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Abstract: Compared with systemic administration such as oral delivery or injection, inhaled medicines directly
locate in the respiratory tract to exert therapeutic effects, offering obvious advantages in the treatment of respiratory
diseases. Marketed inhaled medicines are yet difficult to meet the clinical demands, and there are considerable
challenges in the discovery and development of novel inhaled medicines due to the lack of experiences- and
property-based rules for inhaled compounds. Personalized modification of candidate drugs through prodrug
technology to meet the requirements of inhalation therapy is the current alternative approach for inhaled drug
development. In this review, we intend to summary the applications of prodrug technology in the research of
inhaled medicines over the past 20 years. These studies have shown that esterified prodrugs and macromolecule
conjugates could effectively prolong lung retention; mannose modification or acid-sensitive bond connection can
achieve targeted drug release in alveolar macrophages; personalized modified prodrugs can obtain suitable physico-
chemical properties for pulmonary delivery and reduce drug toxicity. In general, the application of prodrug technology
can modify the physicochemical and biopharmaceutical properties of drugs and may promote the discovery and
development of novel inhaled medicines.
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Figure 1 Prodrugs to improve physicochemical properties
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Figure 2 Prodrugs to reduce local and systemic toxicity. G4 PAMAM: Generation 4 polyamidoamine
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Figure 3 Esterified prodrugs to prolong lung retention
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Figure 4 Macromolecular prodrugs to prolong lung retention. PTX: Paclitaxel; IFN: Interferon; PEG: Polyethylene glycol; HSA: Human

serum albumin; Sulfo-SMCC: Sulfosuccinimidyl 4-(N-maleimidomethyl)-cyclo-hexane-1-carboxylate
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Table 2 The applications of prodrug design in inhaled medicines

AR PR () VNG T o L IE I R BB N 2R 4
2, Al A e 2 el 18 il i il 2 gk i il
W, ELIE R
4 NESRE

B 2B R R o0 T SR PG ) — P F B, FF 2
L JRN A R AN AT R ) — B0y . L 254
BT LAE S SR A5 A R BE A S5 e ZE W 245 77 2
P, A7 B bRl R BT AR 3

R 24 ¢ T AT LA A2 BT RN 25 00T R AN [ 22
SR, 3 B AR 1 B K 2 T A S AR IR AT LASE 22 24
W B 0 P W A, S K i 0 9 B O TR ) P A B P
SR G5 R B B A, e A Sk B 58 A S BB A T DA
SEHLNi A 2 Sl B R 45 24 B0 s 2R A SRS 24 JE i A
PEAAB AT LA A8 T il i 4 245 B BRI 5 LA R B AR
A B KRR . R 2 BAE TR0 2GR A il &
W25t A b RS, e, BRALAE T AN 5 K 73R

Main application Active form Prodrug

Modification method Indication

Improve the physical Nicotinic acid Fluorinated nicotinic acid

and chemical proper- esters

ties of medicine Propofol Propofol hemisuccinate
Prednisolone/ Polyethylene glycol(PEG)-
paclitaxel drug conjugates

Chloramphenicol or

thiamphenicol or thiamphenicol palmitate
Reduce toxicity Colistin Colistin methanesulfonate

Antimicrobial Pro-AMPs

peptides (AMPs)

Cisplatin Cisplatin-hyaluronan (HA)
conjugates

Paclitaxel Poly (L-glutamic acid)-
paclitaxel

CL27¢ CL27¢

Sialic acid (SA)

(PAMAM) dendrimer
Alendronate PEG-alendronate
Pyrazinic acid Pyrazinamide
Long-lasting effect ~ Desmethylpropionyl- Ciclesonide
ciclesonide

17-Beclamethasone

monopropionate

Dexamethasone Dexamethasone palmitate
Treprostinil Hexadecyl-treprostinil
Meropenem Insoluble prodrug (MRPD)
Curcumin Curcumin acetate
Laninamivir Laninamivir octanoate

Chloramphenicol palmitate

SA-conjugated polyamidoamine Conjugation with PAMAM

Beclomethasone dipropionate

Esterification, enhancing the solubility in the Not mentioned
fluorocarbon

Esterification, turning oil to aqueous solution Seizures
PEGylation, improving water solubility Pharmacokinetics
only/lung cancer
Esterification, increasing drug loading Respiratory tract
infection
Modification of amino group with methane-  Cystic fibrosis
sulfonic acid

