particles. a) Relationship between the mAb con-
centration in the pre-gel suspension and the particle loading. b) Soft deformable hydrogel particles allow high effective volume fractions even at high
antibody loadings. c) Encapsulation efficiency defined as the amount of mAb encapsulated relative to the total amount of mAb crystals in the pre-gel
suspension. Hydrogel particles were formed using 1% w/v mannuronic rich alginate (VLVM). The experiments were carried out from low (50 mg mL−1)
to high (400 mg mL−1) mAb concentration in the pre-gel.

excess PEG 10% w/v solution was removed (from the top) using
a micropipette to achieve the measured particle volume fraction.
The effective volume fraction was measured gravimetrically (re-
fer to Equation S1, Supporting Information). In our work, ALG
hydrogel particles’ soft nature allows packing of these particle to
effective volume fractions as high as 0.9 (Figure 4b). Consider-
ing the highest particle concentrations in Figure 4a, formulation
concentrations as high as 315 mg mL−1 in mAb were achieved.
Comparably hard spheres have a maximum volume packing frac-
tion in the range of 0.58–0.64. As such, for hard spheres achiev-
ing similar formulation concentrations of up to 315 mg mL−1

will require significantly higher particle mAb loadings. To put the
achieved 315 mg mL−1 formulation into perspective, the major-
ity of high concentration formulations of therapeutic mAbs are
at 100–150 mg mL−1, while the highest concentration available
is 200 mg mL−1.[37] Refer to Videos S1 and S2 (Supporting In-
formation) for the ejection of particles from a 27-gauge needle.
The ejected particles were intact when visually compared to the
particles before injection (Figure S3, Supporting Information).

The encapsulation efficiency was defined as the mass of an-
tibody encapsulated over the total mass of the mAb crystal in
the pre-gel suspension. To evaluate the encapsulation efficiency,
the concentration of the mAb in the CaCl2 bath, resuspension
PEG buffer, and the produced particles were measured. The en-
capsulation efficiency varied between 89% and 97% w/w (Fig-
ure 4c) which is much higher than typical encapsulation effi-
ciencies reported for biomacromolecules in microspheres.[32,38]

In comparison, prior studies reported encapsulation efficiency of
60% for solid-in-oil-in-water method,[38] up to 75% for spray dry-
ing method,[39] and 75% for double emulsion and solvent evapo-
ration technique.[32]

Figure 5a–c shows the microscopy images of the anti-PD-1
crystalline mAb-laden particles. Figure 5a,b shows particles at
concentration of 100 mg mL−1 (low, yet clinically relevant concen-
tration). Particles in Figure 5b,c are at 350 mg mL−1 particle mAb
loading (the higher limit of concentration for our proposed pro-
cess). Particles appear opaque in bright-field microscopy and ap-
pear bright under cross-polarized microscopy due to the presence
of the mAb crystals. Figure 5c demonstrates the colocalization of
opaque particles in brightfield, two-photon excited UV fluores-
cence from the mAb, and second-order nonlinear optical imaging

of chiral crystals (SONICC) indicating the expected chiral protein
crystal structure of the encapsulated antibody.

2.3. Tuning the Disintegration of ALG Particles by Using Partially
Oxidized ALG

Having degradable microgels is essential to eliminate the need
for surgical removal after drug delivery is accomplished.[40] ALG
is a biopolymer with excellent gel forming properties, however
ALG polymer chains does not enzymatically degrade which can
cause bioaccumulation. Additionally, it is important to consider
that body fluids also contain calcium ions which can slow down
the dissolution of ALG hydrogel. Using partial oxidation of the
uronic groups in NaALG to improve degradation has been pro-
posed for improving the biodegradation.[34] We concentrated on
using very low MW ALGs (≤75 KDa) with the rationale that the
lower MW ALGs can get cleared from the injection site and body
faster. We evaluated the effect of partial oxidation on the disinte-
gration of hydrogel particles formed in this work. Effect of ALG
type and extent of partial oxidization on the ALG particle degra-
dation in simulated body fluid (SBF) were measured. SBF was
prepared according to the standard and contained among other
salts 7.996 mg mL−1 NaCl an 0.278 mg mL−1 CaCl2 to simu-
late the effect of Na+ and Ca2+ concentration on the particles
disintegation.[41] To prepare partially oxidized ALG, NaALG was
reacted with sodium periodate and subsequently the modified
ALG was purified. In this reaction one molecule of periodate is
consumed by each uronic (monomeric) group in the ALG. Evalu-
ating effect of partial oxidation was carried out for 0% (not mod-
ified), 1.5% and 3% oxidation of the uronic units in the ALG. To
put the extent of oxidation in perspective, ALG of 75 KDa in MW
is consists of ≈350 uronic units. A partial oxidation of 1. 5% or
3% corresponds to ≈5 or ≈10 hydrolyzable units on each poly-
mer chain respectively. Here, we have prepared partially oxidized
ALG of both mannuronic rich (ALG M) and guluronic rich (ALG
G). The ability of the modified NaALGs to form particles using
the centrifugal extrusion method was confirmed. Our results in-
dicated that particles can be formed from both the ALG M and
ALG G of up to 3% uronic oxidized (refer to Figure S4, Support-
ing Information).
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Figure 5. Microscopy images of the crystalline monoclonal antibody (mAb) laden alginate hydrogel particles. a) Bright-field micrograph (left) and cross-
polarized microscopy (right) at 100 mg mL−1 particle loading. b) Bright-field micrograph (left) and cross-polarized microscopy (right) at 350 mg mL−1

particle loading. The cross-polarized microscopy images of the crystalline mAb-laden hydrogel particles indicated the crystals loaded within the hydrogel
particles. c) Bright-field microscopy (left), ultraviolet two-photon excited fluorescence (center), and second-order nonlinear optical imaging of chiral
crystals (SONICC, right) imaging of chiral crystals at 250 mg mL−1 particle loading. Scale bars are 400 μm.

