E AIMS Biophysics, 12(1): 69—100.
ATMS Biophysics DOI: 10.3934/biophy.2025006
%E Received: 23 December 2024
o Revised: 22 February 2025
Accepted: 06 March 2025
Published: 13 March 2025

http://www.aimspress.com/journal/biophysics

Review

Subcutaneous sustained-release drug delivery system for antibodies and

proteins

Takayuki Yoshida* and Hiroyuki Kojima

Pharmaceutical Research and Technology Labs., Astellas Pharma Inc., 180, Ozumi, Yaizu, Shizuoka,
425-0072 Japan

* Correspondence: Email: takayuki.yoshida@astellas.com; Tel: +818013150631.

Abstract: Subcutaneous (SC) sustained release is an important drug delivery system (DDS) for
antibody/protein drugs because it reduces dosing frequency. This review discusses formulations and
biophysical parameters that affect the pharmacokinetics (PK) of DDSs. For example, SC injectable
microspheres and polymeric hydrogels, as well as intradermal microneedles, suppress denaturation in
loading and burst release of drugs [growth hormone, interferon-a2b, bevacizumab, and single-chain
antibody fragment (scFv)]. These DDSs significantly prolong half-life (ti2) in plasma with low
maximum concentration (Cmax) and low relative bioavailability after SC dosing to animals and/or
humans. Formulation parameters, such as (1) drug loading amount, (2) drug diffusion in DDS, (3)
interactions of drugs with polymers, and (4) microneedle design, likely contribute to their PK profiles.
This review also discusses the effects of many biophysical parameters on PK, including (5) in vivo
behavior of polymers (swelling, aggregation, dissolution, and accumulation), (6) drug interactions with
extracellular matrix and hypodermis diffusion, (7) drug unfolding, (8) hypodermic concentration of
drugs, inherent proteins, and cells, (9) drug absorption through lymphatic or blood vessels, (10)
degradation of drugs/polymers by proteases/phagocytic cells, (11) FcRn-mediated recycling, (12)
FcyR-mediated endocytosis, and (13) target-mediated drug clearance. For safe dosing, (14) skin’s
thickness/viscoelastic properties and variations and (15) skin’s recovery are also important factors.
Consideration of these effects will increase the developmental speed and success of many SC
sustained-release DDSs of antibody/protein drugs.
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1. Introduction

Antibodies and proteins are crucial modalities of pharmaceutically active ingredients in drug
development. Compared with small molecule drugs, antibody and protein drugs have a larger
molecular size and substantial surface area. This allows selective binding to target molecules and, in
turn, provides high specificity in reducing off-target adverse effects [1,2]. Antibodies can target
protein—protein interactions, whereas small molecules cannot. When the molecular mechanisms of a
disease and the target molecules involved in its pathogenesis are identified, protein drugs can directly
replace deficient or abnormal target proteins, and antibody drugs can interfere with the target molecules
or their interactions [3]. Comparing pharmaceutical clinical trials conducted between 2001 and 2009
and 2015 and 2023, the percentage of small molecule drugs declined from 66% to 47%, while
antibodies increased (from 11% to 20%) and proteins/peptides maintained their share (from 9.4%
to 9.2%) [1]. Antibodies and proteins/peptides reportedly showed higher success rates in drug clinical
development (11% and 5.3%, respectively) compared with small molecule drugs (4.1%) in 2015-2023 [4].

The large molecular size of antibodies and proteins limits penetration across cellular membranes.
The low pH in the stomach, enzymes (proteases and peptidases) in the gastrointestinal tract, and first-
pass metabolism by cytochrome P450 in the liver and enterocytes cause the denaturation of protein
drugs [5]. This very low oral bioavailability restricts administration routes to injections, such as
intravenous (I'V), subcutaneous (SC), and intramuscular (IM). However, IV/SC/IM dosing is subject
to a number of potential risks, including needle phobia, pain, low patient adherence, phlebitis, and
tissue necrosis and infection [6,7]. To reduce these risks, sustained-release drug delivery systems (DDSs)
can allow a decrease in the frequency of injections. In particular, IV infusion carries a high economic
burden in medical care and medication costs. These include longer administration times, high costs to
patients due to health personnel and clinical occupancy costs, lost workdays, and patient and caregiver
travel expenses [8]. Among the IV/SC/IM route, SC dosing is beneficial for patient comfort and
compliance and provides time and money savings [9]. SC dosing does not require premedication and
requires only a few minutes compared to the several hours required for IV infusion [9]. SC formulations
therefore reduce healthcare professional workload and, in turn, decrease hospital costs [10,11]. Further,
patients prefer SC to I'V. Also, SC dosing might be safer and have greater tolerance than the IV route
in many cases and seems to provide a better health-related quality of life [10,11]. IM dosing carries
the risk of nerve damage and improper drug deposition; it can induce pain, swelling, or irritation at the
injection site and tissue damage and has limited injection volumes [9]. These comparisons have made
SC dosing an attractive alternative to the IV, IM, and oral routes [9]. Recently, SC formulations have
gained attention as secondary formulations after IV products. For instance, atezolizumab, an
immunoglobulin (IgG) 1 kappa monoclonal antibody (mAb), which binds to programmed death
ligand 1 (PD-L1), was first marketed as an IV product and subsequently as a new SC formulation [12].
Even SC formulations for trastuzumab, rituximab, and daratumumab were secondarily developed after
IV products [13,14]. Sustained-release SC formulations are considered useful technologies that
increase the value of marketed drugs as new formulations in product lifecycle management. Moreover,
given that some antibody fragments and proteins have a short half-life (ti2) in blood [15,16], SC
sustained-release DDSs are critical to enabling sufficient efficacy and increasing the probability of
successful new drug development.
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Table 1. Formulation and biophysical parameters that can affect a drug’s pharmacokinetics
and adverse events.

No. Parameter

Drug loading amount

Drug diffusion in DDS

Drug interactions with polymers

Design of microneedle

In vivo behavior of polymers (swelling, aggregation, dissolution,
accumulation)

6 Drug interactions with extracellular matrix and hypodermis diffusion
7 Drug unfolding
8

9

Formulation
parameters

AW N =

Hypodermis concentration of drug/inherent proteins/cells
Absorption through lymphatics or blood vessels
parameters 10 Degradation of drugs/polymers by proteases/phagocytic cells
11 FcRn-mediated recycling
12 FcyR-mediated endocytosis
13 Target-mediated drug clearance
14 Skin thickness/viscoelastic property and individual/site differences
15 Skin recovery

Biophysical

DDS: drug delivery system; FcRn: neonatal fragment; FcyR: Fc gamma receptor

Sustained-release DDS products of small molecule and peptide drugs have been widely
established for clinical use. Examples include rods, microspheres, and in situ gel formulations of
poly(lactic-co-glycolic acid) (PLGA), as well as Risperdal Consta®, Zoladex®, Lupron Depot®, and
Eligard® [17-20]. IV dosing of sustained-release DDS is hampered by the disadvantages of the initial
burst drug release by dilution with a large volume of blood and faster systematic elimination through
the reticuloendothelial system (liver, spleen, etc.) [21]. IM administration also carries the risks
mentioned above. For these reasons, many DDS products that aim for the sustained release of small
molecules are administered through the SC route. In contrast to many DDS products of small
molecule/peptide drugs, the number of sustained-release DDS for antibody/protein drugs used in
clinical practice is limited; examples include Nutropin Depot® [biweekly SC PLGA microsphere of
human growth hormone (hGH)] [22] and the INFUSE® bone graft [collagen sponge of recombinant
human bone morphogenetic protein-2 (thBMP-2) in spinal-fusion procedures] [23]. The most
challenging points for sustained-release DDS of antibody/protein drugs are drug release control and
the maintenance of bioactivity. Among these, the hydrophilicity and high water solubility of
antibodies/proteins frequently cause burst drug release. When hydrophobic polymers are used to
suppress drug release, their dissolution requires organic solvents, but these in turn affect the
conformation and bioactivity of the antibodies/proteins [24]. Most small molecules can rapidly diffuse
into the blood without degradation after SC dosing. In contrast, the movement and fate of the DDS and
antibody/protein drugs are affected by many formulations and biophysical parameters at the dosing
site (Table 1). This review summarizes two kinds of SC dosing of DDS: subcutaneous injection and
intradermal microneedle (MN). Several embodiments of sustained-release DDS for antibody/protein
drugs are described, including PLGA microspheres for hGH, hydrogel particles for interferon-o2b
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(IFNa-2b), amphiphilic copolymer hydrogel for bevacizumab, conjugated hydrogel microspheres for
anti-tumor necrosis factor alpha (TNFa) single-chain antibody fragment (scFv), and dissolving/hydrogel
MN for bevacizumab. The effects of the formulation and biophysical parameters (Table 1) on the in
vivo performance of DDS, such as pharmacokinetics (PK) and adverse events, are also discussed.
Information and insights from this paper will lead to improvements in the speed and precision of SC
sustained-release DDS, which will in turn expand their application to broader antibody/protein drugs
and deliver high value to many patients.