Elongation with the AAAG linker, tetragluta- Cystic fibrosis
mate motif and N-terminal acetylation
Conjugation with HA Lung cancer

Conjugation with poly (L-glutamic acid) Lung cancer

Asthma and
pulmonary fibrosis

Esterification

Influenza pneumonia

PEGylation Hypercalcemia and
osteoporosis

Bioprodrug Tuberculosis

Esterification Asthma and allergic

rhinitis

Esterification Asthma, allergic

rhinitis
Esterification Respiratory tract

infection
Esterification Pulmonary arterial

hypertension
Modification of the hydrophilic carboxylic =~ Lung inflammatory
acid and amine functional groups
Esterification Pulmonary arterial
hypertension
Esterification Influenza virus

infection
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Continued
Main application Active form Prodrug Modification method Indication

Targeted drug
delivery

Pulmonary delivery
of peptides and
proteins

Bioprecursors

Prednisolone

Paclitaxel
Interferon (IFN) o2

Anti-interleukin-17A
(IL-17A) F(ab")2 and

anti-IL-13 Fab'
Methylprednisolone
(MP)

Doxorubicin (Dox)
Cisplatin

Quercetin

Dox and apoptotic
TRAIL protein

Budesonide

Nitric oxide

Ciprofloxacin

Ciprofloxacin

Cisplatin

Dox

Dox

Dox and siRNA

Dox

Isoniazid

SN-38
Insulin/calcitonin

Salmon calcitonin
Glucagon-like pep-
tide-1(GLP-1)
Insulin

Gemcitabine phos-
phate

Sulindac sulfide
Roflumilast N-oxide

Dopamine

PEG-prednisolone conjugates

PEG-paclitaxel
PEGylated IFNa

PEG40-F(ab')2 and
PEG40-Fab'

MP-PAMAM dendrimer
conjugate
Dendrimer-Dox conjugate

Cisplatin-hyaluronan (HA)
conjugates

Quercetin conjugated poly
(f-amino esters)
TRAIL/Dox human serum
albumin (HSA)
Dextran-budesonide
C,HN,O,Na,-CH,OH
(PROLI/NO)

Drugamers

Drugamers

Cisplatin-incorporated in
gelatin with biotinylated-EGF
modification

Dendrimer-Dox conjugate

PEGylated PAMAM
dendrimer-based Dox
Polyethylenimine (PEI)-
CA-Dox/siRNA
Dox-conjugated dendrimer

Isonicotinic acid octylidene-
hydrazide

ProDrug 7
PAMAM-insulin/calcitonin
conjugate

PEGylated salmon calcitonin
PEGylated GLP-1
PEGylated insulin

Gemcitabine

Phospho-sulindac
Roflumilast

Levodopa

PEGylation

PEGylation
PEGylation

PEGylation

Conjugation with PAMAM

Conjugation with PAMAM or polylysine
dendrimer
Conjugation with HA

Reaction of acrylated quercetin with a
secondary diamine
Conjugation with HSA

Conjugation with dextran

L-Proline

Reversible addition-fragmentation chain
transfer (RAFT) polymerization of
polyethylene glycol methacrylate
comonomer and prodrug monomer
Mannose modification for macrophage
targeting

Biotinylated-EGF modification for tumor
targeting

Conjugation with PAMAM via acid-
sensitive hydrazone bond

Conjugation with PAMAM via acid-
sensitive cis-aconitic anhydride (CA) bond
Conjugation with PEI via acid-sensitive CA
anhydride bond

Conjugation with PEGylated polylysine
dendrimer via acid labile 4-(hydrazinosulfo-
nyl) benzoic acid linker

Mannose modification for macrophage
targeting

Modification with H,O, activated groups
Conjugation with PAMAM

PEGylation, improving chemical stability
PEGylation, improving chemical stability

PEGylation

Pharmacokinetics
only

Lung cancer
Lung-resident
illnesses

Lung inflammatory

Lung inflammatory

Lung cancer

Lung cancer

Cellular oxidative
stress

Lung cancer

Asthma and its
related inflammation
Pulmonary arterial
hypertension,
thrombus
Pneumonia

Bacterial infection
in alveolar
macrophages
Lung cancer

Lung cancer

Lung cancer

Lung cancer

Lung cancer

Intracellular
tuberculosis
infection

Lung cancer
Pharmacokinetics
only
Hypercalcemia
Diabetes

Pharmacokinetics
only
Lung cancer

Lung cancer
Chronic obstructive
pulmonary disease
Parkinson's disease
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