Using a gravimetric assay, the disintegration of particles
in SBF was measured (Figure 6). Firstly, nonmodified ALGs
have slow degradation rates in SBF which was in line with the
previously reported ALG disintegration in buffers supplemented
with calcium.[29] At the end of 45 days period, 63% and 45% w/w
of the of the ALG M of ALG G particles were retained, indicating
slow rate of degradation. Furthermore, we observed that partial
oxidation affects the particle degradation more for the ALG
M particles. To better understand the disintegration rates, the
swelling ratio of the hydrogel particles in SBF was measured (re-
fer to Figure S5, Supporting Information). Interestingly swelling
ratio of the different hydrogel particles correlated with their
disintegration rates. For ALG G we observed an onset of erosion
(i.e., the point at which the degradation caused by hydrolysis
differentiate between the ALG and modified partially oxidized
ALG hydrogel particles). In accordance with the previous lit-
erature, we observed improved degradation rates for oxidized

ALG particles. Our results indicated that the ALG M hydrogel
particles with partial oxidation of 1.5% favorable degradation
properties. The better particle shape (Figure 3d) and the tunable
degradation properties of ALG M make it the more preferred
type of ALG for encapsulation of antibody crystals over the
Alg G.

2.4. Release of the mAb from ALG Particles

In our formulation anti-PD-1 antibody crystals are stabilized
within the hydrogel in the presence of PEG. After injection, it
is speculated that the PEG dilution from the injection site causes
the mAb crystals to dissolve in body fluids. Figure 7a shows cross-
polarized microscopy images of the crystalline mAb-laden ALG
particles immersed in SBF. At early stage particles are bright, in-
dicating that the mAb remains encapsulated in a crystalline form.

Adv. Healthcare Mater. 2023, 2202370 2202370 (7 of 15) © 2023 The Authors. Advanced Healthcare Materials published by Wiley-VCH GmbH
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Figure 6. Degradability of the alginate particles formed using low molecular weight alginates (MW ≤ 75 KDa) for a) guluronic rich (ALG G) and b)
mannuronic rich (ALG M) alginates with different degrees of partial oxidation in stimulated body fluid (SBF). Partially oxidized ALG G (G/M > 1.5)
disintegrates slower that the ALG M (G/M < 1). Mannuronic rich alginate particles with 1.5% and 3% uronic partial oxidation have significantly improved
degradability. Samples in triplicate. The t-test statistical analysis compared each of the partially oxidized ALG samples with the nonoxidized ALG samples.
Adjusted p values were indicated as: **p < 0.01, *p < 0.05, ns > 0.05.

Figure 7. Dissolution and release of the anti-PD-1 antibody from the alginate hydrogel particles in simulated body fluid (SBF) at 37 °C. a) Time lapse
of cross-polarized microscopy imaging of the hydrogel particles immersed in SBF which indicates that the antibody crystals are present (bright) at t =
10 s and are dissolved (dark) at t = 120 s. The sample was prepared at 200 mg mL−1 particle loading using ALG M. b) Release profiles of monoclonal
antibody (mAb) from guluronic rich (ALG G) and mannuronic rich (ALG M) hydrogel particles at 150 mg mL−1 particle loading. c) Release profiles of the
mAb from particles with varying particle loadings indicating that the mAb is completely released from the particles within minutes. Samples in triplicate.

Within a few seconds the PEG concentration decreases within the
hydrogel, and the crystals start to locally dissolve and are fully
dissolved within 120 s. The mAb molecules will later diffuse out
from the particle. Particles at different mAb loading of 100 to
310 mg mL−1 were studied and displayed similar release profiles.
Furthermore, we compare the release profile for the ALG M and
ALG G particles at 200 mg mL−1 particle mAb loading in Fig-
ure 7b. For both ALGs the mAb is completely released from the
hydrogel within minutes. Similar trends were found for all par-
ticle loadings investigated (Figure 7c). The release of mAb from
partially oxidized alginates also followed the same trend (refer to

Figure S6, Supporting Information). To assure that the encap-
sulated antibody was completely released, and no quantifiable
amount of the antibody was permanently trapped, the SBF was
replaced with phosphate buffered saline (PBS, no calcium). In the
absence of calcium, the particles were dissolved within days and
the concentration of antibody was in this solution was measured
to confirm that the antibody was not trapped. This relatively fast
complete release suggests that the formulation would not sub-
stantially affect the pharmacokinetics (PK) of the drug consider-
ing that the antibody absorption by the lymphatic system typically
takes 2 or more days.[42,43]

Adv. Healthcare Mater. 2023, 2202370 2202370 (8 of 15) © 2023 The Authors. Advanced Healthcare Materials published by Wiley-VCH GmbH
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Table 1. Activity and % monomer of the released anti-PD-1 antibody from different monoclonal antibody (mAb) crystalline mAb laden alginate particles.