2. Subcutaneous injections

The in vivo fate of antibody/protein drugs after SC injection is affected by various biophysical
parameters (Figure 1; Table 1). The first is the drug diffusion into the interstitial space of the
hypodermis from the injection site. Tissue interstitial fluid accounts for 70% of the total volume of the
hypodermis, while the extracellular matrix (ECM) is the main component of the other 30% [25,26].
The fluid is an ultrafiltrate of plasma composed of 97% water and 3% proteins, with a flow on the
order of 0.1-2 um/s [26]. The ECM includes proteoglycans, collagen, elastin, laminin, and fibrin. Due
to the large size of antibody/protein drugs and the mesh size and high viscosity of the ECM, drug—
ECM interactions significantly reduce the diffusion of the drugs to 18%—93% of their free solution
values [26] (Table 1, no. 6). Proteins with a larger size [or molecular weight (MW)] are reported to
remain for a longer time at the SC injection site [27]. The time required for a 50% loss of protein from
the dosing site was 6.8 h for bevacizumab (MW 149 kDa), 2.85 h for bovine serum albumin (BSA)
(MW 66 kDa), 1.57 h for ovalbumin (MW 44.3 kDa), and 0.31 h for vascular epithelial growth factor
Cysl156Ser (VEGF-C156S) (MW 23 kDa) [28]. Proteoglycan molecules contain highly negatively
charged glycosaminoglycan chains, which interact with antibody/protein drugs [29]. Antibodies with
high positive charges and hydrophobic interactions reduce absorption rates and bioavailability after
SC injection [30] (Table 1, no. 6).

Subcutaneous injection
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Figure 1. Subcutaneous injection and structure of skin, blood, and lymph vessels.
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On the other hand, excipients with small molecular sizes, such as histidine, sucrose, and arginine,
are frequently used in normal formulations of protein/antibody drugs and diffuse away from the dosing
site much faster than antibody/protein drugs [31]. This changes the pH and salt concentration around
the drugs after injection, which may in turn cause the precipitation of drug aggregates [32]. These
aggregates are retained for a longer time (10—20 h) at the site due to their large size [33—-35] (Table 1,
no. 6). Moreover, proteases such as matrix metalloproteinases in the hypodermis might degrade
antibody/protein drugs (Table 1, no. 10). Degradants of PEGylated erythropoietin (PEG;
polyethylene glycol) were observed after incubation with rat subcutaneous tissue homogenate [36];
in contrast, degradation was limited after incubation of bevacizumab, BSA, and ovalbumin with the
homogenate [28].

The length of IgG is around 10 nm, while blood capillaries have a pore size of 5-12 nm, and the
optimal molecular size for lymphatic uptake is 10—-100 nm [37,38] (Figure 1). The lymphatic
absorption of molecules with different MW after SC dosing to sheep was as follows [37,39]; 4%, 21%,
17%, 39%, 60%, 62%, 96%, and 99% for 5-fluoro-2’-deoxyuridine (MW 246 kDa), inulin (MW 5.2
kDa), insulin (MW 5.8 kDa), cytochrome ¢ (MW 12.3 kDa), human recombinant IFNa-2a (MW 19.0
kDa), hGH (MW 22 kDa), recombinant human erythropoietin (MW 30 kDa), and darbepoetin o (MW
37 kDa), respectively. This linear relationship (Figure 2) suggests that molecules with MW > 16.5 kDa
are absorbed mainly by the lymphatic system (Table 1, no. 9).

100% A °
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60% - o ®
40% ~ °
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Lymphatic absorption after
subcutaneous dosing to sheep
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Figure 2. Association of protein molecular weight with the percentage of lymphatic
absorption after subcutaneous dosing to sheep [37,39].

Once absorbed, antibody/protein drugs are transported to the collecting lymphatics and pass
through lymph nodes [29]. Antigen-presenting cells (APCs) in the lymph nodes constantly sample the
surrounding medium by micropinocytosis to degrade proteins [27] (Table 1, no. 10). Although
antibodies can bind to neonatal fragment crystallizable receptor (FcRn) to escape lysosomal
degradation, when binding is saturated at the administered dose, a significant fraction of antibody is
catabolized in APC lysosomes (Table 1, no. 11). In previous work, after incubation of proteins with
cell suspensions or homogenate of lymph nodes, some portion of PEGylated erythropoietin and
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bevacizumab was probably degraded, whereas BSA and ovalbumin were not [28,36]. Although these
data may have been affected by a reduction in APC activity or measurement accuracy, catabolism in
the lymph nodes appears to vary with the specific antibody/protein involved.

2.1. Poly(lactic-co-glycolic acid) microspheres for growth hormone

Growth hormone (GH or somatotropin) is a single-chain protein containing 191 amino acids (MW
22 kDa) in a four-bundle a-helix protein with no B-sheet structure that is internally cross-linked by two
disulfide bonds with an isoelectric point (pI) near 5.3 [40]. GH is secreted episodically from
somatotroph cells in the anterior pituitary and stimulates growth and cell reproduction. For patients
with GH deficiency, recombinant human GH (rthGH) is the primary treatment. In the 1980s, GH was
administered by daily SC injection [41]. However, the plasma ti12 of thGH is very short, namely 0.36
h after IV dosing and 3.8 h after SC dosing [42,43]. The once-monthly product Nutropin Depot® was
approved by the United States Food and Drug Administration (FDA) to provide a more stable blood
GH concentration over time and reduce dosing frequency [44,45]. The product consists of PLGA
microspheres manufactured using prolease technology, which releases GH gradually.

(a) poly(lactide-co-glycolide) (PLGA) (b) a-tocopherols grafted poly-L-glutamate
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Figure 3. Chemical structures of polymers used in drug delivery systems for sustained
release of antibodies and proteins.

PLGA is a biodegradable synthetic polymer (Figure 3a). PLGA microspheres are one of the
most common sustained-release DDSs for small molecule and peptide drugs, used in Lupron Depot®
(leuprolide acetate), Risperidal Consta® (risperidone), and Zilretta® (triamcinolone acetoamide),
among others [46—48]. The hydrophobic polymer is dissolved in a volatile organic solvent, commonly
dichloromethane, and small molecule or peptide drugs are encapsulated in the microspheres by the oil-
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in-water (O/W) or water-in-oil-in-water (W/O/W) solvent evaporation/extraction method. The large
interface between the aqueous and organic phases in the emulsification causes the adsorption and
denaturation of proteins [49] (Table 1, no. 7). In O/W emulsification of lysozyme aqueous solution
with a PLGA dichloromethane solution, a significant amount (20%-37%) of lysozyme was
aggregated at the aqueous/organic interface, and protein recovery was found to be irreproducible [49].
Prolease technology aims to avoid the destruction of the tertiary structures of GH and increase
encapsulation efficiency using a cryogenic and nonaqueous preparation process. It consists of the
following steps: (1) freeze-drying, in which a solution of the drug and excipients is sprayed into
liquid nitrogen; (2) dispersal of the drug particles into PLGA organic solution and sonication to
reduce particle size; (3) atomization of the suspension into liquid nitrogen to produce frozen
microspheres; (4) extraction of the solvent with ethanol; and (5) filtration, vacuum-drying, and
sieving to remove large particles [45]. The solvents used in this process (dichloromethane and
ethanol) do not dissolve rhGH, resulting in a high encapsulation efficiency of more than 98%.

