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Biopharmaceutics also plays a significant role Time {hours)
in evaluation of bioequivalence between generic
and innovator drug products.

Biopharmaceutics is relevant to scientists working
in the R&D department, preclinical and regulatory
affairs.

It aims to enhance the therapeutic activity, improve
patient compliance and safety by optimizing drug
delivery rate to control absorption into systemic : o
circulation from any extravascular site. Time (hours)
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Subcutaneous Drug Delivery (SC)

* Subcutaneous injections are widely utilized as a delivery route for
different types of compounds with limited oral bioavailability or to
modify the release profile.

* In recent years, there is a shift from IV to SC administration as a
preferable route for certain chronic conditions.

* The SC route is becoming popular as product development has
continued to shift towards patient centricity by enabling self-
administration and ease of use for patients, improving compliance,
reducing cost and reducing the burden on healthcare systems.

* Further advantages include SC local delivery, targeted delivery to the
lymphatics, and prolonged systemic exposure.

* To date, SC administration continues to be challenged with knowledge
gaps in formulation-related issues, immunogenicity, variable and (or)
low bioavailability and unpredictable PK, etc.

Subcutaneous Drug Delivery (SC)

* Additional concerns with SC administration include:

* The sensation of pain at the injection site might reduce patient
compliance.

* Other issues-
* Direct effect of the drug itself on tissues & sensation of pain
* Needle features, injection site, injection speed,
* Osmolality, viscosity and pH of formulation,
* Excipients employed, including buffers and preservatives.

* Large subcutaneous injection volumes are associated with pain.

* Types of compounds often used include vaccines, insulin, growth
hormone, hematopoietic growth factors, interferons, monoclonal
antibodies, small drug molecules etc.,
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Subcutaneous Physiology and Absorption Mechanisms

Subcutaneous injection targets the fibrous hyaluronic acid (HA)/collagen matrix within the
subcutaneous tissue, which is bathed in interstitial fluid (ISF).

ISF is an ultrafiltrate of the plasma. It has the same pH (pH 7.4) and electrolyte composition. It is
however acellular and has a lower protein concentration (albumin concentration is ~7.36 g/L, only
~15% of that in plasma). Bicarbonate concentration is typically maintained at 25 mM.

In addition to connective tissue, lymphatic capillaries, (which collect ISF and return it, via lymphatic
ducts), the subcutaneous layer also contains adipocytes (fat cells), which can act as a reservoir for
lipophilic compounds. These adipocytes are surrounded by the extracellular matrix (ECM).

The subcutaneous tissue is perfused with a network of blood capillaries; however, the lymphatic

route is the predominant route of absorption for larger molecules.

Composition of ISF

Cation  Concentration (Fg/L) ~ Anion  Concentration (Eq/L)
Na* 0.137 cr 0.111

K 0.003 HCO, 0.031

Mg 0.002 50, 0.001

Ca2+ 0.001 CO- 0.000045
Total cations  0.143 Total anions  0.143

Kinnunen, H.M. and Mrsny, R.J. (2014). J. Control. Release 182: 22-32.

A glance at Heterogeneous
nature of SC tissues

The physiological makeup of the
extracellular matrix (ECM) is a
subject that has not been
sufficiently explored for drug
absorption, especially for protein
pharmaceuticals that undergo
specific uptake pathways and have
an inherent risk for aggregation in
environments they were not
specifically designed to endure. A
general depiction of the anatomy
and physiology of the skin is
presented in the figure.

JPharm Sci. 2018 May; 107(5): 1247-1260.

Figure Legend: Skin
Architecture and
Celiular Components
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Physiology of the SC

Epidermisl R ' L3tanet aastets: tlssues
- . 8 Approx.
Dermis 21mm | SC tissue, is heterogeneous and consists of
oo meess adipose tissue, cells (e.g., fibroblast,

capillaries

adipocyte), vessels (e.g., blood and lymph
caplllarles) protelns(eg collagen, elastin),

Lymphatic _

i as well as glycosammoglycans (e.g.,

—a— Hihly hyaluronic acid, chondroitin sulfate) etc.
Artery——] mickness | * The properties of extracellular matrix (ECM)
Vein — | and capillaries (blood and lymphatic)

1E)rofound_ly_impact drug migration and uptake
Musdle] rom the injection site.

* Many injectable formulations are of high
concentration, likely susceptible to
aggregatlon in the interstitium and “first- pass
catabolism”.