# Sample ELISA Size exclusion chromatography

% Normalized activity Geometric standard deviation % Monomer

1 Control (mAb liquid stock) – – 98.0

2 Dissolved crystals 81 1 97.7

3 Alg M 95 1 97.3

4 Alg G 97 2 98.1

5 Alg M 1.5%Ox 89 2 97.9

6 Alg G 1.5%Ox 106 10 98.9

7 Alg M 3%Ox 102 4 97.5

8 Alg G 3%Ox 70 4 98.3

Activity indicates the ability of the mAb in binding with the antibody receptors. Experiments were carried out at particle mAb loading of 200 mg mL−1. Samples 3–8 are the
mAbs released from alginate hydrogel particles by dissolution and diffusion in phosphate buffered saline (PBS).

Table 2. Comparison between the technology developed here using ionic cross-linking of alginate with other chemistries in the monoclonal antibody
quality.

Crystalline mAb-laden hydrogel Case 1 Case 2 Case 3

Cross-linking Free radical reaction Click chemistry Ionic cross-linking

Hydrogel monomer PEGDA PEG vinyl sulfone -dithiol chemistry Alginate

Production method Microfluidic Batch emulsion Centrifugal extrusion

Initiator UV None(slow polymerization) Ca2+

Crystallinity Y Y Y

Decrease in activity? N – N

Aggregation 6% 6% <1%

Charge variants detected? N N N

Mass shift detected Y N N

2.5. Quality of the Released mAb Evaluated by Bioanalytical
Studies

Our work is aimed at developing an encapsulation process that
not only facilitates high particle loadings but also does not affect
the protein structure/function which is important in developing
formulation of biologics. We evaluated the compatibility of the
process, including crystallization, encapsulation, storage, and re-
lease, on the mAb quality. For this purpose, the crystalline mAb-
laden ALG particles were prepared at 200 mg mL−1 mAb loading,
suspended in the PEG 10% w/v solution, and stored at 4 °C for
5 months.

After the duration of the storage, the release experiments were
carried out. For this purpose, the storage buffer (10% w/v PEG so-
lution in 50 × 10−3 m HEPES) was removed. Later the mAb-laden
particles were dispersed in PBS at room temperature for the mAb
to release by dissolution and diffusion (the release profile of the
mAb in PBS is identical to release in SBF, refer to Figure S7,
Supporting Information). The quality of the released mAb was
assessed and summarized in Table 1. The size exclusion chro-
matography (SEC) data indicates that the entire process has not
resulted in any perceivable increase in the number of aggregates
and is an indicative of the compatibility of the proposes process
with the mAb. Refer to Figure S8 (Supporting Information) for
the overlay of SEC of the mAb released from different ALG par-
ticles. To assess the function of anti-PD-1 antibody subjected to

hydrogel processing, samples were dissolved in PBS and were an-
alyzed by an enzyme-linked immunosorbent assay (ELISA). The
ELISA results were within the confidence levels of maintaining
bioactivity for all the samples tested, demonstrating that the over-
all process (precipitation, encapsulation, dissolution, and subse-
quent handling) did not negatively affect the competitive binding
functionality of the anti-PD-1 antibody.

Furthermore, the released mAb was analyzed using ion-
exchange chromatography (IEX) and liquid chromatography
mass spectrometry (LC–MS). Our results indicated no charge
variants were generated by our process which is important
considering the attention in the biopharmaceutical industry to
potential influence on the biological activity caused by subtle
differences. Furthermore, no mass shifts indicating chemical
modification or complexations were detected by LC–MS (refer
to Figures S9 and S10, Supporting Information, for the chro-
matograms). The maintained quality of the mAb indicated the
success of the process by avoiding chemical reactions and no
use of an organic phase. To confirm this hypothesis, we formed
the crystalline mAb laden hydrogel particles using two other
chemistries and methods. In Table 2 the bioanalytical studies
of the anti-PD-1 antibody released from these two methods en-
capsulating crystalline mAb-laden hydrogel-based systems were
compared to the ionically cross-linked alginate hydrogel parti-
cles (refer to the Supporting Information for the experimental
details). For the free radical polymerization (Case 1), the released

Adv. Healthcare Mater. 2023, 2202370 2202370 (9 of 15) © 2023 The Authors. Advanced Healthcare Materials published by Wiley-VCH GmbH
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Figure 8. In vitro cell based studies using RAW 264.7 mouse macrophage cells in the presence of alginate hydrogel particles. a) Cell viability after exposure
to alginate hydrogel particles (blank). b) Cell viability after exposure to crystalline monoclonal antibody (mAb) laden hydrogel particles. Viability of cells
treated with each alginate type was compared with that of untreated cells for statistical analysis. c) Tumor necrosis factor 𝛼 (TNF𝛼) concentration in the
supernatant of alginate hydrogel particles. d) TNF𝛼 concentration in the supernatant of crystalline mAb-laden alginate hydrogel particles. e) Interleukin-6
(IL-6) concentration in the supernatant of alginate hydrogel particles. f) IL-6 concentration in the supernatant of crystalline mAb-laden alginate hydrogel
particles. Crystalline mAb-laden hydrogel particles were prepared at 100 mg mL−1 particle loading. Up to 2 v/v % of alginate particles per cell media was
tested. For (c) and (e) solution Solution of sodium alginate was also tested at 640 and 64 μg mL−1 to simulate an exaggerated effect of degradation and
dissolution of the hydrogel particles on the cells. For all (e) and (f) samples, the concentration was below the limit of detection of the ELISA. Samples
in duplicate. Data were compared using one-way ANOVA with Tukey’s multiple comparisons test. Adjusted p values were indicated as: **p < 0.01, *p <

0.05, ns > 0.05. Statistical information shown in red indicates comparison with untreated cells; only significant differences are depicted.

mAb showed 6% aggregation and mass shifts in the mAb indi-
cates unwanted chemical modification to the mAb structure. In
Case 2, using the more specific click chemistry type reaction the
antibody modification was successfully avoided but aggregation
number was still 6%. In contrast, our process (Case 3) was able
to maintain mAb quality with no increase in the aggregation. Ex-
tent of aggregation formation at room temperature and elevated
temperature of 37 °C for the crystalline mAb-laden particles
was also quantified and illustrated in Figure S11 (Supporting
Information).