The microspheres have a median volume diameter of 50 um and contain 15 wt% of thGH [42,45]
(Table 1, no. 1). Although this drug loading ratio is not high compared with successful examples of
PLGA microspheres for peptides/proteins [50], an amount sufficient for microsphere medication
containing 18 mg of thGH can be dispersed in 1 mL of diluent for dosing [51]. The large size of the
hydrophobic microspheres can slow polymer degradation, prevent first burst drug release, and suppress
diffusion/release rates of the hydrophilic thGH (Table 1, no. 2). Several assays have confirmed the
maintenance of thGH integrity after processing and release, including a cell proliferation assay that
measures thGH bioactivity. On the other hand, released drugs showed significant aggregation one day
after release in a buffer. To stabilize rhGH from denaturation and reduce water solubility to ensure
slower release (Table 1, no. 2), a complex of rhGH with zinc (at a molar ratio of 6: 1) was developed.
rhGH solubility sharply decreased at a zinc:rhGH molar ratio above 2. The zinc binds at histidine
(His)-18 and His-21 on helix 1 and glutamine (Glu)-174 on helix 4 to form a dimer of thGH [40]. The
precipitated thGH zinc complex maintained the same secondary structure. Conformation of tyrosine
and phenylalanine residues was somewhat more rigid, and the angle of the hydrogen bond between
aspartic acid (Asp)-169 and tryptophan (Trp)-86 was altered; however, the tertiary structural changes
were fully reversible [40], and complete refolding was confirmed in another study. The zinc complex
completely prevented the aggregation of proteins released from the microspheres for 28 days [45]
(Table 1, no. 7). The zinc complexation also reduced rhGH solubility to minimize the initial burst
release. Moreover, sonication of the spray freeze-dried drug particles decreased their size from 10 to 2
um, reducing the initial release by 25%-33%. PLGA lactide:glycolide monomer ratio (50: 50),
carboxyl polymer terminus, and 1% content of zinc carbonate (insoluble salt of a release modifier)
were optimized to ensure the most constant serum levels of thGH and insulin-like growth factor-1 (IGF-
I) after SC dosing to monkeys. Bioactive hGH stimulated production of IGF-I in vivo [45].

After these improvements to the formulation, manufacturability was also improved, and safety
and efficacy were confirmed in preclinical and clinical studies. Nutropin Depot® was approved in 1999.
In clinical data from 22 children with GH deficiency [52], a single SC injection of the product (0.75
and 1.5 mg/kg GH dose) provided a serum GH level above baseline for 13—15 days (Table 2). Serum
IGF-I levels were also maintained above baseline for 16-20 days [52]. PK modeling estimated that the
relative bioavailability of Nutropin Depot® was around 50% (vs. daily rhGH formulations; Table 2).
No progressive increase in peak or trough levels of GH were observed after repeated dosing, indicating
no accumulation at the dosing site or body [52].

AIMS Biophysics Volume 12, Issue 1, 69-100.



76

Table 2. Pharmacokinetic parameters of growth hormone in humans.

. Tc>1 Relative
) Dosing ) Dose Cmax . o
Formulation Animal tiz(h)  pgme bioavailability % (vs. References
route (mg/kg) (ng/mL)
(days) 1V)

Humatrope® v human 0.02 415 0.36 - [43]
Humatrope® SC human 0.1 63.3 3.8 ~1.3 81 [43]
Nutropin

,\ SC human 0.75 54 - 13 ~50 [52]
Depot®
Nutropin

,\ SC human 1.5 80 - 15 ~50 [52]
Depot®

IV: intravenous dosing; SC: subcutaneous dosing; Cmax: maximum concentration; ti2: half-life; Tc > 1 ygmL: time when growth hormone

concentration is greater than 1 pg/mL.

In general, PLGA microspheres are gradually hydrolyzed in the hypodermis after SC dosing [53]
(Table 1, no. 5). The biodegradation steps include hydrolytic chain cleavage on their surface, pore
diffusion, erosion, and autocatalysis by carboxylic end groups [53,54]. The initial PK profile can be
interpreted to mean that rhGH on the microsphere surface was rapidly dissociated, and the initial burst
drug release by this surface degradation lasted approximately 48 h [52] (Table 1, no. 5). The long-term
sustained GH level was probably caused by subsequent disintegration of the microspheres providing
sustained drug release [52]. thGH is a small anionic inherent protein (pI = 5.3, MW 22 kDa),
consequently less likely to interact with the ECM. Its diffusion in the hypodermis was probably rapid (as
described in Section 2, Table 1, no. 6). After being released, the thGH might adsorb on the
microspheres to cause unfolding (Table 1, no. 7). Adsorption of thGH on PLGA nanoparticles was
reported in a pH 7.2 buffer [55]. The pI of thGH is 5.3, and PLGA has anionic charges; accordingly,
this adsorption appears to be primarily attributable to hydrophobic interaction. Loss of the tertiary
structure of adsorbed rhGH has been suggested, and entropic gain for the unfolding appears to be a
primary driving force for adsorption [55]. In the physiological environment, it is unknown whether
this adsorption actually occurs or whether the unfolding is reversible or not. It is possible that this
adsorption and unfolding might contribute to decreased or slower GH release and low bioavailability.

The lymphatic absorption of thGH was 62% [37] (Table 1, no. 9), suggesting the possibility that
APCs might degrade the rhGH in the lymph nodes (Table 1, no. 10). After intratracheal dosing of
fluorescein isothiocyanate (FITC)-labeled hGH to rats [56], rapid and significant uptake of hGH into
alveolar macrophages was observed [56,57]. The large microparticle size of this product requires a
large-diameter 21 G needle (outer diameter 0.813 mm, inner diameter 0.495 mm) for injection [46].
The main adverse events are related to the injection site, including nodules (60% of injections),
erythema (54%), and postinjection pain (36%) [42] (Table 1, no. 15). Generally speaking, dosing of
sustained-release DDS and PLGA microspheres causes acute and chronic inflammation, granulation
tissue formation, foreign body reaction, and fibrous encapsulation in sequence at the administration
site [53,58]. Inflammatory cells respond to the microspheres and the mechanical injury created by
injection. Monocytes migrate and differentiate into macrophages to form foreign body giant cells at
the microsphere surface. Fibroblasts infiltrate and secrete collagen to form a fibrous capsule
surrounding the implant site. Before full degradation, these adverse events are probably caused
primarily by reaction to the microspheres and also by injury by the large-diameter needle [42,46,58].
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The accumulation of macrophages around the microspheres and in the lymph nodes might take up
some portion of the released rhGH, which might cause low bioavailability (Table 1, no. 10).

2.2. Hydrogel particles for interferon a-2b

Human IFNa-2b is a glycoprotein cytokine consisting of 166 amino acids (MW 19.2 kDa) with
five a helices, two di-sulfide bridges, and an O-glycosylated threonine (Thr)-106 with a pl around
5.9 [59]. IFNa-2b is produced by leukocytes during viral infection. It has wide biological activity and
is used in hepatitis and cancer treatments. Plasma ti/2p of IFNa-2b after IV and SC injection in humans
is approximately 1.7 h and 2.9 h, respectively [60] (Table 3). IFNa-2b has a relatively small therapeutic
index, and a high dose causes substantial toxicity [61]. To reduce dosing frequency and control drug
plasma concentration level, weekly IFNa-2bXL has been developed using the Medusa hydrogel
sustained-release DDS.

Table 3. Pharmacokinetic parameters of interferon a-2b.

Dosi c oo T Relative
osin max » 1so%Auc, O . s pens
Formulation g Animal Dose V2, AU bioavailability References
route (ng/mL) Tsa
% (vs. 1V)
. 5x10° ti2a= 0.1 h,
Normal solution IV human 188 [60]
1U/m? ting= 1.7h
Normal solution 5x 108
SC human 55.3 tip=2.9h > 100 [60]
IU/m?
Normal solution 60 Tsoavc= 1.4 h,
sC rat 1.5 0eAte ; [62]
ng/kg Tsa= 0.5 day
IFNo-2bXL 60 Tsouavc=16.8 h,
sC rat 27.9 0eAte 58 [62]
(Medusa gel) ng/kg Tsa= 2 days
60 Tsouavc=4.3 h,
Normal solution ~ SC dog 1.4 - - [62]
ng/kg Tsa= 1 day
IFNo-2bXL 60 Tsosavc=39 h,
sC dog 28 0eate 43 [62]
(Medusa gel) ng/kg Tsa= 4 days
60 Tso%avuc=3.1h,
Normal solution SC monkey 34 0eate - [62]
ng/kg Tsa=1 day
IFNo-2bXL 60 Tsosavc=30h,
sC monkey 59.6 0eate 53 [62]
(Medusa gel) ng/kg Tsa= 6 days
Viraferon® SC human 3MIU 32 Tsa= 1 day - [62]
IFNo-2bXL
SC human I8MIU 23 Tsa> 7 days - [62]

(Medusa gel)

IV: intravenous dosing; SC: subcutaneous dosing; [U: international units; MIU: million international units; Ciax: maximum
concentration; ti,: half-life during distribution phase; tip: half-life during terminal elimination phase; Tsouauc: time
required for 50% of total area under the curve (AUC); Tsa: time when interferon-a2b is absorbed; Tmax: time to maximal

concentration.