* Fora mAb, recycling by the neonatal Fc
receptor (FcRn is known to mitigate the
lysosomal de%radatlon and thus affect its
circulating half-life

Large e, Small
molecules = \molecules

Blood

Lymphatic
capillary

capillary

- 1] gy

Arteriole
Lymphatic Venule |
vessel Adv Ther (2019) 36:2986-2996

Formulation Factors & SC Absorption

. . Factors affecting SC absorption
First-pass catabolism at the SC

site or in the draining lymphatics « Physchem
may contribute to reduced 4 + Solubility
bioavailability. ) » Particle size/dissolution
Adipocytes rate ¢
" = R urrent assay
. @ * Lipophilicity cascade
(T .- ® s « Protein binding appropriate
) s bt * Size
Macrophage - * o + Charge

Diffusion/ Partitioning « Physiological
CMBCon » Lymph/blood flow
(\ — * Interstitial pressure
To regional >20KDa & 2 <20KDa « Local metabolic stability

|Ymph node + Immune response
Blood capillary = Formulation

Lympha‘hc caplllary » Vehicle And viscosity
* Injection force/volume
* Tonicity

To systemic circulation = Concentration

* Aggregation and Stability

Additional uptake mechanism for mAbs in the form of FcRn-mediated

transcytosis from the interstitium to the blood. , i
Wang w. Lee, Claire M. Patterson 2022 John Wiley & Sons

Ltd.https://doi.org/10.1002/9781119678366.ch15
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Types of SC Formulations (implants)

* M Danckwerts and Reza Fassihi (1991); Drug Development and Industrial
Pharmacy ; “Implantable Controlled Release Drug Delivery Systems”
Volume 17,1991 - Issue 11 .. Pages 1465-1502 | Published online: 20 Oct 2008.

* Norplant implant- development process that brought Norplant onto the world
market began in the mid-1960s with FDA approval in Dec. 1990.

The rhetoric of population control in the 1960s, when the pill and IUD were introduced was very
different from the language of individual choice that dominated in the 1990s, the era of Norplant.

IFN-B-1a and trypsinogen as\\

model proteins were N
developed

&

Uses Silastic tubing

I
The implants were obtained by compression at 1.5 Nm of the lyophilizates into
a cylindrical shape with a diameter of 2 mm, a length of 8 mm and a weight of
approximately 30 mg. s. Beyer et al. / Journal of Controlled Release 235 (2016) 352-364

Marketed long-acting injectable solid implants.

Product Name APL Dose Dimensions Duration  Biodegradable

—p Norplant® Uses Silastic tubing Levonorgestrel J6mg = 6 24 x 34 mm 5 years No
Jadelle®™ Levonorgestrel 75mg % 2 25 % 43 mm 5 years No
Levoplant® Levonorgestrel 75mg x 2 25 % 43 mm 3 years No
Implanon® Etonogestrel 68 mg 2 x 40 mm 3 years No
Vantas® Histrelin acetate 50 mg 3 « 3.5 mm 1 year No . .
Omurdex® | oo Deramethasone 0.7 mg 0.46 x 6mm | 6 months| Yes Dissolution rate
Zoladex® .- copolymer Goserelin 10.8 mg 1.5 % 17 mm 3 months| Yes determination
Scenesse® phototoxicity Afamelanotide 16 mg 1.45 « 17 mm | 2 months|] Yes cumbersome??
Viadur®: osmotically driven Leuprolide acetate 72 mg 4 x 45 mm 1 year No

miniaturized implant

Raloxifene-HCl, Polycaprolactone PEG-1500

o, 0\/\0 \/NOL} ,{,O\/\}\
0
Zoladex—Uses PLGA 3 o
LRI H O
W RCHC PCL PEG-1500 A
/ /

Development and evaluation of raloxifene hydrochloride-loaded subdermal implants using hot-melt
extrusion technology (used in osteoporosis).

(

of RK-HCVPCL/PEG

e
\ [Solid implants for physicochemical characterization ]

and in itro drug release analysis
’ [re—

InternationalJournal of Pharmaceutics 622 (2022) 121834
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jumalotPam; PLGA based Implants for: Research Paper

AndPharmicolery 4 _GR Naltrexone Implant 1000mg
2-SR buprenorphine

Release rate determination from in situ gel forming PLGA

implant: a novel ‘shape-controlled basket in tube’ method

o 0 100 150 200 %0

o
3 g ] Time (hours)
Qiangnan Zhang () and Reza Fassihi g
g
2 ) Membrane diffusion method
@

Department of Pharmaceutical Sciences, School of Phamacy, Temple University, Philadelphia, PA, USA
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3 08
Ce . £
Micro-dissolution Magnetic Stirrer E o
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Zhang and Fassihi; Journal of Pharmacy and Pharmacology, 72 (2020), pp. 1038-1048 4 0 50 100 150 200 2500
Time (hours)
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Sustained Release INTRAVITREAL DELIVERY OF ANTI-INFLAMMATORY DRUGS

e in situ cross-linked polymer systems

CH; /X n
The FDA recently approved several intravitreal

Yesafili and Opuviz Gel state
These are interchangeable biosimilars to Eylea ' R Thoe: | ey tome @27 |

Annual Cost Per Eye ($) for Eylea and Lucentis is
10000 to 19000 for 7 injection and 12 injection

October (2024) Salt Lake -Utah “poster presentation”.