2.6. In Vitro and In Vivo Studies

2.6.1. In Vitro Cytotoxicity and Immunogenicity

Biocompatibility of the particles was examined in vitro by cell via-
bility assay and also monitoring the secretion of proinflammatory
cytokines (Figure 8). Firstly, viability of the cells in contact with
particles (blank) and crystalline mAb-laden were examined. For
this purpose, particles were added to RAW 264.7 macrophage-
like cells (25 000 cells per well) and stored for 20 h. Complete cell

Adv. Healthcare Mater. 2023, 2202370 2202370 (10 of 15) © 2023 The Authors. Advanced Healthcare Materials published by Wiley-VCH GmbH
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Figure 9. In vivo studies. Pharmacokinetics (PK) of human anti-PD-1 an-
tibody pembrolizumab naïve male Wistar rats evaluated for the crystalline
formulation and monoclonal antibody (mAb) laden hydrogel formula-
tions. The sample size for the crystalline formulation and the hydrogel
formulation was n = 2 and 5, respectively.

viability was observed for all the samples. Also, the assay super-
natants were collected and evaluated for the interleukin-6 (IL-6)
and tumor necrosis factor 𝛼 (TNF𝛼). For all the samples the IL-
6 was below level of detection and TNF𝛼 concentration was mi-
nor. Figure 8c indicates that while ALG is not immunogenetic,
the ALG M and ALG G particles caused a small statistically sig-
nificant increase in the TNF𝛼 secretion. Interestingly this was
not true for the oxidized ALG particles and were confirmed by
repeated experiments (refer to Figure S12, Supporting Informa-
tion). This is in line with previously reported observation of anti-
inflammatory activity of guluronate oligosaccharides obtained by
oxidative degradation from ALG in of RAW 264.7 cells.[44] En-
dotoxin levels were analyzed using HEK-Blue mTLR4 cells and
Quanti-Blue reagents and acceptable endotoxin levels were con-
firmed in the materials and the final product and endotoxin levels
were ≈0.01–0.05 EU mL−1 (see Table S1, Supporting Informa-
tion).

2.6.2. In Vivo Studies

Low stability, short half-life, and low bioavailability of orally
administered mAbs limit their administration to mostly intra-
venous (IV) therapy,[45] and there is a need for other methods
such as SC.[5] We evaluated the PK of human crystalline anti-
PD-1 hydrogel formulation in naïve male Wistar rats. For this
purpose, samples of human anti-PD-1 antibody laden alginate
particles were prepared. PK of anti-PD-1 crystals (crystalline for-
mulation) and crystalline mAb-laden alginate particles (hydrogel
formulation) were subcutaneously administrated. For both for-
mulations. The rats were injected with 100 μL of sample (Figure 9
and Table 3). Analysis of the PK dosing groups indicated relative
bioavailability of mAb-laden hydrogel is similar to anti-PD-1 crys-
talline suspension. Based on the concentration-time profiles, no
indication of fast irregular clearance was detected in these two
dosing groups (Figure 9).

3. Conclusions

The aim of this study was to explore using hydrogel particles and
crystalline mAbs to enable SC or local administration of biolog-

Table 3. Pharmacokinetics (PK) parameters of pembrolizumab (human
anti-PD-1) administrated subcutaneously in Wistar Han rats using crys-
talline formulation and monoclonal antibody (mAb) laden alginate hydro-
gel particle formulation.

Formulation Crystalline formulation mAb-laden ALG
particles formulation

Cmax/Dose 0.005 0.005

Tmax [h] 48 48

AUC/Dose 1.4 1.4

Vz-F [mL kg−1] 94 123

CL [mL h−1 kg−1] 0.7 0.7

Mean residence time [h] 171 174

AUCinf [h*μg mL−1] 62 222 57 495

Vz/F: apparent volume of distribution. AUC: area under the curve. CL: apparent total
body clearance.

ics at high concentrations. Here, we established an encapsula-
tion process based on centrifugal extrusion of crystalline mAbs
and sodium alginate to form hydrogel particles with high en-
capsulation efficiency and antibody loadings. Our process has
the benefits of encapsulating antibodies in a highly stable crys-
talline state while avoiding chemical reactions in the presence of
the antibody and does not require or use an organic dispersing
phase for formation of the droplets. Hydrogel particles of up to
350 mg mL−1 loading were prepared. These hydrogel particles’
soft nature allowed high particle packings that enabled injectable
formulations of up to 315 mg mL−1 anti-PD-1 antibody. We stud-
ied the physical and physiochemical parameters to control this
process. While centrifugal acceleration dictates particle size, par-
ticle shapes were mostly dictated by the bath conditions. Our
results indicated that mannuronic rich alginate can form more
spherical particles compared to guluronic rich alginates. Com-
prehensive bioanalytical studies including competitive binding
ELISA, SEC, IEX, and LC–MS provided evidence on the main-
tained quality of the released antibody. The process of encapsu-
lation and release did not induce a quantifiable amount of aggre-
gation, mass shift or charge variants. The proposed technology
was compared to two other technologies to confirm the superior
maintained quality of the released anti-PD-1 antibody. Also, we
confirmed that particles can be formed with partially oxidized al-
ginate with enhanced degradability properties and the modified
oxidized alginate does not negatively affect the protein activity
or cause aggregation. Furthermore, using low MW mannuronic
rich, with 1.5% uronic group partial oxidation, excellent biodegra-
dation of the particles in simulated body fluids was achieved.
Evaluating the crystalline mAb laden particles to achieve long-
term sustained release through hydrogel modifications to ben-
efit from the stability of immobilized proteins can be next step
for this research. Furthermore our in vitro and in vivo studies
provide more insight for SC particle-based administration of im-
munotherapy agents. The crystalline anti-PD-1 antibody-laden
alginate particles were administrated subcutaneously in Wistar
Han rats, and the PK of the drug was evaluated. Crystalline mAb
and mAb-laden alginate hydrogel demonstrated similar PK pa-
rameters suggesting that absorption is not differentiated by the
hydrogel dosing group upon SC administration. The results of
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Table 4. Molecular weight (MW), apparent viscosity, and guluronic to man-
nuronic ratio (G/M) of sodium alginates used in this work (provided by the
vendor).