The Medusa technology uses a polymer consisting of a hydrophilic poly-L-glutamate backbone
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and grafted hydrophobic a-tocopherols [62] (Figure 3b). The glutamate chains aggregate via the self-
assembly of a-tocopherol groups to form hydrogel nanoparticles. The polymer can interact with drugs
in the nanoparticles and release them in a sustained manner. SC dosing of the Medusa hydrogel
nanoparticles also showed in vivo sustained absorption of IFNa-2b and interleukin-2 (IL-2) in
nonclinical and clinical studies [62]. Simple mixing of two aqueous solutions of IFNa-2b and the polymer
causes physical binding of the protein to the particles without the use of an organic solvent (Table 1,
no. 3). An excess amount of BSA fully displaces the IFNa-2b, and the displaced drug retains the same
retention time on HPLC and bioactivity as the native protein [62]. After single SC injection to rats,
dogs, and monkeys, IFNa-2bXL prolonged in vivo release by 4, 4, and 6 times compared with normal
IFNa-2b solution, respectively (Table 3). The nanoparticles produced a decrease in maximum
concentration (Cmax) to around 5% that of the normal solution and showed 43%-58% relative
bioavailability to it [62] (Table 3). In a Phase I/II study in 53 patients [63], the absorption time of the
immediate formulation of Viraferon® and IFNa-2bXL were 1 day and more than 7 days, respectively.
The IFNa-2bXL reduced Cmax to 10% (Table 3) and reduced the rate of adverse events to 3.7%,
compared to 5.2% for Viraferon® [62,63].

Poly-L-glutamate (MW 10.0-16.9 kDa) is used in this technology [64]; each particle contains
10—15 polymer chains and the product contains IFNa-2b 0.3 mg/mL and 23 mg/mL of the polymer
[62]. It was therefore calculated that 14% of particles in the product contained one IFNa-2b molecule
and that 86% of particles were empty, without any proteins. Since one IFNa-2b molecule (MW 19.2
kDa) was surrounded by 9—14 polymer molecules (MW 10.0-16.9 kDa), the release of the IFNa-2b is
probably quite restricted (Table 1, no. 1). The Medusa hydrogel nanoparticles have a small size of 20—
50 nm, and drug diffusion in the particles can be neglected (Table 1, no. 2). Regarding the drug—
polymer interaction, the poly-L-glutamate might have high affinity with a conformation of the IFNa-
2b (Table 1, no. 3). This Medusa hydrogel particle has also shown in vivo sustained release of different
protein drugs of IL-2 and hGH [62,64]. After SC dosing of IL-2 to rats, dogs, and monkeys, release
time was prolonged by about 1.5 times compared with the immediate release product of Proleukin®
(Table 4). In a Phase I/II study in renal carcinoma patients, a single SC injection of Medusa particle
suspension extended T > 5 ngmL (time when serum IL-2 concentration is greater than 5 ng/mL) by 2.3
times, and time to maximal concentration (Tmax) by 16 times compared with Proleukin® [62] (Table 4).
In SC dosing of hGH to dogs [64], this technology extended T > 5 ngmL by 7 times and Tso%auc (time
required for 50% of total hGH area under the curve, AUC) by 30 times compared with the immediate
release solution [62] (Table 5). The effect of this technology on the PK profiles of the three protein
drugs was similar. Regarding the biophysical properties of the three proteins, their pls are different
(6.8, 5.9, and 5.3 for IL-2, IFNa-2b, and hGH, respectively); however, they similarly have slight
negative charges in the hypodermis at pH 7.4. Poly-L-glutamate has a low pl of 3.9 and exerts a strong
negative charge on the particles, raising little concern about ionic interactions or unfolding of the drugs
(Table 1, no. 3 and 7). The three proteins have similar sizes (MW 19.2, 15.5, and 22 kDa for IFNa-2b,
IL-2, and hGH) and similar tertiary structures. hGH and IL-2 have the same up-up-down-down four-
helix bundle motif [65] (Figure 4), and the topology of IFNa-2b resembles it [66]. This motif is
classically viewed as an a-helical coiled coil [67], and poly-L-glutamate tracts have been reported to
affect the coiled-coil regions and stabilize protein interactions [68]. These protein structures and
interactions might contribute to their sustained release from the Medusa particles (Table 1, no. 3).
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Table 4. Pharmacokinetic parameters of interleukin-2 after dosing of Medusa hydrogel or Proleukin®.

Dosin T T Relative
Formulation route & Animal Dose (IU/m?)  Cmax Tsa (days) (hn)lax €3 (h) bioavailability References
nemt A 04 (vs. TV)
IL-2XL 1/100 of
Proleukin: 2) - -
(Medusa gel) SC rat unreported Proleukin 3 (Proleukin: 2) 10 [62]
IL-2XL 1/13 of
Proleukin: - -
(Medusa gel) SC dog unreported Proleukin 5 (Proleukin: 3) 40 [62]
IL-2XL 1/2 of 3—4 (Proleukin:
k - - _
(Medusa gel) SC monkey unreported Proleukin 2-3) 100-150 [62]
Proleukin® SC human 10.6 x 10° ~5.3 - 24 3 - [62]
IL-2XL
h . 6 ~ 1. - -
(Medusa gel) SC uman 10.6 x 10 1.6 48 7 [62]

IV: intravenous dosing; SC: subcutaneous dosing; IU: international units; Cmax: maximum concentration; Tsa: time when interferon a-2b is
absorbed; Tmax: time to maximal concentration; Tc > s ng/mL: time when drug concentration is greater than 5 ng/mL.

Table 5. Pharmacokinetic parameters of growth hormone in dogs.

Dosing Dose

Formulation route Animal (mg/kg) Cmax (ng/mL)  Tc>sngme (h)  Tsoxauc (h) References
Normal solution SC dog 1 582 18 4 [64]
Medusa gel SC dog 1 25 129 121 [64]

SC: subcutaneous dosing; Cmax: maximum concentration; Tc>sngmL: time when drug concentration is greater than 5 ng/mL; Tso%auc: time required
for 50% of total AUC.
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Figure 4. Tertiary structures of proteins.

In hypodermis, the poly-L-glutamates might stably aggregate for an extended period (Table 1,
no. 5). Research into the solution-state structures of poly-L-glutamates of 10—20 residues revealed that
longer residues increased peptide-peptide hydrogen-bonding contacts and B-strand-like conformation
and induced aggregation [69]. Poly-L-glutamates of more than 36 residues long in huntingtin protein
are observed in Huntington’s disease patients. This aggregation is associated with the faster onset of
symptoms [69]. With the Medusa technology, the proportion of grafted tocopherol is 5.1 mol% [64],
and the poly-L-glutamate (MW 16.9 kDa) is calculated to contain 130 residues, with an average
number of glutamate residues between the tocopherol groups of around 26. Therefore, strong polymer
aggregation might contribute to the stable adsorption and sustained release of some protein drugs.
Moreover, a-tocopherol may also contribute to the in vivo stability of the polymer (Table 1, no. 5).
With regard to a-tocopherol hydrophobic nanodomains, the aggregation number of D-a-tocopheryl
polyethylene glycol succinate (TPGS) micelles (number of surfactant molecules in a micelle) is > 100;
this is higher than those of other nonionic amphiphiles and is caused by the dense packing of tocopherol
moieties within the core [70]. In the Medusa particles, 10—15 a-tocopherol moieties were assembled,
probably due to steric hindrance from the polymer length; however, the dense packing of 10
nanodomains/particle probably contributes to the high stability of the particles and the slow water
penetration and sustained degradation of the particle [62]. The high stability of the Medusa hydrogel
likely helped the sustained drug release in hypodermis.