products: Poly(Ethy;ll?;:th%iol) (PEG) concentration.
Susvimo - age-related macular degeneration v

(AM D) Temperature

IZerVay Increase m
This treatment for geographic atrophy (GA) m

secondary to AMD was approved in 2023. Decrease

¢ in situ solidifying organogels and B Poly(lactic-co-glycolic acid)
e in situ phase separation systems. (PLGA)/Q@phobic
A
In-situ forming [ \ | \
mechanisms trigger via: [ (”)
pH
Solvent exchange H ‘é(}(‘H c)—(m HC (H “CH, OHG( (H()):(( (Hw()>—]~ll
Temperature increase - v CHy 7

High solution viscosity
with increasing Polymer

per year. B. Alshahrouri, B. Blass and R. Fassihi, AAPS, Annual meeting

12
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Biologics in 20™ century and Shift to SC injection

»In the 20th century the formal recognition and distinction of biologics
emerged, which led to the enactment of the Biologics Control Act by
the United States Congress in 1902.

»The advent of genetic engineering in the late 1970s and early 1980s
enabled scientists to modify genetic sequences, enhancing the
stability , safety, and efficacy of existing agents while broadening their
applications, notably seen in the enhanced targeting abilities of
antibodies.

»Biologics research surged post-1980s, contributing to the
development of innovative therapeutic strategies for various
therapeutic areas.

»Today Monoclonal antibodies (mAbs) represent nearly one-fifth of
all recent approvals by the US Food and Drug Administration (FDA).

13

Route of administration of FDA-approved monoclonal antibody products

M |ntravenous Subcutaneous Intramascular M ntravitreal

7

NUMBER OF APPROVED PRODUCTS
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About 79 mAb products, excluding antibody-drug conjugates (ADCs), were
approved between 2015 and 2023.
Compiled by ten23 health.
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Annual SC dose per patient for selected mAbs

Skyrizi® {Risankizumab)

EHS
Humira® (Adalimumab)
uc
Stelara® (Ustekinumab)
B Crohn's

Simponi® (Golimumab)

H PsO/PsA/RA
Tremfya® (Guselkumab)

i

o

500 1000 1500 2000 2500 3000 3500 4000 4500 5000

Total Annual Dose (mg) per US prescribing information
Autoimmune indications: UC, Ulcerative Colitis; Crohn’s, Crohn’s Disease; RA,
rheumatoid arthritis; PsA, Psoriatic Arthritis, PsO, Psoriasis, HS, Hidradenitis
suppurativa (also known as acne inversa).

15

Dose volume ranges for all IV-to-SC switching candidates

Non- Cancer Anti- Cancer
100% 1
E m>30mL
90% = I
o 80% -
® 18 25 >20mLto
S 70% . 3omL
g
3 eo% 13
= m>10mLto
@ 80% 20mL
= 23
n 40%
@
< 5 m>5mlLto
gz 60 10mL
= 20%
22
10% m>2mlto
I 5mL
0% 0
Potential Phase I/ll Phase Approved Total Potential Phasel/ll Phase Approved Total
IVto SC tollSC /PR SC sC (n=107) IVtoSC tollSC III/PRSC sC (n=75)
switches agents agents agents switches agents agents agents
(n=17) (n=47) (n=18) (n=25) (n=51)  (n=9) (n=9)  (n=6)

Dose volume ranges for all IV-to-SC switching candidates, SC clinical-stage assets, and approved LVSCs (N = 182).

Green. P. et.al. MABS-2024, VOL. 16, NO. 1

16
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Table 2. High-volume mAb formulations for SC delivery.

Approval Needle
Company Brand Name Drug Name Year Delivery Method ~ Gauge Volume and Time Concentration
CSL Behring HIZENTRA®  Immune globulin infusion 20% 2010 SC syringe pump 24 or Volumes vary by disease and 200 mg/mL
(human) lower  weight and may be up to 100 mL
CSL Behring HYQVIA® Immune globulin infusion 10% 2014 Peristalticpump or 24 1-2 mL per minute forupto 3 100 mg/mL
(human) with hyaluronidase syringe pump hours (median 2 hours)

Amgen Repatha® Evolocumab 2016  OBDS 29 3.5mL over 5 mins 120 mg/mL

Genentech RITUXAN Rituximab/hyaluronidase 2017 Syringe 25 11.7 mL over ~5mins; 13.4mL 120 mg/mL
HYCELA® over ~7 mins

Genentech Herceptin Trastuzumab/hyaluronidase 2019  Syringe 25 5mL over 2-5mins 120 mg/mL
HYLECTA®

Genentech PHESGO® Pertuzumab/trastuzumab/ 2020  Syringe 25 10 mL over 5 mins; 15 mL over 8 120 mg/mL

hyaluronidase mins =

Janssen DARZALEX  Daratumumab/hyaluronidase 2020  Syringe 23 15 mL over 3-5 mins 120 mg/mL
FASPRO®