Type MW weight [kDa] Apparent viscosity [mPa s−1] G/M

VLVG <75 < 20 ≥ 1.5

VLVM <75 <20 ≤1

MVG >200 >200 ≥1.5

MVM >200 >200 ≤1

this study can shape the future trend of therapeutic antibody de-
livery by allowing the development of stable concentrated formu-
lations.

4. Experimental Section
Materials: All chemicals used were of analytical grade and were

used without any further purification. Low endotoxin level, ultrapure
NaALGs were purchased from DuPont NovaMatrix. Four different types
of sodium alginates were used, and their properties (provided by the ven-
dor) are summarized in Table 4. CaCl2, caffeine, and 4-(2-hydroxyethyl)-
1-piperazineethanesulfonic acid (HEPES) were purchased from Sigma.
Poly(ethylene glycol) (PEG, 3350 Da) was from Hampton Research. Pu-
rified, humanized mAb was provided by Merck.

For cell culture and in vitro assays, RAW264.7 (TIB-71) cells were
obtained from ATCC. HEK-Blue mTLR4 reporter cells (hbk-mtlr4) and
required selection (1X HEK-Blue Selection) antibiotics were obtained
from InvivoGen. Cell growth media was prepared using DMEM (Corn-
ing 10-013-CV), fetal bovine serum (FBS; Gibco 10437-028), and Peni-
cillin/Streptomycin (Sigma P4333; 100 U mL−1, 100 μg mL−1), and was
sterile-filtered before use. For HEK-Blue mTLR4 cells, the cell growth me-
dia was appropriately supplemented with required selection antibiotics.
For HEK-Blue mTLR4 assays, the assay media was prepared using heat-
inactivated FBS (by heating at 56 °C for 30 min) to prevent high back-
ground signal. Quanti-Blue reagent and lipopolysaccharide (LPS-EB from
E. coli O111-B4) were obtained from InvivoGen. Presto Blue reagent for
quantifying cell viability was obtained from Life Technologies. Mouse
TNF𝛼 DuoSet (DY410) and Mouse IL-6 DuoSet (DY406) ELISA kits were
obtained from R&D Systems. 1-Step Ultra TMB-ELISA substrate solution
was obtained from ThermoFisher Scientific. 4N sulfuric acid was obtained
from Sigma–Aldrich.

Crystalline mAb and mAb-Laden Hydrogel Particles Preparation and Char-
acterizations: For crystallization of anti-PD-1 antibody, a “PEG buffer” for
crystallization buffer was prepared as a 10% w/v PEG solution in 50 ×
10−3 m HEPES, pH 7.0. Caffeine solution (co-solute for crystallization) was
prepared as a 2.5% w/v caffeine in 20 × 10−3 m L-His, pH 5.4 buffer. The
mAb was kept frozen at 45 mg mL−1 in 20 mm L-His, pH 5.4 buffer and
thawed right before the crystallization process. Solutions were prepared
with distilled water and were filtered with a 0.22-micron filter. Anti-PD-
1 antibody crystals were grown in batches at total volume of 2 mL, with
each batch yielding ≈12 mg of the antibody in the crystalline form. For
each batch, the antibody, PEG buffer, and caffeine solution were combined
at a volume ratio of 3:6:1 respectively. Crystallization mixture was kept at
room temperature for 4–16 h while rotating at 12 rpm on a tube revolver
(Thermo Scientific, model 88 881 001). Antibody crystals were recovered
from the batches by centrifugation at 1700 RCF for 2 h, transferred into
fresh PEG buffer, resuspended. Crystals were used immediately or stored
at 4 °C.

For preparation of the mAb ALG pre-gel suspension, at first NaALG
powder was dissolved in the 10% w/w PEG crystallization buffer overnight
and later filtered using 0.2-micron filter. ALG was dissolved in the PEG
buffer to help maintain the antibody in crystalline form. The NaALG solu-
tion was added to the mAb crystal and mixed to generate a homogenous

suspension. Later the suspension was concentrated by centrifugation.
Small quantities of the suspension were removed and the mAb concen-
tration was measured. Antibody concentration was measured using Nan-
odrop UV–Vis Spectrophotometer using the 280 nm absorbance method
after 20-fold dilution in PBS. Centrifugation was continued until the sus-
pension reached the desired mAb concentration. This final suspension
was used as the pre-gel to form the particles.