Drug release from the hydrogel may be influenced by the hypodermal concentration of inherent
BSA (Table 1, no. 8). In an in vitro study, approximately 80% of IFNa-2b was displaced by BSA (MW
66.5 kDa) at [BSA]/[polymer] weight ratio = 10, molar ratio = 2.5 [62]. This suggested that 220 BSA
molecules were necessary for the displacement of one IFNa-2b molecule. Comparison of the
interstitial albumin concentration (7.36 mg/mL) in human adipose tissue [71] and the polymer
concentration of the product (23 mg/mL) also imply a limited in vivo displacement, and this might
contribute to sustained release and absorption. After release, IFNa-2b is an anionic and small-sized
protein (pI = 5.9, MW 19.2 kDa); as a consequence, it probably did not interact with the ECM, and its
hypodermis diffusion was fast (as described in Section 2, Table 1, no. 6). The released IFNa-2b
maintained bioactivity, confirming that its folding was correct. The first reason is the mild preparation
process for the hydrogel with mixing of the aqueous solutions only. Further, the biocompatible poly-
L-glutamates with a negative charge (pI of the polymer = 3.9) probably contribute to the maintenance
of IFNa-2b’s tertiary structure (Table 1, no. 7). The lymphatic absorption of IFNa-2b is estimated to
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be approximately 60% (Table 1, no. 9) from the linear correlation (Figure 2), indicating the possibility
of drug degradation by APCs in the lymph nodes. Moreover, in the hypodermis, Medusa’s polymer is
degraded by macrophages [62], and many APCs are probably recruited around the hydrogel. After
repeated SC dosing of the hydrogel in rats and monkeys, low-grade inflammation was observed at the
injection site [62]. Primarily mononuclear cells, lymphocytes, and/or foamy macrophages were
gathered at the cutis and/or subcutis of the site. In the absorption of IFNa-2b, APCs in the hypodermis
and the lymph nodes might degrade IFNa-2b to cause sustained absorption and low bioavailability
(Table 1, no. 10).

2.3. Amphiphilic copolymer hydrogel for bevacizumab

Bevacizumab is a recombinant humanized anti-VEGF-A monoclonal IgG1 antibody (MW 149
kDa) with pI = 8.3 [72]. Bevacizumab specifically binds to VEGF-A, which interacts with VEGF
receptor (VEGFR)-1 and VEGFR-2 and inhibits angiogenesis and tumor growth. It is used in the
treatment of various cancers, including metastatic colorectal cancer, non-small cell lung cancer,
metastatic renal cell carcinoma, cervical cancer, ovarian/fallopian tube/peritoneal cancer, glioblastoma,
and metastatic hepatocellular carcinoma [73]. IV infusion of bevacizumab to patients showed an initial
half-life ti2q of 1.4 days and a terminal half-life ti2p of 20 days [74] (Table 6). Biweekly infusion of
30-90 min places a high cost and burden on patients and health personnel, and a sustained-release
DDS for bevacizumab has been investigated [75-80].

In one study, a physically cross-linked hydrogel of ABA triblock amphiphilic copolymers was
used for delivery [75]. The polymer’s A and B blocks were vitamin D-functionalized polycarbonates
(V) and PEG (MW 20 kDa), respectively (V-PEG-V) (Figure 3¢). The preparation step of the hydrogel
involved the addition of bevacizumab aqueous solution to the polymer only. Hydrogel containing 5
wt% polymer allowed quick and easy injection through a 23 G needle and demonstrated a shear-
thinning property for recovery of a solid-like state to control drug release after injection. This
formulation released the monoclonal antibody (mAb) gradually in a dissolution test. In an efficacy
evaluation of a single dose of bevacizumab in tumor-bearing mice, IV and intraperitoneal injections of
mAb normal solution showed no efficacy against tumor progression. In contrast, SC injection of the
hydrogel remarkably reduced tumor growth [75]. After SC dosing of fluorophore-labeled bevacizumab
hydrogel, the mAb was localized to the injection site and gradually decreased with time. In the
bevacizumab PK profile after IV dosing of the solution, Cmax was 4.5 pg/mL, ti2q was 2—6 days, and
the concentration decreased to 0.6 pg/mL at 14 days [75] (Table 6). In contrast, the hydrogel SC dosing
maintained a constant bevacizumab plasma level (0.5-1.0 pg/mL) for 1-21 days [75] (Table 6).
Bioavailability of the SC V-PEG-V hydrogel was estimated to be 50%—70% [75], which was lower
than that of the SC bevacizumab solution (> 100%) in another study [81] (Table 6).

AIMS Biophysics Volume 12, Issue 1, 69-100.



82

Table 6. Pharmacokinetic parameters of bevacizumab after dosing in humans and mice.

Dosin C t Characteristics for Relative
Formulation €  Animal  Dose (mg/kg) t1/2a 12 . : bioavailability % References
route (ng/mL) (days)  sustained absorption
(vs. 1V)
Normal v human 5 125 14 20 ; [74]
solution days
2-6
Avastin® v mouse 5 ~4.5 - - 100 [75]
days
V-PEG-V constant 0.5-1.0
~1. - - ~ 50—
hydrogel SC fouse 3 0 pg/mL for 1-21 days 3070 73]
N 1
orma v mouse 9.3 174 12h 68 . 100 [81]
solution
Normal
. SC mouse 9.3 74.1 6.2 h 6.1 - > 100 [81]
solution

IV: intravenous dosing; SC: subcutaneous dosing; Cmax: maximum concentration; tinq: half-life during distribution phase; ti2p: half-life during
terminal elimination phase.

Regarding the in vitro bevacizumab release from the V-PEG-V hydrogel (Table 1, no. 2), an initial burst release was not observed, and 65%
and 80% of the drug was released in 5 and 9 days, respectively [75]. Hydrogels containing 4, 5, and 6 wt% polymer showed storage moduli (G’)
in proportion to concentration and the same release profiles, which suggested that differences in gel stiffness and porosity did not affect drug
diffusion in the polymeric network. Since the hydrodynamic radius of mAb (about 7 nm) is smaller than the pore size of the hydrogels (2-20 um
diameter), the network might not act as a diffusion barrier, and the sustained release may be associated with physical interactions between the
polymer and mAb (Table 1, no. 3). Another study reported the release profile of tenofovir (MW 476) from the same V-PEG-V hydrogel [82].
Tenofovir is an analog of adenosine monophosphate with an aqueous solubility around 2.5 mg/mL. In the dissolution test, 40% and 80% of
tenofovir were released in 0.1 and 2 h, respectively. Although the test conditions were slightly different, the discrepancy in 80% release time
between 9 days (bevacizumab) and 2 h (tenofovir) was significant. The in vivo retention of bevacizumab, at about 50% and 25% of the mAb in
the dosing site at 2 and 6 days after SC dosing, is similar to the in vitro release profile. Regarding drug solubility, a 100—200 mg/mL mAb
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aqueous solution without either organic solvents or surfactants is used in several products administered
to patients [83]. Accordingly, the water solubility of mAbs is generally high, and solubility likely does
not explain the slow release of bevacizumab. In another study, a hydrogel of a similar triblock
copolymer gradually released trastuzumab in a dissolution test [84]. In the polymer, vitamin D-
functionalized polycarbonates of V-PEG-V were replaced with vitamin E-functionalized
polycarbamates. Trastuzumab release showed no initial burst release, and 40% and 60% of the drug
was released in 10 and 42 days, respectively [84]. The carbonate and carbamate moieties of the
polymers can form hydrogen bonds with amide bonds of the loaded mAb, which might contribute to
a sustained release (Table 1, no. 3).

Regarding the degradation process of the hydrogel (Table 1, no. 5), intact hydrogel remained at 4
days after SC dosing in mice. Gel thickness was noticeably reduced at 1 week, and the hydrogel was
completely degraded by 6 weeks [75]. The time course of hydrogel clearance was similar to that of
drug retention/clearance at the injection site, which indicated that the in vivo release of bevacizumab
was controlled by erosion of the hydrogel [75]. The size of the released bevacizumab is large (MW
149 kDa), and its charge is cationic (pI = 8.3) [72]; accordingly, the drug probably bound with the
anionic ECM and slowly diffused in the hypodermis, as described in Section 2 (Table 1, no. 6). In SC
dosing of the normal solution to mice, the ti2 of drug clearance from the dosing site (6.8 h) [28] was
consistent with the ti2q of plasma drug level (6.2 h) [81] (Table 6). This may suggest that the absorption
rate of SC-dosed bevacizumab solution is mainly dominated by drug diffusion in the hypodermis.
Regarding the folding of the released bevacizumab (Table 1, no. 7), an ELISA test using an IgG-Fc
antibody detected the drug at 3 weeks post-dosing. Further, its anti-tumor efficacy lasted 2 months.
These findings may support the maintenance of the tertiary structure, albeit no clear evidence was
obtained [75]. Regarding the absorption routes (Table 1, no. 9), almost all bevacizumab was probably
absorbed via the lymphatic route due to its large size (MW 149 kDa, Figure 2). In another study, 17%
of bevacizumab’s heavy chain was degraded after 24 hour incubation with lymph node homogenate [28].
Since the V-PEG-V hydrogel gradually released the drug in vivo, bevacizumab concentration in the
lymph nodes may be lower after dosing of the gel compared with dosing of the normal drug solution.
This lower drug concentration might result in the degradation of a more significant portion of the drug
by APCs in the lymph nodes and the lower bioavailability of the V-PEG-V hydrogel (Table 1, no. 8
and 10).