Apellis EMPAVELI®  Pegcetacoplan 2021 OBDS or SC syringe 29 20 mL over 20 mins 54 mg/mL

pump
Alexion/ ULTOMIRIS®  Ravulizumab 2022  0BDS 29 7 mL over 10 mins 70 mg/mL
AstraZeneca  SC
UCB RYSTIGGO®  Rozanolixizumab 2023 SC syringe pump 26 3-6 mL — infusion pump over 140 mg/mL
9-18 minutes

Argenx VYVGART Efgartigimod/hyaluronidase 2023 Syringe 25 5.6 mL over 1.5 minutes 180 mg/mL

HYTRULO® —

Abbreviations: OBDS, on-body delivery system; PFS, prefilled syringe; SC, subcutaneous.
Friday, Sep 13, 2024- FDA Approves Ocrevus Zunovo™ Twice-A-Year 10-Minute SC Injection for People With
Relapsing and Progressive Multiple Sclerosis. The recommended dosage is (920 mg ocrelizumab and
23,000 units of hyaluronidase) administered as a single 23 mL SC injection.

17

Protein self-association can have a major impact on
important pharmaceutical properties

* The high mg/mL concentrations
typical of very large molecules can
resultin injectable product
viscosities high enough to cause
problems for device designers,
manufacturers, primary container
suppliers, and patients.

* Injectability becomes a problem

Limit of
Injectability

* Manufacturing and stability is also
aconcern.
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Delivery Considerations of Highly Viscous Polymeric Fluids Mimicking
Concentrated Biopharmaceuticals: Assessment of Injectability via Measurement

of Total Work Done “Wy”

Qiangnan Zhang,! Mona A. Fassihi,> and Reza Fassihi'-
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Typically, viscosities of liquids range from
one to several thousand centipoise (cPs).

For example, viscosity of:

water is ~1-5 cP,

bloodis 10 cP,

corn syrup 50-100 cP,

maple syrup 150-200 cP,

and many concentrated biologicals have
viscosities >20-200 cPs.

Water  Glucose Antibody Virus Bacteria Cancercells Capsules Tablet Osmotic pumps

~ |V g
& 0’} ‘l’ :
100 1 10 10’
Nanometer Biodegradable
Dendrimers ﬁ&c *'\ Solid nanoparticies
¥l Pacitpeel) Stenlt Lip (84 ]
Imaging & Biosensors N 'w 2 b
Srrhn o m Alburin bound TE
Silicon-based nanowires . e
Gold nanoshells nanoparticles  200nm g«
Y £ E
AA =2
Drug-Spacer—S—8) |[1®....5--Spacer-Orug 1 i:%
Drug-Spacer—S-— g Jf | #-S--Spacer-Drug \ ‘%{@ - i
N, > " Functionalized SL
. L § & Solid-lipid nanoparticles
Antibody-drug conjug 100nm 200nm
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Fig. 2 Relative diameter of needles according to the gauge
system (G). Values in the upper parr indicate the external

diamerer in millimerers

_SHEARSTRESS _F/A 7

SHEARRATE V/h 7y

The Greek letters 1 (tau) and y (gamma dot) are conventionally
used to designate the shear stress and shear rate, respectively.

Inner plunger

Shear stress

Shear rate

Flow velocity

SS S

The velocity profile
is quasi-parabolic

Adv Ther (2019) 36:2986-2996
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Viscosity is always influenced by formulation composition

Einstein recognized that in the dispersed systems, single particles enhanced the viscosity of a liquid as a
simple function of their phase volume, according to this equation:

where n is the viscosity of the suspension, N .q4i.m IS the viscosity of the medium, and . (]. 2 5
@ is the volume fraction of solids in the suspension. ?? === "mcdium + . qb ) EE R

However, in many biologics and biopharmaceutical formulations, particle loadings are high with greater
proximity to each other and thus higher viscosity due to the crowding effect.
Krieger and Doughetry developed a semi-empirical model to account for this crowding effect:

¥
Where ®m is the maximum volume fraction of solids in the system, [n] is the intrinsic viscosity ?’} n I ?]tf)m
with value of 2.5 for spheres. Addition of ®m parameter shows that there is a maximum —_— == 1_7 ------
volume of particles that can be added before the system becomes too viscous. nmcdjum nmcdium
Using the Hagen Poiseuille equation, which is used to assess required
force across a pipe or syringe to cause flow can be measured: F 128QLuA
nD*

where F is the force, Q is the volumetric flow rate, p is the viscosity of the fluid , L is the length, D is the
diameter of the pipe/needle bore diameter, and A is the area (i.e., syringe plunger area).