For preparation of antibody-laden particles, the pre-gel suspension was
filled inside a plastic syringe (with the plunger removed) connected to a
26G (ID = 260 μm, OD = 464 μm), 30G (ID = 159 μm, OD = 312 μm),
32G (ID = 108 μm, OD = 235 μm), or 34G (ID = 52 μm, OD = 159 μm)
(1/4" in length) blunt-tip dispenser attached to it. A cross-linking solution
consisting of 5 – 50 × 10−3 m CaCl2, 10% w/v PEG 3350 (for stabilization
of anti-PD-1 antibody crystals), 50 × 10−3 m HEPES pH 7.0 and 0–0.06%
v/v Tween 20 nonionic surfactant (for reducing the impact force) was pre-
pared. The cross-linking solution was filled inside a 15 mL centrifuge tube
to form the CaCl2 bath. The distance from the tip of the dispenser and
the CaCl2 bath was 2–10 mm. The device was centrifuged for 10–30 min
at 200–2000 RCF. Upon completion the bath solution was replaced with
10% w/v PEG3350, 50 × 10−3 m HEPES and particles were resuspended.

For particle antibody loading and encapsulation efficiency measure-
ment, mAb + ALG pre-gel suspensions were prepared, and the anti-
body concentration was measured using the protein 280 nm absorbance
method. Later particles were formed using the same suspensions. Hydro-
gel particles were redispersed, and the excess aqueous solution was wiped
using a tissue paper and the mass of the mAb-laden hydrogel was mea-
sured. The total amount of the encapsulated mAb was measured based on
the amount of released antibody in PBS to calculate the particle loading.
To evaluate the encapsulation efficiency the concentration of antibody in
the CaCl2 bath and the PEG buffer for resuspension were measured and
compared to the total amount of mAb.

Microscopy was used for particle size distribution, using a Zeiss Ax-
iovert microscope. A minimum of 30 particles were measured (ImageJ)
for each sample for each reported mean diameter. SONICC (Formulatrix)
was utilized to collect micrographs of microsphere samples in the follow-
ing modes: bright-field, ultraviolet two-photon excited fluorescence (UV-
TPEF), and second harmonic generation (SHG).

For preparation of partially oxidized NaALG, 2 g of NaALG was dis-
solved in DI water at 2% w/v. Sodium periodate was dissolved in DI water
at 3 mg mL−1 (for 1.5 molar % uronic oxidation) and 6 mg mL−1 (for 3 mo-
lar % uronic oxidation). The sodium periodate solution (50 mL) was added
to the NaALG solution to carry out the oxidation reaction. The reaction was
continued for 24 h in dark conditions while mixing. Reactions byproducts
and unreacted species were carefully removed. For this purpose, the mix-
ture was purified by dialysis using a 3.5 KDa snakeskin dialysis tubes for
48 h. Furthermore, the product was concentrated using a 5 kDa centrifuge
concentrator to ≈3% w/v NaALG and was later freeze dried. The final dried
products were stored at 4 °C.

Stimulated body fluid (SBF) was prepared to mimic the amount of
monovalent and divalent ions in the SC environment, based on the
literature[41] at sodium chloride 7.996 mg mL−1, sodium bicarbonate
0.350 mg mL−1, potassium chloride 0.224 mg mL−1, potassium phos-
phate dibasic trihydrate 0.228 mg mL−1, magnesium chloride hexahydrate
0.305 mg mL, 40 mL of 1 m hydrochloric acid, CaCl2 0.278 mg mL−1,
sodium sulfate 0.071 mg mL−1, and tris(hydroxymethyl) aminomethane
6.057 mg mL−1.

Biodegradation of ALG particles was evaluated at 37 °C in the simu-
lated body fluid over the course of 45 days using a gravimetric assay (no
agitation or stirring). Particles were formed using 10 mg mL−1 sodium
alginate, using a 30-gauge dispenser at 400 RCF in a 20 × 10−3 m CaCl2
bath. For this purpose, the biodegradation (dissolution and hydrolysis) of
particles formed using six different ALG types were compared. Batches of
particles were divided to equal aliquots (each ≈15 mg particles solid basis)
and were immersed in 5 mL SBF. The SBF in the test tubes was replaced
with fresh SBF daily or every 2 days to keep the sink conditions. At different
time intervals three replicate tubes from each sample type were removed
from storage temperature and swashed with DI water (to remove excess
ions and dissolved polymers). The residual particles were dried at 75 °C
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and weighed using a microbalance with 0.01 mg precision. This mass was
compared to the original ≈15 mg solid to calculate the retained mass %.
To increase the accuracy, the cumulative mass of tube and the sample was
measured, and the tube weight was later subtracted to obtain the particles
mass. The intervals between each sampling were varied between 1 and 4
days.

To measure the ALG hydrogel’s swelling ratio, particles formed using
different NaALGs were immersed in SBF and were stored at 37 °C for
24 h (samples in triplicate). Later the excess buffer was removed from
the hydrogel particles using a paper tissue and hydrogel particles were
weighed. Samples were dried at 75 °C in vacuum and the dried samples
were weighed again. Swelling ration was calculated as:

Swelling ratio =
mass (hydrated hydrogel) − mass (dry hydorgel)

mass (dry hydorgel)
(2)

To evaluate the release of mAb from the hydrogel, ≈50 μL of the mAb-
laden hydrogel was dispersed in the PEG buffer and moved to a 2 mL tube.
Later at time zero the excess buffer was replaced by the prewarmed (37 °C)
SBF, and small volumes of the sample (10 μL) were removed at different
time intervals to measure the mAb concentration in the SBF. Concentra-
tion of the mAb was evaluated by the 280 nm absorbance methods using
a Thermo Scientific Nanodrop-2000 UV–Vis Spectrophotometer (samples
in triplicates).