The same phenomenon in hypodermis might also contribute to low bioavailability (Table 1, no. 8
and 10). Its shear-thinning property enabled the injection of the hydrogel through a thin needle (23 G),
which likely, in turn, caused little inflammation (Table 1, no. 14—15). However, SC dosing of the blank
hydrogel resulted in infiltration of some inflammatory cells into the hydrogel [75]. CD45-positive cells
include macrophages, dendritic cells, and T cells. Although dendritic cells and T cells might be
associated with foreign body reactions, macrophages are central mediators and play key roles in the
phagocytosis of injected materials [85]. Macrophages express Fc gamma receptor (FcyR) and the
highest level of FcRn [86] (Table 1, no. 11-12). Moreover, uptake by APCs was higher for mAb with
a more positive charge [87], and bevacizumab (pI = 8.3) is cationic in the hypodermis [72]. All
considered, together with the implications of other studies [5,25,87,88], the presence of many
macrophages around the hydrogel might reduce the Cmax and bioavailability of bevacizumab in the
following manner: at a high concentration of bevacizumab, the free fraction of FcRn in macrophages
is decreased. A significant fraction of bevacizumab cannot be recycled by binding to FcRn but rather
binds to FcyR and is degraded in lysosomes (Figure 5). If the concentration of bevacizumab in
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hypodermis after normal solution dosing >> FcyR capacity > the concentration after gel dosing > FcRn
capacity, then FcyR-mediated degradation would be negligible in the normal solution but would be
more significant in the sustained-release hydrogel (Table 1, no. 8 and 11-12).

FcRn e Target
- Y " FeyR fl antigen
N o
X N
f ]
Endosome Lysosome
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Figure 5. Recycling and degradation of antibody.

This lower bioavailability might also be associated with target-mediated clearance (Table 1,
no. 13). After mAb binds to the target antigen, the complex may be internalized and degraded in
lysosomes [5] (Figure 5). For example, clearance was shown to be important for alemtuzumab (mAb
targeting CD52) [89], evolucumab (mAb targeting protein convertase subtilisin kexin type 9: PCSK9)
[90], and mAbs targeting high-density and rapidly internalized antigens such as human epidermal
growth factor receptor-2 (HER2) [91]. In bevacizumab treatment for patients, bevacizumab serum
concentration is approximately 200—400 pug/mL (corresponding to 1-3 uM), and VEGF levels were
0.4-3 pM and 0.3-3 pM in plasma and interstitial muscle of humans, respectively [92]; therefore, the
contribution of target-mediated clearance to the overall clearance of bevacizumab was probably
insignificant [93]. Similar hypodermis VEGF level was estimated in HCT116 cell-bearing mice, used
in the efficacy evaluation of V-PEG-V hydrogel [75], from reported data of plasma VEGF (50 pg/mL,
1.1 pM) in similar mice [94]. On the other hand, a significant effect of the target-mediated clearance
on PK has been reported at a low dose of a mAb (2F8) against epidermal growth factor receptor
(EGFR) [95]. While a single IV dose of the mAb (2F8) to cynomolgus monkeys showed similar
elimination of plasma concentration at 40 and 20 mg/kg, clearance was 3—4 times faster at 2 mg/kg
[95]. These findings suggest that the clearance route was negligible at higher mAb plasma levels but
became dominant at low plasma levels. mAb (2F8) plasma concentration was 0.2—-67 pg/mL at a 2-20
mg/kg dose [95]. Plasma bevacizumab levels were low (approximately 1 pg/mL) after dosing the V-
PEG-V hydrogel [75]. These comparisons might suggest that target-mediated clearance plays an
important role under a low bevacizumab concentration in plasma and/or hypodermis. Target-mediated
clearance of gradually released bevacizumab from the hydrogel might contribute to its low
bioavailability (Table 1, no. 8 and 13).

2.4. Conjugated hydrogel microspheres for anti-TNFa scFv
The scFv is a fragment of mAb [96] with a MW of about 27 kDa. It consists of variable regions
of heavy and light chains connected by a peptide linker [97,98]. Some studies have reported that scFv

maintains the binding specificity and potency of the full IgG antibody [97,99]. DLX105 (ESBA105)
is a humanized scFv (246 amino acid, MW 26.3 kDa) for human TNFa [99]. The smaller size of scFv
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enhances distribution into tissues compared with full-sized mAbs [100] and might enable greater
efficacy of scFv especially for the kidney, gastrointestinal tract, pancreas, and skin. On the other hand,
scFv lacks FcRn binding and FcRn-mediated recycling and is rapidly eliminated (ti2 of 0.5-2 h),
primarily through renal clearance [98,101]. Sustained-release DDS is markedly useful in prolonging
the ti2 of scFv and its duration of action and maintaining its primary benefits, namely its great
penetration into tissues. In ProLynx B-eliminative DDS, DLX105 was covalently tethered to hydrogel
microspheres and gradually released after SC dosing to rats [96].

ProLynx DDS uses self-cleaving B-eliminative linkers for hydrogel cross-linking and drug-
conjugation [96-99]. In the linker, the hydroxide ion catalyzes proton removal, the linker-carbamate
bond is rapidly cleaved by B-elimination, and the drug and a substituted alkene are released. Electron-
withdrawing modulator groups control the pKa of the acidic carbon-hydrogen bond on the a-carbon
as well as the drug release rate. Microspheres (40 wum) were prepared using 4-armed PEG (tetra-PEG)
terminated with amines and N-hydroxysuccinimide glutarates and a microfluidic device [102] (Figure
3d). The microspheres were bicyclononyne-derivatized and conjugated with azido-linker-DLX105 [96].
Two different modulators were used for the system: the linker for tetra-PEG cross-linking had a longer
cleavage ti,2 compared with a second linker between the drug and microsphere, so the gels degraded
following drug release [96]. The gels released the DLX105 with a short amino-propyl remnant on the
N-terminus. t1/2 on in vitro release was 11 h at pH 9.4, corresponding to a ti2 of about 1100 h at pH 7.4
at 37 °C. After IV and SC dosing of DLX105 normal solution to rats, ti2g was 4.1 and 3.7 h,
respectively (Table 7). The ProLynx gels significantly prolonged ti2s by about 70 times after SC dosing
[96] (Table 7).

Table 7. Pharmacokinetic parameters of DLX105.

Dosin Dose C t t Relative
Formulation route & Animal (nmol/rat) ( rﬁ) (iga (K;B bioavailability Reference
H % (vs. IV)
1
Norma v rat ~ 86 12 022 4.1 [96]
solution
Normal
. SC rat ~ 86 0.12 - 3.7 100 [96]
solution
ProLynx gel SC rat ~ 57 0.0010 - 270 ~60 [96]

IV: intravenous dosing; SC: subcutaneous dosing; Cmax: maximum concentration; ti.2q: half-life during
distribution phase; ti2p: half-life during terminal elimination phase.

Drug release with the ProLynx DDS is significantly controlled by cleavage of the linkers, and the
drug’s loading amount, diffusion in DDS, and interactions with polymers consequently make only a
minor contribution to the sustained release (Table 1, no. 1-3). The in vivo ting of the DLX105
derivative was 4.1-fold faster than that of in vitro release [96]. From data for tetra-PEG microspheres
loaded with exenatide, in vivo cleavage is about 3-fold faster than in vitro [103]. Faster in vivo
cleavage was also observed in circulating PEG-conjugates containing these linkers; accordingly, the
in vivo rate enhancements were not attributable to the SC environment [104]. Moreover, the rates of
linker cleavage were the same in the mouse, rat, and monkey [104,105]. On the other hand, catalysis
of albumin in B-elimination has been reported for several molecules [106—110]. Lysine (Lys) residues
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of albumin, including Lys-199 in subdomain IIA, are thought to cause a general-base effect and
catalysis [109,110]. Although albumin concentration is lower in adipose tissue (7.36 mg/mL) than in
serum (48.9 mg/mL) [71], a study reported that 0.1 mg/mL BSA catalyzed B-elimination, and 2 mg/mL
BSA significantly shortened ti/2p of B-elimination from 10 h to 4 min [107]. The study was conducted
in vitro at pH 8.8 [107], and the in vivo catalysis of albumin is unclear; however, this might contribute
to the shorter ti2p of DLX105 from ProLynx gels (Table 1, no. 8).