We used AUC of the force-distance (F-D) profiles representing total work Wr — IDmnx F.dD
done (WT) to completely extrude the syringe content. Using the equation: T"=IDpg* senere

Q Zhang, Mona A. Fassihi, and Reza Fassihi ; AAPS PharmSciTech, Vol. 19, No. 4, May 2018

21

Measurement of the Injectability sl o
J- — T
‘\ }. Cone and plate
Shear thinning Shear thickening complex gel
&
o
o
g
=
o
Analog system of injection carried out by a software-
controlled texture analyzer in compression mode. Shear Stress
Shear stress Shear rate Flow velocity _FN = }iG_ S
¥ r— I— " ” = - 3
I ‘ where “F"™ is shearing stress required to produce a definite
» X ‘ shearing rate “G7”; the term “4” is a viscosity coefficient. The
| I_ exponent “N” rises as the flow tends toward a non-Newtonian
Representation of dynamics of flow through the and when N =1, the flow is Newtonian. 1 eta
syringe barrel, showing the wall and center velocity
Zhang and Fassihi; AAPS PharmSciTech, Vol. 19, No. 4, May 2018 (# 2018), DOI: 10.1208/s12249-018-0963-x

22
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An investigation into Syringeability and injectability of
biopharmaceuticals: A trio of heedle-syringe-formulation

400

e 3mL -;-man 21G 6 mL syringe, HPMC
14/ —6mL 350 et 18G
12‘ sw = without a needie
10 - Fmax ijnx 250 -
5 Wr=lpe FdD...... s
o ¥ 200 PR |
g 8 5
2 S [ S—
S 6 1506
4 100
6 mL syringe The of DGF V 45.58
o 1 O 45.26 u
0 dcal. i . = . r | . 0 '
0.5 1 1.5 2 25 3 35 4
0 10 20 30 40 50 Concentration (w/v)
Distance (mm) o .
Force-distance profile for a 4% (W/V) HPMCin ~ ~ Thf ""°'kf°f the mlec:;:: is '°°s't"’te“;_'elatffht° "‘le ,
3- and 6-mL syringes with no needle attached. volume of syringe and the concentration of the sofution
DGF=The dynamic glide force (DGF) > The dilatant flow type of polymeric solution
(typical of formulation) requires examination.
Zhang and Fassihi; AAPS PharmSciTech, Vol. 19, No. 4, May 2018 (# 2018), DOI: 10.1208/s12249-018-0963-x
23
2. AmADb no added salt A mAb 200mM NaCl
E =
) 1.5F R*=0.9957
2 =
. R* = 0.9959
=
& 1r
2
-
EJ 0.5¢
u i | 1 1 j
0 50 100 150 200
Concentration: mg/ml
Fig. 2. Changes in solution viscosity of mAbs in 30 mM histidine
buffer at pH 6.0. with and without added salt in the formulations
Q Zhang, Mona A. Fassihi, and Reza Fassihi ; AAPS PharmSciTech, Vol. 19, No. 4, May 2018
24
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Biopharmaceutics of SC Formulations

* As doses of mAb drugs increases a highly concentrated antibody
solution with high viscosity is created.

* Many kinds of methods for high-concentration antibody solutions
have been reported, such as lyophilization, ultrafiltration, spray
drying, gelation, crystallization, nanoparticle formation, and liquid-
liquid phase separation.

* In a highly concentrated antibody solution, there is interactions
between antibodies resulting in high viscosity.

* Considerable effort has been directed toward lowering the viscosity
of concentrated antibody solutions below 50 cP through the
applications of small molecule additives, such as salts, sugars,
arginine, and hydantoin.

25
Concentration dependency of viscosity in drug formulations
¢ mAbA 2007 \
i Crowding i
A mabB : :
mAbC E 150
A mAbD %
® mAbE —
mAbF % 1004
mAbG 8
A mAbH g 50+
mAbL Limit of inject- ; A
A mAb] abliity P ======r==a =" : T o o o R s
A mAbK 0 T T ]
0 50 100 150 200 250 300
Concentration [mg/mL]
Typically, a solution is no longer administrable when the viscosity increases above 20 or 25
millipascal seconds
Selection of excipient combinations affords the flexibility needed to effectively balance viscosity reduction
and protein stability for subcutaneous formulations.
From : MilliporeSigma; Research & Development. Oct 09, 2024
26
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Some excipients used to reduce the viscosity of protein HCS.