Bioanalytical studies were carried out to evaluate the quality of the re-
leased anti-PD-1 antibody. SEC was used to determine the amount of the
antibody monomer and aggregates. Multiangle light scattering (MALS)
was utilized to determine the MWs. This method utilizes the Waters Ac-
quity UPLC H-Class Bio system (attached to a Wyatt UP LS laser and
UP tRex detector) with a Waters Acquity BEH200 SEC column to sepa-
rate molecules based on their hydrodynamic radius. Resolved peaks were
detected by the absorbance at 280 nm, light scattering intensity, and the
differential refractive index (dRI). SEC experiments were carried out under
isocratic conditions at a flow rate of 0.5 mL min−1 in a buffer composed
of 50 × 10−3 m phosphate, 450 × 10−3 m arginine at pH 7.0. IEX provides
an ion exchange HPLC method to determine charge variants present in
pembrolizumab samples. Analysis was performed using a Dionex ProPac
WCX-10, 10 μm 4 × 250 mm column and a mobile phase gradient from
24 × 10−3 m MES pH 6.1, 4% acetonitrile to 20 × 10−3 m NaPO4, 95 ×
10−3 m NaCl pH 8, 4% acetonitrile. UV detection is performed at 280 nm
The antibody samples were analyzed for mass determination by ESI time-
of-flight (TOF) MS. Samples were separated without deglycosylation on an
Acquity H-class UPLC (Waters Corporation, MA) with a Supelco BioShell
IgG 1000Ǻ C4 column (10 cm × 2.1 mm, 2.7 μm). Mobile phase A was
0.05% trifluoroacetic acid (TFA) in water; mobile phase B was 0.05% TFA
in acetonitrile. The column was maintained at 80 °C and eluted with a gra-
dient of 25%–30% B between 0–2 min, followed by 30%–45% B between
2–9 min, and stripped by 99% B. The flow rate was 0.3 mL min−1. ESI TOF
mass signals were recorded online by Waters Xevo G2-XS Q-TOF mass
spectrometer (Waters Corporation) operating in the positive ion mode.
The mass spectrometer was externally calibrated with sodium iodide tun-
ing mix (Waters Corporation) in the mass range of 500–4000 m/z. MS con-
ditions were as follows: capillary voltage—3.2 kV, cone voltage—200 V, and
desolvation temperature—500 °C. Mass data were acquired in the mass
range of 600–4000 m/z. The mass spectra were integrated and deconvo-
luted using MassLynx analysis software (Waters Corporation).

ELISA bioassays were carried out to identify the anti-PD-1 antibody
bioactivity using competitive binding assays. To evaluates the ability of the
antibody to other ligand to bind with correct receptors, the reference mate-
rial and test samples were serially diluted and mixed with an equal volume
of the ligands before transfer to ELISA plates. The levels of bound ligand to
the ELISA plate were detected by conjugation with streptavidin and chemi-
luminescence substrate. Luminescence is measured using a microplate
reader and resulting inhibition response curves were analyzed with curve
fitting software (e.g., SoftMax Pro). Biological activity is expressed as %
relative activity of the reference sample.

In Vitro Assays: RAW 264.7 cells viability during treatment with ALG
particles were evaluated. Cells were maintained in cell growth media

(DMEM + 10% v/v FBS + 100 U mL−1 Penicillin + 0.1 mg mL−1 Strep-
tomycin) at 37 °C and 5% v/v CO2. Cells were handled using standard
aseptic techniques in a biosafety cabinet. NaALG solution, ALG particles
and mAb-laden Alg particles were prepared in either 1× PBS or diluent
buffer at 10× the final required concentration for cell assay. To set up the
assay, RAW 264.7 cell suspension was prepared in cell growth media. In a
96-well tissue culture-treated plate, 20 μL of samples were first dispensed
followed by addition of 180 μL (25 000 cells) of cell the suspension. The
treated cells were incubated at 37 °C for 20 h. At the end of the assay, the
assay plate was centrifuged at 250 RCF for 2 min, and 110 μL of cell super-
natant was aspirated and stored in a 96-well nontreated plate (Greiner Bio-
One 237 105) at -20 °C until use. To quantify cell viability, 10 μL of Presto
Blue was added to the assay plate and incubated at 37 °C for 30–60 min.
Cell viability was measured using a plate reader (Tecan Infinite M200) at
an excitation wavelength of 550 nm and emission wavelength of 600 nm.
Cell viability is reported relative to untreated cells taken as 100% viable at
the end of the assay.

To quantify TNF𝛼 and IL-6 release from RAW 264.7 cells, the cell su-
pernatant was assayed using ELISA kits following the kit protocol. Costar
3690 half-area high bind plates were used for ELISA. Reagent volumes were
reduced to one-quarter (25 μL per well) of the suggested volumes in the
protocol. The cytokine standards were prepared in the cell growth media.
Similarly, the samples were appropriately diluted using the cell growth me-
dia. Cytokine concentration was measured off the standard curve prepared
on the same ELISA plate.