The in vivo fate of the gel was evaluated by SC injection of the gel containing no drugs to mice
[111] (Table 1, no. 5). After four weeks, the gels were retained in the dosing site, and mild infiltration
of inflammatory cells was observed [111]. In another study of repeated SC dosing of placebo gels,
slight injection site swelling and moderate SC granulomatous inflammation were observed [103].
These results suggested that APCs may have been involved in the polymer’s degradation. The pl of
DLX105 has not been published, and the possibility of its interaction with ECM cannot be discussed.
However, its small size (MW 26.3 kDa) and short ti/2p of the solution on SC dosing (Table 7) suggest
a rapid diffusion of DLX105 in hypodermis (Table 1, no. 6). The released DLX105 likely maintained
its folding (Table 1, no. 7), which is supported by the finding that DLX105 with a short amino-propyl
remnant showed the same bioactivity for TNFa neutralization as free DLX105 [96] and high
biocompatibility with the PEG-based hydrogel.

Lymphatic absorption of DLX105 was estimated to be about 80% by linear correlation (Figure 2)
and considering its size (MW 26.3 kDa, Table 1, no. 9). In contrast, another study on SC dosing of
anti-HER2 scFv with a similar size (MW 27 kDa) reported 10.8% absorption through the lymphatic
pathway [112]. Moreover, the SC bioavailability of DLX105 solution, DLX105 ProLynx gel, and anti-
HER2 scFv was 100%, 60% [96], and 22% [112], respectively. The anti-HER2 study reported that the
simulation was significantly affected by the catabolism of scFv by macrophages in the hypodermis
[113]; therefore, the higher bioavailability of DLX105 may be due to higher stability. Based on this
assumption, the lower bioavailability of DLX105 ProLynx gel compared with DLX105 solution might
be due to a more significant degradation (Table 1, no. 10). As discussed in the preceding sections, the
gel gradually released the scFv, and the resulting low hypodermis scFv concentration might result in
the degradation of a larger portion of macrophages [113] (Table 1, no. 8). Abundant accumulation of
APCs around the ProLynx gel was also related to more significant drug degradation [111,114].

3. Intradermal microneedles

Intradermal MN is another DDS for SC sustained release of mAb and proteins [115,116]. The
skin is a static barrier that protects internal organs. The stratum corneum of the outermost skin layer is
the major hindrance to the penetration of macromolecules into the skin, and only lipophilic small
molecules (< 500 Da) can passively diffuse through it. MN arrays consist of multiple protrusions of
25-2000 pum in length, which are long enough to penetrate the stratum corneum [115] (Figure 6). MNs
transiently create microscopic aqueous channels and thereby allow mAbs and proteins to bypass the
barrier and reach the epidermis and dermis for release. Repair of the microchannels occurs soon after
MN removal, avoiding long-term skin damage.
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Figure 6. Microneedle dosing across the stratum corneum.

MN technologies can be divided into five different categories: solid, coated, hollow, dissolving,
and hydrogel [116] (Figure 6). The solid MN is drug-free and is combined with another drug
formulation for passive diffusion (patch, solution, cream, or gel). However, the resulting inaccuracy of
dosing and the two-step application process are somewhat inconvenient [115]. For coated MNs, drugs
are coated on the needle surface; however, drug loading is very low [115] (Figure 6). Hollow MNs are
composed of empty cavity needles (5—70 um wide) that work together with an external auxiliary device
(syringe, pump, gas, or electrical assistance) to infuse drug solution through the needles into the skin
(Figure 6). The major advantages of hollow MNs are their delivery of a greater volume (10—-100
puL/min) of drug solution and precise control at high doses [115,116]. Among the disadvantages, the
bulky device might reduce convenience, and the drug flow may be potentially disturbed by the
clogging of needle openings with skin tissue or compression of dense dermal tissue. Further, the liquid
drug formulations are at risk of stability issues [115,116]. Finally, hollow MNs are rigid and brittle,
raising the possibility of the breakage of needles in the skin [117].

Table 8. Differences between dissolving and hydrogel microneedles.

Dissolving microneedles Hydrogel microneedles

Needle tip Drug and biodegradable Only hydrophilic polymer, the drug is in a
components polymer reservoir attached to the needle array
Drug dose Limited by needle volume Not limited, loaded in the reservoir.
Needletips after . olve Not dissolved, swell with skin interstitial fluid
dosing

. Relatively slow, requires time for swelling and
Drug release Rapid diffusion
Polymer
deposition in the ~ Have risk No risk, needles are completely withdrawn
skin
Accidental re- . . .
piz(r:cl:izg are No risk, needles dissolved No risk, needles are hydrated and swelled

In dissolving MNs (D-MNs), the needle tips are composed of drugs and cheap biodegradable
polymers and are manufactured by a simple process (Figure 6, Table 8). The tips dissolve after
application to the skin, and drug release is controlled by the polymer’s dissolution rate. Application is
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a simple single step, with no risk of accidental re-piercing and no need for sharps disposal [115,116].
A disadvantage is the fact that drug loading is limited by the needle volume [117]. Further, the effects
of polymer deposition on the skin should be considered. Taking D-MN of
poly(methylvinylether/maleic acid) copolymer as an example, its administration resulted in the
deposition of at least 5 mg/cm? of polymer in the skin [118]. While this is unlikely to be a concern for
vaccinations, most mAb and proteins are given by repeated dosing [115]. Careful selection of polymers
and their compositions is therefore important, with particular regard to the accumulation, distribution,
and elimination of polymers, as well as drug stability and manufacturability [117].

For hydrogel MNs (H-MNs), needles are composed of hydrophilic polymers and contain no drugs;
rather, a drug reservoir is attached to the needle array (Figure 6, Table 8). After application to the skin,
the needles rapidly absorb skin interstitial fluid and swell to form a hydrogel. This fluid penetrates into
the reservoir. The drug dissolves in this fluid and then diffuses through the swollen needles into the
skin. Control of the cross-linking density of the needle polymers can be used to adjust the degree of
swelling and control drug input rates [115,116]. Fluid uptake of H-MN was 0.9-2.7 uL/h, which is of
the same order as hollow MN [119]. The needles are tough and can be completely withdrawn from the
skin without deposition. Since swollen needles cannot be re-inserted, there is no risk of re-insertion
and no need for sharps disposal [115,116].

Regarding the application of MNs, the skin’s viscoelastic property causes force distribution, and
some parts of the skin resist deformation [120]. A smaller interspace between needles requires a larger
insertion force to pierce the skin [121]. Insertion force depends on the skin’s resistance to puncture
and its biomechanical properties [120]. Young’s modulus of skin increases linearly with age. For
children and elderly adults, the elasticity modulus was 70 and 60 N/mm? (MPa), and skin tension was
21 and 17 N/mm? (MPa), respectively [122]. The mean ultimate skin deformation before bursting was
75% for newborns and 60% for the elderly. These findings indicate that aging makes the skin thinner,
stiffer, less tense, and less flexible [122]. On the other hand, the thickness of the stratum corneum
differed among body sites [119,123]. The mean (SD) thickness of the stratum corneum in 71 human
volunteers was 18.3 (4.9) um at the dorsal aspect of the forearm, 11.0 (2.2) um at the shoulder, and
14.9 (3.4) um at the buttocks. These findings were positively correlated with pigmentation and were
likely attributable to sun exposure [123]. While individual variation was significant, it was much lower
than that among body sites. In adults and children, stratum corneum thickness was independent of age and
gender [119,123]. Consideration of these variations in the skin is important in MN design and for dosing
instructions aimed at delivering stable efficacy and minimizing the adverse effects of mAb and proteins.

3.1. Dissolving microneedles for bevacizumab

Among studies of the sustained release of bevacizumab (anti-VEGF-A IgG1, MW 149 kDa, pl =
8.3) [72], a D-MN has been investigated [124] (Figure 6, Table 8). To prepare the D-MN array, an
aqueous solution of polyvinyl alcohol (PVA) (Figure 3e) and bevacizumab was filled onto
prefabricated silicone molds, from which the arrays were then removed. The in vitro permeation of
bevacizumab across dermatomed neonatal porcine skin on a modified Franz cell apparatus was linearly
increased over 0—6 h and reached 9% at 24 h [124]. When this D-MN was applied to rats and held in
situ for 24 h, the needles completely dissolved by 24 h. In the PK profile, Cmax was 6 h, less than the
effective concentration; peak/trough ratio (Cmax/Cies h) was 3.3; and bioavailability was about 0.8%
[124] (Table 9). The peak/trough ratio was similar to that with IV dosing (2.7, Table 9), likely due to
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the fast release of bevacizumab. The PVA is a hydrophilic polymer and the needles are considered to
start to dissolve immediately after insertion. This results in the full available payload of bevacizumab
being released from the needle tips as a bolus dose [125] (Table 1, no. 5). The low in vitro permeation
of D-MN suggests that only bevacizumab contained in the needles is available for delivery. This is
supported by the finding that the in vitro permeated drug amount (9%) was consistent with the needle
weight ratio (10%) in the total array [124]. In this preparation method, a part of bevacizumab was
contained in the baseplate (Figure 6). In the case of small molecule drugs, a proportion of drugs in the
baseplate can permeate through the microchannel; in contrast, the movement of bevacizumab was
probably prevented by its large molecular size (Table 1, no. 2). To ensure efficient dosing, the
preparation method should be improved such that drug loading is limited to the needles only (Figure 6).