High-Concentration Solution (HCS) Formulation

Protein (s) Protein Conc. (mg/mL) Viscosity-Lowering Excipients/Solvents
AmAb provided by Janssen ~ 230 Arginine H(1'**
AmAb provided by Phzer ~ 200 Arginine HCl, Histidine HCl, Guanidinium HCl, Imidazole HCI'™
AnlgG mAb provided by Equitech-Bio ~ 260 Arginine H(1™
AnlgG1 mAb & an IgG4 mAb provided by Janssen > 150 56 addifives and excipients were screened, and Arginine, Histidine, and
Lysine were identified to have the most pronounced effect on viscosity reduction'™
AnlgG1 mAb provided by Abbvie ~250 Arginine HCl, Arginine Clutamate™’
AnlgG1 mAb provided by Abbvie ~ 220 Arginine HCI, Histidine HCl, Imidazole, Camphorsulfonic acid ™
AnlgG1 mAb provided by Abbvie ~225 Proline’™
AnlgG1 mAb provided by Genentech ~150 Polar co-solvents such as DMSO, DMA™™
Bovine gamma globulin (BGG) ~ 250 Arginine H(1™
Cetuximab ~ 200 1- (3-aminopropyl)-2-methyl- 1H-imidazole, Thiamine, Scopolamine (161)
Human gamma globulin (HGG) ~292 Arginine H(1™
Infliximab ~ 150 Caffeine™
Ipilimumab ~ 200 Caffeine™
Rituximab ~180 Procaine, 4-Aminopyridine'*'
Three mAbs provided by industry ~200 Arginine HCl, Imidazole HCI
Trastuzumab ~230 1-butyl-3-methylimidazolium, 4-Aminopyridine "'
Two IgG1 mAbs provided by Janssen ~ 195 Arginine HCl, Histidine HCI, Guanidinium HCI, Lysine HCI, Glutamic
~ 165 Na, NaCl, NaAc, Na;50,, NH 1"

H. Lou et al. / Journal of Pharmaceutical Sciences 111 (2022) 2968-2982

27

Formulation additives & Viscosity Reduction

> Excipient Combinations in synergy may reduce viscosity and improve stability
Examples include:

» Buffers/solvents, salts, bulk polar additives, surfactants, reducing agents, cyclodextrin,
polyols, carboxylic acids, amino acids, etc.

» Arginine is commonly used as an effective viscosity-lowering excipient, especially for mAb
HCS formulations, mechanism of arginine in viscosity reduction is complex and still not fully
understood. Previous studies suggested that:

» atlow arginine concentration (e.g., below 200mM), arginine suppresses electrostatic
interactions;

» at high arginine concentration (e.g., 500-1000mM), apart from electrostatic interactions,
arginine further suppresses other interactions such as Cation—-n interaction.

» Arginine is not a “panacea” for every formulation; instead of acting as a viscosity-
reduction agent and protein aggregation suppressor, arginine could accelerate the
aggregation for some proteins (e.g., a-lactalbumin) under certain solvent conditions.

» Arecent study suggests that caffeine can act as a viscosity-reducing agent for highly-
concentrated mAb solutions.

H. Lou et al. / Journal of Pharmaceutical Sciences 111 (2022) 2968-2982
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Excipient Combinations from Different Functional Groups Address
Viscosity Challenges
B

A 120 mag/ml Infliximab 170 mg/ml Evelocumab
50 80
L]
E E
% Injectability Limit %.
§ g Injectability Lirmit
> 5

® Arg BSAcid ® Arg = Phe = TMP
» Om = Pyr = NaCl BSAcd
® Phe = TMP = Om = Pyr

The ability of a combination of an amino acid (ornithine, phenylalanine, arginine)
with an anionic excipient (benzenesulfonic acid, pyridoxine, thiamine phosphoric
acid ester) can reduce viscosity and stabilize an antibody drug. (based on the data
using two marketed drugs Infliximab and Evolocumab.

From : MilliporeSigma; Research & Development. Oct 09, 2024
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Excipient Combinations from Different Functional Groups Address Viscosity Challenges

Superior Viscosity Reduction

A 120 mg/ml Infliximab B 170 mg/ml Evolocumab

80

Through synergistic
effects, these
combinations offered
superior viscosity
reduction, improved
protein stability, storage
stability, and better = Arg BSAdd = A uPhe =~ ®TMP

= O = Pyr = NaCl BSAcid
. T . = Phe = TMP ... ®mOm = Py
syringability in Improved Stability j

60

40
Injectability Limit

Viscosity [mPa*s]
Viscosity [mPa*s]

— Injectability Limit
20

"
N
©

comparison to the
industry benchmark T 100 = 100
arginine and single £ L. £
excipients alone. § 3
§ o B 50
£ 2
g 25 2
0 0 -
m Arg BSAcid m Arg BSAcid
= Orn m Pyr ® Om - Pyr
®m Phe = TMP = Phe = TMP

From : MilliporeSigma; Research & Development. Oct 09, 2024
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SC bioavailability

Fav Systemic circulation
Venous capillary '
Dose — Equation 1: F = Fa, + (Fa_ - Fq0n)

Lymeh capillary Equation 2: Fa=Fa, + Fa_

Pre-systemic catabolism either

Fa Fiymph
locally or in the lymphatics may *
limit the amount of mAb
ultimately reaching the central et Clearance from
compartment. Idegradation lymphatics
\ J £
T (Bioavailability)

Presystemic clearance

F, bioavailability; Fay, fraction absorbed via venous capillary;

Fa, fraction absorbed; F ympn » fraction escaping lymphatic clearance
Fal, fraction absorbed via lymph;