To quantify endotoxin levels in the samples HEK-Blue mTLR4 cells were
maintained in cell growth media (DMEM + 10 v/v % FBS + 100 U mL−1

Penicillin + 0.1 mg mL−1 Streptomycin) supplemented with 100 μg mL−1

Normocin and 1× HEK-Blue Selection antibiotics and at 37 °C and 5%
v/v CO2. HEK-Blue mTLR4 cell suspension was prepared in the assay me-
dia (DMEM + 10% heat-inactivated FBS + 100 U mL−1 Penicillin + 1 mg
mL−1 Streptomycin + 1 mg mL−1 Normocin). To quantify endotoxin lev-
els in the samples, LPS standards were prepared in 1x PBS. In a 96-well
tissue culture-treated plate, 20 μL of samples and LPS standards was first
dispensed followed by addition of 180 μL (25 000 cells) of cell suspension.
The treated cells were incubated at 37 °C for 20 h. At the end of the assay,
the assay plate was centrifuged at 250 RCF for 2 min, and 110 μL of cell
supernatant was aspirated. 20 μL of the aspirated supernatant was added
to a 96-well plate and 180 μL of Quanti-Blue reagent was added to each
well. The plate was incubated at 37 °C for 30 min or until the LPS stan-
dards developed dark blue color. The plate was read using a plate reader
(Tecan Infinite M200) at 620 nm.

In Vivo Studies: The study described here was designed to evaluate
the kinetics of SC administered hydrogel formulation of anti-PD-1 com-
pared to SC administration of anti-PD-1 crystalline formulation in naïve
male Wistar Rats.

Procedures involving the care and use of animals in the study were re-
viewed and approved by the Institutional Animal Care and Use Committee
at Merck Research Laboratories, Palo Alto, CA. During the study, the care
and use of animals were conducted in accordance with the principles out-
lined in the guidance of the Association for Assessment and Accreditation
of Laboratory Animal Care (AAALAC), the Animal Welfare Act, the Ameri-
can Veterinary Medical Association (AVMA) Euthanasia Panel on Euthana-
sia, and the Institute for Laboratory Animal Research (ILAR) Guide to the
Care and Use of Laboratory Animals.

Sample Preparation: The mAb-laden hydrogel particles were prepared
inside the biosafety safety cabinet under sterile conditions. Pre-gel suspen-
sion of mAb + ALG was centrifuged to 200–240 mg mL−1. The hydrogel
particles were produced at 1200 RCF centrifugal speed using a 30G dis-
penser. The bath solution contained 40 × 10−3 m CaCl2, 0.01w/v tween 20
and 10% w/v PEG 3350. Samples were tested for endotoxin levels (≈0.01–
0.05 EU mL−1). Hydrogel particles were formulated at 6% w/v PEG 3350
and contained ≈1.5 mole caffeine/mole anti-PD-1, 50 × 10−3 m HEPES (at
pH 7.0), NaALG: ≈1% w/v, CaCl2 <5 × 10−3 m, Tween 20: ≪ 0.01% w/v.
The particles were filled inside the syringe and were packed using grav-
ity. Material loaded in each syringe was injected into a test tube and the
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Table 5. Group designation, dose level, and dosing schedule for the pharmacokinetics (PK) study.

Group Total number of
animals/sex/group

Test article Actual dose
concentration [mg mL−1]

Formulation ROA

1 2/M Anti-PD-1 157 Crystalline: 6% PEG 3350, ≈1.5 mole caffeine/mole
anti-PD-1, 50 × 10−3 m HEPES pH 7.0

SC

2 5/M Anti-PD-1 93.4 Alginate hydrogel: 6% PEG 3350, ≈1.5 mole
caffeine/mole anti-PD-1, 50 × 10−3 m HEPES, pH 7.0

SC

amount of the mAb was measured using spectrophotometry after mAb
dissolution in SBF. After filling the syringes were stored at 4 °C.

Group Designation, Dose Level, and Dosing Schedule: Following an
acclimation period, the animals were assigned to the study based on ac-
ceptable health as determined by a staff veterinarian. Overnight fasting
was not required. Each animal received a single 100 μL SC dose in the
shoulder blades, at target dose levels indicated in Table 5.

Collection, Processing, and Analysis of Blood Samples: For study,
whole blood samples (0.25 mL each) were collected from the tail vein.
Blood samples were collected from all animals at 0.5, 1, 6, 24, 48, 72, 96,
168, 216, 336, 408, and 504 h after dosing. Blood samples were placed into
500 μL capillary blood collection tubes and placed on wet ice immediately
after collection. Serum was collected by centrifuging the whole blood at
6000 rpm for 6 min. The resulting serum was transferred into tubes, and
immediately placed on dry ice. Dosing retainer aliquots were put into re-
spective assay plates as well. Serum samples were stored at -70 °C until
analysis.

For analysis of the dosing solutions, aliquots of each formulation were
centrifuged in microfuge for 3 min at 3500 RPM. The supernatants were
removed the resulting pellets were resuspended in 900 μL ml PBS solu-
tion and rotated on a Labnet rotator or mixing table for 2 h at room tem-
perature. The resulting solutions were centrifuged in microfuge for 3 min
at 3500 RPM to remove alginate particles. The supernatants were mea-
sured for protein determination using the Nanodrop 260/280 ratio proto-
col. Samples were later studied for IEX, SEC, and ELISA analyses.

For anti-PD-1 analysis, serum samples and dosing solutions were ana-
lyzed at Merck Research Laboratories, CA. For determination of test article
concentration, a mesoscale discovery (MSD) immunosorbent assay plat-
form was used. The minimum reportable concentration or lower limit of
quantitation (LLOQ) was 0.00002 mg mL−1 of test article in rat serum.

Statistical Analysis: The data of the experiments were presented as
mean ± standard deviation (SD). All experimental samples were in tripli-
cate unless otherwise notes. Data were compared using one-way ANOVA
with Tukey’s multiple comparisons test. Adjusted p values were indicated
as: **p < 0.01, *p < 0.05, ns > 0.05. Statistical analysis was carried out
using GraphPad Prism.
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