Table 9. Pharmacokinetic parameters of bevacizumab after intravenous or transdermal
microneedle dosing to rats.

Dase c Relative
Formulation Dosing route  Animal (mahead)  ( ma/x L C../Cissn  bicavailability % References
m
g He (vs. 1V)
Normal solution IV rat 2.5 75.6 2.7 [124]
Dissolving [124]
. transdermal rat 5 489 3.3 ~0.8
microneedle
Hydrogel [124]
~ transdermal rat 5 81.2 1.4 ~0.2
microneedle
Hydrogel [124]
” transdermal rat 10 358 1.7 ~0.8
microneedle

I'V: intravenous dosing; SC: subcutaneous dosing; Cmax: maximum concentration; Cmax/Ciegn: ratio of Cpax to concentration
at 168 h.

3.2. Hydrogel microneedles for bevacizumab

In the study described in Section 3.1, H-MN was also investigated for the sustained release of
bevacizumab [72, 124] (Figure 6, Table 8). An aqueous solution of methyl vinyl ether/maleic
anhydride copolymer (Gantrez S-97, Figure 3F, 20 wt%), PEG 10000 (7.5 wt%), and Na2CO3 (3 wt%)
was dispensed into the molds and cross-linked. Lyophilized drug reservoirs were separately prepared
by dissolving bevacizumab, gelatin, mannitol, NaCl, and sucrose (20 wt%, 10 wt%, 40 wt%, 10 wt%,
and 1 wt%, respectively) in water, and the solution was cast into radius cylindrical molds with
lyophilization. After lyophilization, the biological activity of bevacizumab was maintained [124]. The
in vitro permeation of bevacizumab across porcine skin held in a Franz cell was linearly increased over
0—6 h and reached 24%—28% [124]. After applying the MN to the backs of shaved rats and holding it
in situ for 24 h, needles were clearly visible and showed extensive swelling with full dissolution of the
reservoirs [124]. Serum concentration after IV dosing of 2.5 mg bevacizumab solution to rats showed
a peak/trough ratio (Cmax/Ciesn) of 2.7 (Table 9). Dosing of H-MN containing 5 or 10 mg of drugs
showed a smaller Cmax, at 48 h, and a peak/trough ratio of 1.4 and 1.7, respectively [124] (Table 9). H-
MN showed prolonged Tmax and decreased Cmax compared with D-MN, and the peak/trough ratio was
reduced by approximately 50% compared with D-MN and IV dosing, indicating the sustained
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absorption of bevacizumab. Serum concentration was lower than the effective concentration, and
bioavailability was calculated at about 0.2% and 0.8%, respectively.

The steps for drug release from the H-MN include initial swelling of the array, sufficient diffusion
of fluid into the reservoir, dissolution of bevacizumab in the reservoir, and diffusion through the needle
into the hypodermis [124] (Table 1, no. 2 and 5). Consistent with these slow steps, H-MN induced
sustained in vitro permeation and a slower Tmax and lower Cmax. The cationic bevacizumab (pl = 8.3)
probably interacted with the carboxyl group on the hydrogel polymer of Gantrez S-97 (Table 1, no. 2,
Figure 3f), which contributed to the in vitro gradual (6 h) and limited permeation (24%-28%) and the
in vivo PK profiles (Tmax, Cmax, peak/trough ratio and the low bioavailability) [72,126]. Since the H-
MN was removed at 24 h post-dosing, the Tmax of 2448 h indicated a delay in systemic absorption
and the possibility that bevacizumab was retained within the skin or lymphatic tissues prior to entry
into blood [124]. In turn, these might have been due to the binding of cationic bevacizumab (pI = 8.3)
with anionic ECM and slow diffusion due to the large size (MW 149 kDa) [72] (Table 1, no. 6). The
possibility that the bevacizumab unfolded was low, owing to the mild MN preparation process and use
of lyophilized drug reservoirs and hydrogel needles (Table 1, no. 7).

The lymphatic absorption of bevacizumab (Table 1, no. 9, Figure 2) and its degradation data with
lymph node homogenate [28] indicated that APCs in the lymph nodes contributed to degradation (as
described in Section 2.3, Table 1, no. 10). Moreover, APCs are recruited around the MN in hypodermis.
In another study, MN comprising hyaluronic acid, collagen, and ovalbumin was applied to the skin of
mice [127]. Compared with non-treated skin, approximately 10 times more macrophages/monocytes
and neutrophils infiltrated into the skin around the MN on the first day after application [127]. As
discussed in Section 2.3 above, one possible reason for the sustained absorption and low bioavailability
is the degradation of bevacizumab by APCs in hypodermis and/or lymph nodes (Table 1, no. 10). As
was also seen with SC V-PEG-V hydrogel dosing, the slow absorption and low bioavailability of H-
MN might also be partly attributable to a decrease in FcRn-mediated recycling, increase in FcyR-
mediated degradation due to a low drug concentration in hypodermis, and target-mediated clearance
(Table 1, no. 8 and 11-13).

Given that the open pores generated by MN treatment might produce complications such as
irritation and infection, consideration of pore closure is an important aspect in the selection and design
of DDS [119] (Table 1, no. 4). After application of a MN to rats, the defensive properties of skin were
re-established within 3—4 h. Complete pore closure was noted by 15 h, but a delay in closure for up to
72 h was also observed due to the incorporation of occlusive materials [ 128]. Among animals, rat skin
has a similar thickness of the stratum corneum, epidermis, and whole skin to human skin, compared
with mouse and pig skin [129]. Rat skin significantly differs from human skin in its intercellular lipid
composition of the stratum corneum and in its lower corneocyte surface [130] (Table 1, no. 14).
Moreover, rat skin is reported to recover more rapidly than human skin after mild alterations in
superficial epidermis; the ti2 for the first phase of barrier regeneration for rat and human skin was 19
and 40 h, and recovery of transepidermal water loss was 10 and 30 days, respectively [131] (Table 1,
no. 15). A clinical study of MNs demonstrated that microchannel repair and resealing were apparent
at 824 h post-application, whereas disruption triggered by a 25 G hypodermic needle was significantly
notable even after 24 h [132]. In 12 clinical trials, adverse events (erythema, swelling, and bleeding)
were related to the MN application site. These were mild and generally disappeared a few hours after
application [117]. A clinical study examined the repeated application of an H-MN array to the upper
arm of human volunteers every day for a period of 5 days. Neither skin reactions nor disruption of the
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skin barrier function were prolonged [133]. These results suggest that MN research has overcome the
barrier of species differences and confirmed its applicability to human medication. In addition to
increasing the patch size of the safe MN, the design and manufacturing process will be improved to
provide higher loading and increase the efficacy of mAb and proteins.

4, Conclusions

Antibodies and proteins are critically important modalities. SC sustained-release DDS has the
potential to reduce the dosing frequency of these drugs and contribute to the delivery of high value to
patients. This article exemplifies several DDS based around polymeric particles, conjugated hydrogel
SC injections, and intradermal dissolving/hydrogel MN with four proteins/antibodies (hGH, IFNa-2b,
bevacizumab, and scFv). This review suggests that polymers/excipients and manufacturing processes
for formulations should be selected with consideration to interactions with drugs, suppression of drug
solubility, and maintenance of drug structure/bioactivity. Other important determinants of safe dosing,
sustained release, and drug bioavailability include optimization of the size, strength, morphology, and
materials of the DDS, polymer deposition, thickness/viscoelastic properties, and regeneration of skin.
In the body, many biophysical parameters affect drug PK and the adverse events of DDS, including
the small pore size of blood vessels, negative charge of the ECM, concentration of proteins in the
hypodermis, recycling of receptors, infiltration of APCs, and degradation by APCs and protease.
Although the contribution of each parameter varies among drugs and types of DDS, consideration of
these possible factors will lead to the rapid and reliable development of DDS and many long-acting
antibody/protein products for patients.
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