M. Sanchez-Félix et al. / Advanced Drug Delivery Reviews 167 (2020) 66-77
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SC absorption Pensive-and
Blood carrier mediated
transport across
capillaries
Tight Endothelial | -¢_ ¥ ¥ |
membrane it !,
Membrane and
Extracellular matrix cellular
metabolism
Endosomal compartme
Injection of drug into frcRnanicatior ‘*"ﬂ'"9>
hypodermis
G-
+ dose O >
(of=} Neutrophil
+ unrel dé& - i
undissolved & y \01
dissolved - -~
oca 'y
Imersl?lial fluid, volume, flow Monm
-ve charge
Collagen, elastin, glycoaminoglycan..
Leaky Endothelial — Passive convection
membrane transport and
" T immune cell
Lymphatic fluid C'.Eml-,,mﬂc eiveviadan \ mediated transport
N _ - ' across lymphatic
These p 1a are hapy g simultaneously capillal‘ies
M. Sanchez-Félix et al. / Advanced Drug Delivery Reviews 167 (2020) 66-77
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Formulation
Biophysical Properties
Stability/Aggregation Potential
Additives
Buffer Conditions
Concentration

Many of the obstacles
associated with SC

delivery can be ﬂj
categorized based on
three general concerns:

formulation issues,
immunogenicity, and PK

Immunogenicity
Stress Conditions.
Aggregate Formation
Injection Site Interactions
Protein Modification
Disease State

Pharmacokinetics
Lymphatic Uptake
ECM Interactions
Protein Madification
FcRn Affinity
Injection Site

Simulated mAb Pharmacokinetics

Concentration (mcg/mL)

] 10 20 30 40 50 60
JPharm Sci. 2018 May; 107(5): 1247-1260. Time (day)
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pK Bridging between IV and SC delivery

* The pharmacokinetic-based bridging approach has become the
standard method for developing SC dosing alternatives for mAbs
with IV infusion regimens.

* Initially, both pharmacokinetic and efficacy measures were used
as co-primary endpoints, but recent development programs have
focused on pharmacokinetic parameters as the only primary
endpoint.

* This shiftis supported by the available clinical evidence showing
that despite lower C, . levels, SC versions of a given mAb exhibit
non-inferior efficacy to the IV formulation when overall mAb
exposure (AUC) and C,,, 4, are comparable.

34
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Bridging Approach from At comparable exposure,
IV to SC Dosing iifw‘éower and later

max

The established bridging approach for
transitioning from an IV to an SC
regimen for the same mAb relies on
utilizing the same antibody in different
formulations. It is anticipated that with
comparable exposure (measured as
area under the serum concentration-
time curve [AUC]), the systemic safety
profile of the mAb remains unchanged
regardless of the administration route.

At comparable
exposure, SC C,;,
higher than IV C,,;;,,

Concentration

Time
Impact of SC versus IV delivery on the
pharmacokinetic profile of a mAb.

BioDrugs (2024) 38:23-46. https://doi.org/10.1007/s40259-023-00626-1
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Evidence generation with pharmacokinetic-based clinical bridging approach
— VB mpky loading, 6 mgkg muamlenance, giw
E IV: 4 me'kg loading, 2 mg'kg maintenance, qlw
-2- wweanas S0 GIH mg
o
1™
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=
@
o
20 40 60 80 100 120 140 160 180
Time (days)
Subcutaneous dose selection concept: C,, 4, at least as high as with IV regimen; C,,,,, bracketed by C,,,,, of
q1w and q3w IV regimens; comparable AUC with IV and SC regimens.
BioDrugs (2024) 38:23-46
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Plasma concentration (ug/mL})

Multiscale pharmacokinetic modeling of systemic exposure of
subcutaneously injected biotherapeutics

0.25 \

0.2 »
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0.1
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@ Experimental plasma conc. (IV)
—— Data-fitted plasma conc. (IV)

# Experimental plasma conc. (SC)
— Predicted plasma conc. (SC)

®  Experimental local conc. (SC)
- - - Simulated local conc. (SC)

Time (day)
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Remaining drug amount in SC (%)

Simulated and observed PK profiles of IV

100 T

80

20

mADbs remaining at injection site (%)

—O— Adalimumab

—+— Anifrolumab
Belimumab

1 |-©- Brodalumab

—— Canakinumab

—O— Daclizumab

- -+~ Denosumab

-0--Dupilumab

Emicizumab

- % - Erenumab

—0— Golimumab

—&—Guselkumab

—v—Mepolizumab

—>—Risankizumab

1 |-~ Romosozumab

—<— Sirukumab

. o —#—Tildrakizumab

0 ¢ —o—Tocilizumab

=

-&--Tralokinumab

10 15 20 | ¢ ie

Time (dav)

Overlay of derived local absorption profiles of

and SC administration for albumin.

SC bioavailability of albumin based on the
calculated AUCo was estimated to be 82% (while
that based on AUCt was 60%).

mAbs at 50 mg dose.

Journal of Controlled Release 337 (2021) 407-416
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SC bioavailability in human and corresponding preclinical species data for a range of marketed mAb and Fc-fusion proteins

Molecule Tradename MW SC by Ref es  Other information
(kDa)
Adalimumab Humira® 148 Human: 52-82% (64%) 65-67] Human PK study: [68.69]
Monkey: 94-100%
(96%)
Alirocumab Praluem® 146 Human: 85% [2.70] Tonan:
Monkey: 73-77% Human: 3-7 days
Rat: 44-97% Monkey: 3-4 days
Rart: 2-3 days
Canakinumab Naris® 145 Human: 63-67% 1671 IV bolus mice, rat, and cynomolgus monkey PK data: [71]
Monkey: 60% Human PK data: [72]
Certolizumab Cimzia® a1 Human: 76-88% 1671 Fab conjugated to 40 kDa PEG [73]
pegol Rat: 24-34%
Etanercept Enbrel® 150 Human: 76% 1671 Fusion protein with IgG1 Fc
Monkey: 73% —_——
Mice: 58%
Colimumab Simponi® 150 Human: 53% 167.69) Study in humans evaluatine impact of SC iniection
Monkey: 77% [74] site on bioavailability (includes IV data):
Omalizumab Xolair® 149 Human: 53-71% (62%) [2.65.67.75]
Monkey: 64-104% . . e
(84%) A survey of bioavailability data from
Mice: 90% . .
Bevacizumab Avastin® 149  Monkey: 98% 176.77] marketed immunoglobulin (Ig)G, (-150
Rat: 69% . .
Mice: >100% kDa), 1gG fusion proteins (100-250 kDa),
Rilonacept Arcalyst® 251 Human: 43% 1671 Fusion protein with IgG1 Fc [78] . . . .
Monkey: 70% _ and smaller biotherapeutics ranging in
Rat: 60% .
Mice: 78% molecular weight from 4 to 60 kDa.
Rituximab Mabthera® 145 Human: 71% [2.79] Tenax®
Minipig: 71% Human: 3 days
Mice: 63% . . . . .
Marked interspecies variation in SC
Sarilumab Kevzara® 150 Human: 80% [2.80] et . . . . .
Monkey: 78% Human: 2-4 days bioavailability of mAbs is evident.
Monkey: 2-5 days
Trastuzumab Herceptin® 148 Human: 82% 12.81] Tonax:
Minipig: 82% Human: 4 days
Mice: 83% Minipig: 1 day

Mice: 7 h

IV, intravenous; Fab, fragment antigen-binding; Fc, fragment crystallizable; MW, molecular weight; PEG, polyethylene glycol; PK,
pharmacokinetic; SC, subcutaneous; Tmax, time to reach maximum concentration.

Advanced Drug Delivery Reviews 167 (2020) 66-77

38

19



11/19/2024

Classification system concept for mAbs:

molecular transport versus catabolism extent.
While the true rate-limiting factors are yet to be
determined; one can use the broad categories of
molecular transport and catabolism extent to

create a simple classification. e B Class 1 Class 2
. L=
4Degradation g
Vascular ©
D T
| s
=
FRn ¥/ | o
+ D <> FcRnD e =]
ndoi
T ' = g Class 3 Class 4
. ¥

Lymphatics - ik

1 Interstitial T High

SC injection Catabolism Extent
(consider injection site & lymphatic system as well as
irreversible binding or immune cells capture)

Degradation"

The neonatal Fc receptor (FcRn) plays an important and

well-known role in immunoglobulin G (IgG) catabolism. By means of the classification system concept

presented in the Figure, one may be able to develop
aunique model for each class of mAbs, with more

M. Sénchez-Félix et al. / Advanced Drug Delivery Reviews 167 (2020) 66-77 predictive power.
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Conclusions and Future Outlooks

» The SC route is becoming more popular as product development has continued to shift
towards patient centricity by enabling self-administration and ease of use for patients,
improving compliance and reducing the burden on healthcare systems.

» There is an enormous potential for design of advanced SC delivery systems and improving drug
efficacy, safety, and quality.

» For lymphatics targeting and/or being an adjuvant, SC delivery and use of nanoparticles are
promising especially for large molecular weight biotherapeutics.

» Challenges in SC delivery include how to increase dose strength, patient compliance, high
concentration and large volume formulation with reduced viscosity via coformulation,
cluster/complex formulation, suspension etc.

> Development of sustained release SC system using suspension, micro and nano particles,
delivered in a solution resulting in “in-situ formation of hydrogel depot” is of value.

» Given difficulties in correlating the in vitro release kinetics and in vivo outcomes, (i.e., difficult
to establish IVIVC), we can ask whether the current dissolution methods of studying “In-vitro”
release kinetics has any practical value. Most of the current methods reported do not reveal,
even remotely, the physiological complexity of injection site, and hence, the results may have
little value in predicting in vivo performance of immunoglobulin upon administration, although
SC administration shows meaningful bioavailability and therapeutic efficacy.
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